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Abstract Soils are the largest terrestrial pool of

mercury (Hg), a neurotoxic pollutant. Pathways of Hg

accumulation and loss in forest soils include through-

fall, litterfall, soil gas fluxes, and leaching in soil

solution, all of which will likely be altered under

changing climate. We took advantage of three ongoing

climate-change manipulation experiments at the Hub-

bard Brook Experimental Forest, New Hampshire,

USA: a combined growing-season warming and

winter freeze-thaw cycle experiment, a throughfall

exclusion to mimic drought, and a simulated ice storm

experiment to examine the response of the forest Hg

cycle to climatic disturbances. Across these three

experiments, we compared Hg inputs in throughfall

and leaf litterfall and Hg outputs in soil gas fluxes. Soil

solution was measured only in the simulated ice storm

experiment. We found that northern forest soils

retained consistently less Hg by 16–60% in the three

climate manipulations compared to the undisturbed

controls (* 7.4 lg Hg m-2 year-1), although soils

across all three experiments still served as a net sink

for Hg. Growing-season soil warming and combined

soil warming and winter freeze-thaw cycles had little

effect on litterfall and throughfall flux, but they

increased soil Hg0 evasion by 31 and 35%, respec-

tively, relative to the control plots. The drought plots
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had 5% lower litterfall Hg flux, 50% lower throughfall

Hg flux, and 21% lower soil Hg0 evasion than the

control plots. The simulated ice storm had 23% higher

litterfall Hg flux, 1% higher throughfall Hg flux, 37%

higher soil Hg0 evasion, and 151% higher soil Hg

leaching than the control plots. These observations

suggest that climate changes such as warmer soils in

the growing season or more intense ice storms in

winter are likely to exacerbate Hg pollution by

releasing Hg sequestered in forest soils via evasion

and leaching.

Keywords Global warming � Freeze-thaw cycle �
Drought � Ice storm event � Litterfall � Throughfall �
Soil mercury evasion � Soil drainage water � Soil

mercury retention

Introduction

Mercury (Hg) is a neurotoxic pollutant. Mercury

emitted by anthropogenic and natural sources can be

transported in the atmosphere (Selin et al. 2007) and

deposited to remote areas. In temperate forests in

North America, litterfall and throughfall (Hg washed

from foliar surface during rain events) have been

shown to dominate the input of Hg to forest soils

(Grigal et al. 2000; St. Louis et al. 2001; Demers et al.

2007; Sheehan et al. 2006; Bushey et al. 2008). Forest

soils sequester Hg because organic matter has a high

affinity for Hg (Schwesig et al. 1999), but mineral-

ization releases ionic Hg (Hg2?) that can be reduced

and re-emitted as elemental Hg (Hg0) from the soil

surface back to the atmosphere (Graydon et al. 2009;

Denkenberger et al. 2012). The Hg0 evaded from the

soil surface or transported from other sources to the

atmosphere can be taken up by leaves through their

stomata (Ericksen et al. 2003; Millhollen et al. 2006;

Rutter et al. 2011; Laacouri et al. 2013), where it is

oxidized to Hg2? and bound to thiols (Manceau et al.

2018). Forest soils can also release Hg2? to receiving

waters via drainage waters (Driscoll et al. 2007). The

dissolved Hg leached from soils to nearby streams and

lakes can be methylated and bioaccumulate up food

chains, resulting in exposure to wildlife or humans

(Chan et al. 2003; Chen et al. 2008). Thus, under-

standing the major fluxes that contribute to the

retention and loss of Hg in forest soils is important

for studying Hg cycling in terrestrial ecosystems.

Meteorological variables such as temperature,

precipitation, and solar radiation have been shown to

influence Hg fluxes in forests. Years with less

precipitation and higher air temperatures had lower

Hg concentrations in litterfall in both hardwood and

conifer stands at the Huntington Forest (Blackwell

et al. 2014), presumably due to stomatal closure with

decreased vapor pressure deficits. Months with greater

precipitation had higher total Hg fluxes in throughfall

(Choi et al. 2008) and soil runoff (Wang 2012) at the

Huntington Forest. Litterfall and throughfall Hg fluxes

are projected to increase with greater precipitation and

increases in air temperatures (Smith-Downey et al.

2010). Higher soil Hg0 evasion was observed in

manipulated warmer and wetter permafrost soils in the

Qinghai–Tibet Plateau in China (Ci et al. 2016b) and

in manipulated warmer peatland soils in Michigan and

Minnesota, USA (Haynes et al. 2017). Higher soil Hg0

evasion was observed due to opening of the canopy

after forest harvesting (Carpi et al. 2014; Mazur et al.

2014) and wildfire (Carpi et al. 2014; Melendez-Perez

et al. 2014). Higher concentrations of dissolved

organic carbon were observed in warmer soils in

temperate (Hopkins et al. 2012) and tropical forests

(Nottingham et al. 2015). Thus, higher Hg2? concen-

trations might be expected in runoff as a result of soil

warming because of the strong binding of Hg2? with

dissolved organic matter (Dittman et al. 2010).

Measurements are needed to quantify the magnitude

of changes in soil Hg retention due to expected

changes in climate for forest ecosystems (Obrist et al.

2018).

From 1980 to 2012, global average air temperature

increased by 0.85 �C and the trend is projected to

continue over the next century (IPCC 2014). Climate

change is also expected to exacerbate the intensity and

frequency of climatic disturbances. For example,

while mean annual rainfall is expected to increase in

many regions, drought occurrence and duration are

projected to increase as well (Sheffield and Wood

2008). Ice storms in winter are a common type of

extreme event that occurs when moisture-rich warm

air overrides subfreezing air at ground level and this

event is projected to increase in the future (Hayhoe

et al. 2007; Cheng et al. 2011). Direct impacts of ice

storms include branch and canopy loss and a reduction

in photosynthesis in the following growing season
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(Rustad and Campbell 2012) that enhances solar

heating in the soil surface and increases the quantity of

precipitation passing through the canopy gaps in the

following growing season. However, studies have

rarely reported the changes in soil evasion and other

Hg fluxes in forests under warmed temperatures,

droughts, or ice storm events.

We took advantage of three plot-level climate-

change manipulation experiments at the Hubbard

Brook Experimental Forest, New Hampshire, USA:

the Climate Change Across Seasons Experiment,

which includes soil warming in the growing season

and soil freeze-thaw treatments in winter, a throughfall

exclusion experiment to simulate drought and

decreases in soil moisture, and a simulated ice storm

study. The main objective was to compare the fluxes of

Hg in litterfall, throughfall, and soil drainage water

and soil Hg0 evasion among these climate-change

manipulation studies. We hypothesized that climate

disturbances that result in warmer or wetter soils

would stimulate Hg0 evasion and leaching, whereas

drought would have the opposite effect. Ice storm

events would be expected to reduce Hg fluxes in

litterfall and throughfall during the canopy recovery

period. We also evaluated the combined effect of these

changes on soil Hg retention.

Materials and methods

Site description

This research was conducted at experimental plots

associated with three climate change manipulation

experiments located at the Hubbard Brook Experi-

mental Forest in the White Mountain National Forest

in Central New Hampshire, USA. The annual mean air

temperature ranges from - 9 �C in January to 19 �C
in July. The annual precipitation averages 1500 mm

(Green et al. 2018). From 1955 to 2015, average

annual air temperature warmed by * 1.4 �C and

average annual precipitation increased by 300 mm

(Bailey et al. 2016). Soils are predominantly Haplorth-

ods developed in glacial drift (Gosz et al. 1976;

Vadeboncoeur et al. 2014). Rates of total atmospheric

Hg deposition from 2009 to 2011 was estimated to be

22 lg m-2 year-1 in this region, using data for wet Hg

deposition from the National Atmospheric Deposition

Program Mercury Deposition Network and estimates

of dry Hg deposition from 2009 to 2011 (Yu et al.

2014).

The soil warming, soil warming ? freeze-thaw

(Templer et al. 2017) and drought experiments

(Jennings et al. 2017) are co-located and share two

control plots (43�56044.200N, 71�42003.900W) at an

elevation of 259 m. Plots are dominated by red maple

(Acer rubrum L.), making up approximately 63% of

the total basal area, with American beech (Fagus

grandifolia Ehrh.) dominating the understory (Tem-

pler et al. 2017). The simulated ice storm experiment

(Rustad and Campbell 2012; Campbell et al. 2016) is

* 8 km away (43�56012.900N, 71�46023.400W) from

the two other experiments at an elevation of 510 m.

Ice storm plots are dominated by sugar maple (Acer

saccharum L.) with an understory of mostly American

beech. The manipulated plots were chosen to have

similar species composition and total basal area as the

control plots.

To examine the effects of soil warming in the

growing season and soil freeze-thaw cycles in winter,

three plots were selected (each 11 m 9 13.5 m): one

control plot, one plot with soils warmed by* 5 �C via

heating cables during the growing season (warming),

and one plot warmed in the growing season and also

subjected to four 3-day freezing episodes induced by

removing snow by shoveling, separated by 3 days of

soil warming (warming ? freeze-thaw cycles). These

treatments had been applied for 4 years (since Decem-

ber 2013) at the time of our study.

To examine the effect of drought, one plot was

selected from the drought experiment (15 m 9 15 m)

in which * 50% of throughfall was removed by

placing gutters 2 m above the ground to cover 50% of

the surface area in spring 2015. The treatment was

designed to simulate a one-in-a-century drought event.

This treatment had been applied for 2 years at the time

of our study. An analysis of the treatment effect

compared to the 120-year interpolated precipitation

data from Parameter-elevation Regressions on Inde-

pendent Slopes Model confirmed that both treatment

years fell below the first percentile of annual

precipitation.

To examine the effect of ice storm events, we

selected two plots (each 20 m 9 30 m, 10 m apart)

from the simulated ice storm experiment: one control

plot and one high-ice plot, which received 0.75 inches of

glaze ice as one event in February 2016, one and a half
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years prior to our study (https://hubbardbrook.oncell.

com/en/ice-storm-experiment-ise-134482.html).

Measuring soil Hg0 evasion

Soil Hg0 evasion was measured continuously for

24–48 h at the center of each of the six plots. Because

only a single instrument and one chamber system was

available, measurements were conducted sequentially

from plot to plot in spring (May 31–June 12), summer

(July 28–August 10), and fall (September 29–October

9) in 2017. Measurements were made using a dynamic

flux chamber connected to a Tekran 2537A mercury

vapor analyzer with a Tekran 1110 two-port control-

ling unit powered by a generator (Figure S1, Support-

ing Information). Chambers were placed on-site 24 h

prior to the actual measurement to allow the chamber

to seal with the soil surface. All the measurements

were performed only on sunny days with leaf-litter

present to mimic the original environment. In the

drought plot, we measured Hg0 evasion at two

locations: one under a gutter and another between

two gutters, to capture variability in rainfall exclusion.

We used a 4.32 L rectangular quartz chamber with a

height of 0.16 m and a footprint of 0.027 m2

(0.18 9 0.15 m). Quartz transmits the full spectrum

of solar radiation, whereas polycarbonate chambers

reflect UV frequencies that influence soil Hg0 evasion

(Moore and Carpi 2005; Bahlmann et al. 2006). Quartz

also has a lower potential for Hg0 absorption (Ci et al.

2016a) and is thus preferred for measuring low rates of

Hg0 evasion from soils. This chamber has eight inlet

holes with two holes on each of the four sides (6 mm in

diameter; 0.06 m above the surface) and one outlet

hole (13.5 mm in diameter) at the center of the top of

the chamber. The inlet sampling tube was placed

outside the chamber at the same height (0.06 m above

the surface) as the inlet holes on the flux chamber. The

outlet sampling tube was connected to the outlet hole

on the top of the flux chamber. Concentrations of Hg0

in both the inlet and outlet air were measured

alternately twice every 20 min via a valve unit using

the two-port controlling unit. Soil Hg0 evasion was

calculated using the following equation:

F ¼ Cinlet � Coutletð Þ � Q � A�1 ð1Þ

where F is soil Hg0 evasion (ng m-2 h-1), Cinlet and

Coutlet are the concentration of Hg0 inside the flux

chamber and in the ambient air (ng m-3), Q is the flow

rate of air through the flux chamber (L min-1), and A

is the surface area of soil exposed in the chamber (m2).

In this study, Q was 4.4 L min-1 and A was 0.027 m2.

Prior to use, quartz chambers and Teflon tubing

were soaked for 24 h in 10% nitric acid, rinsed three

times with 18.2 MXcm Milli-Q water, allowed to dry

in a clean room, and then double-bagged with zipper-

seal bags. Plastic screws were soaked for 24 h in 10%

HCl, rinsed three times with deionized water, and

double-bagged with zipper-seal bags. The Tekran

2537A Hg vapor analyzer was calibrated every 12 h

with a permeation Hg source, and check standards

were run every 6 h. The Hg recovery rate was

98 ± 5%.

Solar radiation on the soil surface (kW m-2), soil

temperature (�C) and volumetric soil water content

(%) at 2 cm soil depth were measured at 1-min

intervals. In the soil warming plots, soil moisture and

temperature data were acquired from thermistors and

soil moisture probes installed at 0–5 cm depth (model

CS616, Campbell Scientific, Logan, UT, USA).

Collection of leaf litterfall, throughfall, soil,

and soil solution

Fresh leaf litterfall samples were collected from the

soil surface using clean gloves on October 28, 2017.

We collected litterfall samples from the dominant

species in three replicate locations per plot. All

samples were immediately double-bagged in zipper-

seal bags, stored on ice during transport, and frozen in

the laboratory until they could be analyzed.

Throughfall and open precipitation samples were

collected with two replicates in each plot monthly

from June to October in 2017 using glass bottles

protected from sunlight within a PVC tube for Hg

analysis, with one person dedicated to touching the

collecting equipment with clean gloves (USEPA

1996). Before the actual deployment, glass funnels,

tubing, and glass bottles were soaked for 24 h in 10%

nitric acid, rinsed three times with 18.2 M cm Milli-Q

water, dried in a clean room, and double-bagged using

zipper-seal bags. Glass bottles were stored filled with

trace metal grade hydrochloric acid until deployment.

The collecting system consisted of a glass funnel
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connected to two 500 mL glass bottles via perfluo-

roalkoxy tubing and styrene-ethylene-butadiene-styr-

ene block polymer tubing with a loop as a vapor lock.

Glass wool was placed in the glass funnels to prevent

twigs, debris and insects entering through the tubing.

Each glass bottle, tubing and glass wool was replaced

monthly. Glass bottles with throughfall samples were

double-bagged in the field and stored at 4 �C in the

laboratory until analysis.

We collected and analyzed throughfall samples in

the two control plots only. We did not collect

throughfall in treatment plots because we assumed

soil warming or freeze-thaw cycles would have little

impact on leaf area, although this precluded detection

of changes in throughfall Hg concentrations due to

deposition on leaf surfaces. We collected open

precipitation samples near the simulated ice storm

plot.

Soil samples were collected at three replicate

locations in each of the six plots in September 2017.

We used cleaned split corers in the drought and ice

storm plots, and a cleaned plastic knife in the soil

warming plots to avoid damage to the heating cables.

The corers and the knife were washed with DI water

between samples to avoid cross-contamination. Soil

samples from organic (Oea) and mineral horizons

were collected and bagged in the field. Samples were

stored at 4 �C until analysis.

We acquired drainage water samples in the two ice

storm plots (control and simulated ice storm) using

installed tension lysimeters at soil B horizon pumped

into glass bottles from April to June and August in

2017. Unfortunately, soil drainage water samples were

utilized for other analyses in the months of July,

September and October, so sample was not available

for Hg analysis.

Laboratory analyses

Soil samples were sieved through a 0.5 mm stainless

steel sieve to acquire homogenized fine soils. Litterfall

and processed soil samples were freeze-dried to

constant mass at - 80 �C and 7 Pa, using FreeZone

Plus 6 (Labconco, Kansas City, MO). Dried litterfall

samples were ground using a Freeze Mill (Metuchen,

NJ). All samples were analyzed for Hg concentration

using thermal decomposition, catalytic conversion,

amalgamation, and atomic absorption spectrophotom-

etry (USEPA 1998), using a Milestone DMA 80 direct

Hg analyzer (Shelton, CT) (Yang et al. 2017).

Subsamples of * 50 mg for soil and * 100 mg for

leaf litterfall were weighed into nickel boats and auto-

loaded into the instrument. Aluminum oxide was

added to each tissue sample to ensure that the samples

were fully oxidized.

Before running tissue samples, we analyzed two

blanks, two primers (NIST 1944, waterway sedi-

ment, * 10 mg, 3400 ± 340 ng g-1), two continu-

ing calibration verification samples (NIST DORM-2,

dogfish muscle, * 50 mg, 410 ± 41 ng g-1), two

quality control samples (NIST 2976 mussel tis-

sue, * 50 mg, 61 ± 6 ng g-1, Gaithersburg, MD,

USA), and one method blank sample (with aluminum

oxide). We did not proceed with sample analysis

unless the Hg recovery values of these quality control

samples were within 10% of the certified values. After

every 10 samples, we ran continuing calibration

verifications (NIST DORM-2) and continuing cali-

bration blanks. A sample batch consisted of a method

blank, a quality control sample, a duplicate, a matrix

spike and a matrix spike duplicate. The matrix spike

was one actual tissue sample spiked with the standard

reference material (NIST DORM-2). The average Hg

recovery was 99% (n = 6, rsd = 5%) of NIST 1944,

105% (n = 12, rsd = 3%) of DORM-2, 103% (n = 8,

rsd = 4%) of NIST 2976 and 102% (n = 8, rsd = 5%)

of the matrix spike, which were all within the

acceptable range of values.

Throughfall, open precipitation, and soil drainage

water samples were analyzed for total Hg concentra-

tions via oxidation with bromine chloride for a

minimum of 24 h, purge and trap, and cold vapor

atomic fluorescence spectroscopy (USEPA 2002) on a

Tekran 2600 automated total Hg analyzer. The method

detection limit was 0.2 ng L-1. Both field blanks

(n = 30) of the Hg sampling trains and laboratory

blanks (n = 15) had Hg concentrations below the

detection limit, and sample-train standard spikes (5 ng

L-1) had recoveries of 102% (n = 12, rsd = 7%).

Analyzing soil Hg0 evasion and Hg concentrations

in litterfall, soil and drainage water

To explore relationships between meteorological

variables and soil Hg0 evasion, linear regression

analysis was used with hourly data from each plot

across each season. To explore the differences in Hg

concentrations in leaf litterfall associated with climate
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effects (6 plots) for each tree species, a one-way

ANOVA with Tukey’s Honestly Significant Differ-

ence (HSD) was used with three replicates sampled in

each plot. Differences in litterfall Hg concentrations

among tree species were also tested using one-way

ANOVA using three replicates within each plot and

blocked by plots.

Two-way ANOVA with Tukey’s HSD was used to

characterize the effects of soil horizon (two levels) and

climate disturbance effects (6 manipulation plots).

Concentrations were log-transformed in both anal-

yses to meet the assumption of normality of the

residuals. Statistical analyses were conducted in SAS

9.4 (SAS Institute, Inc. 2013).

Estimate of annual soil Hg retention

To estimate annual litterfall Hg fluxes, we multiplied

Hg concentrations by the measured annual litterfall

mass of each tree species. For the less abundant tree

species that we did not sample, we used the average

concentration of our measured species as the Hg

concentration and multiplied by the mass of their

annual litterfall. Leaf litterfall was collected using five

litter traps (one at the center and four near the corners)

in the plots from September to November in 2017. We

also calculated the Hg in falling twigs and branches

during the icing event using the reported mass of

samples collected in traps in 2016 (Driscoll et al.

2016) multiplied by the reported Hg concentrations in

tree woody materials at the Hubbard Brook Experi-

mental Forest (Yang et al. 2018).

To estimate throughfall Hg fluxes, we used monthly

precipitation volumes measured from standard rain

gauges (one near the simulated ice-storm plots and one

near the drought and soil warming plots) multiplied by

throughfall Hg concentrations. For the non-growing

season (November to May), we used the average of our

measured Hg concentrations in open precipitation. For

the leaf-on season (June to October), we measured

throughfall concentrations in the two control plots. We

used a weighted average concentration of throughfall

and open precipitation, based on a 2% canopy opening

for the two control plots and a 7% canopy opening for

the simulated ice storm plot (Robert T. Fahey,

University of Connecticut, unpublished LiDAR data).

To estimate the annual flux of soil Hg0 evasion, we

used the average of the spring, summer, and fall

measurements, and assumed that winter fluxes

accounted for only 5% additional flux based on

measurements at the Huntington Forest in New York

(Choi and Holsen. 2009).

To estimate the annual export of dissolved Hg in the

two plots in the simulated ice storm experiments, we

multiplied our Hg concentrations in drainage water by

the estimated soil water discharge from the Bhs

horizon for each month. For the months with insuf-

ficient volume for analysis, we used the average of our

measured Hg concentrations in the other months. The

annual soil water discharge was estimated to be

966 mm with a range of 27–252 mm across months

(Habibollah Fakhraei, Syracuse University, personal

communication), using the BROOK90 hydrological

model (Federer 2002), applied to the Hubbard Brook

watersheds.

The annual soil Hg retention in each plot compared

the litterfall and throughfall Hg inputs to the outputs in

soil Hg evasion and Hg runoff in drainage water.

Results

Soil Hg0 evasion and meteorological variables

Soil Hg0 evasion was altered in climate manipulation

experiments (Table 1). The warmed plot and the

warming ? freeze-thaw plot had 28% and 32% higher

average rates of Hg0 evasion, respectively, than the

control plot in June, 36% and 40% higher in August

and 26% and 30% higher in October (Fig. 1). Both of

the treatments involving warming resulted in an

increase of * 5 �C in soil temperature (Fig. 1), but

neither solar radiation (Fig. 1) nor soil moisture

(* 24% in June, * 18% in August and * 15% in

October) differed by treatment.

In the second growing season after the simulated ice

storm, soil Hg0 evasion was 31% higher in June, 48%

higher in August and 28% higher in October compared

to the control plot (Fig. 2). The simulated ice storm

resulted in an increase in solar radiation of

0.07 kW m-2 in June, 0.14 kW m-2 in August and

0.06 kW m-2 in October (Fig. 2), but neither soil

temperature (* 13 �C in June, * 16 �C in August,

* 12 �C in October) nor soil moisture (* 37% in

June, * 33% in August, * 28% in October) differed

by treatment.

In contrast to the ice storm and soil temperature

treatments, the drought treatment reduced rates of soil
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Hg0 evasion by 20–22% relative to the control in all 3

months of study (Fig. 3). There was little difference in

soil Hg0 evasion measured in chambers placed under a

gutter or between gutters (1–4% varied across sea-

sons). The drought treatments resulted in a decrease of

1%-4% in soil moisture (Fig. 3), but neither solar

radiation (Fig. 3) nor soil temperature (* 12 �C in

June, * 19 �C in August and * 14 �C in October)

differed by treatment.

Not surprisingly, soil Hg0 evasion measurements

varied diurnally and across seasons, consistent with

patterns of soil temperature and solar radiation. Hourly

Hg0 evasion was positively correlated with surface soil

temperature (p B 0.03) and solar radiation (p\0.001)

across all plots and seasons using hourly measurements

in simple linear regressions. Hourly Hg0 evasion was not

correlated with soil moisture across all plots and seasons

(p C 0.25).

Concentrations of Hg in litterfall, soil, throughfall

and drainage water

Mercury concentrations in litter varied by species, with

higher litterfall Hg concentrations in American beech

(48–55 ng g-1) than red maple, sugar maple, and yellow

birch (25–40 ng g-1; p\0.001 across all plots; Fig. 4).

Concentrations of litterfall Hg for yellow birch increased

19% in the warmed plot (40.7 ± 1.1 ng g-1) and

decreased 26% in the drought plot (25.1 ± 1.3 ng g-1)

compared to the control plot (34.1 ± 0.8 ng g-1,

p\0.001). Concentrations of litterfall Hg for American

beech, red maple and sugar maple did not respond

consistently to warming or drought (p C 0.13). In the ice

storm experiment, litterfall Hg concentrations for Amer-

ican beech were 8% lower in the ice storm plot

(51.1 ± 1.4 ng g-1) than the control plot

(55.5 ± 0.8 ng g-1, p = 0.06). Concentrations of Hg

in litterfall for yellow birch, red maple and sugar maple

did not respond significantly to the simulated ice storm

(p C 0.11).

Concentrations of soil Hg were consistently higher

in the organic (0.25 ± 0.01 mg kg-1) than the min-

eral horizon (0.18 ± 0.01 mg kg-1) across all plots

(p\ 0.001; Figure S2, Supporting Information). Con-

centrations of soil Hg did not differ in the climate

manipulation plots compared to the control plots either

in the organic or mineral horizon (p C 0.12).

Concentrations of throughfall Hg were similar in

the two control plots, averaging 4.1 ± 1.6 and

5.1 ± 0.9 ng L-1 from June to October. Concentra-

tions of Hg in throughfall were 1.5–2.5 times higher

than those for open precipitation (average of

2.6 ± 0.6 ng L-1) from June to October.

In the second growing season after the ice storm

experiment, concentrations of Hg in drainage water from

lysimeters in the ice storm plot (2.9 ± 1.4 ng L-1) were

2–2.9 times higher than those in the control plot

(1.2 ± 0.6 ng L-1).

Fluxes of Hg

Mercury deposition in litterfall was affected by the

simulated ice storm, drought, and soil temperature

experiments due to changes in both litterfall mass and

Hg concentration. In the second year after the

simulated ice storm, leaf litterfall mass was 15%

Table 1 Soil Hg0 evasion at different climate change manipulation and control plots for three seasons at the Hubbard Brook

Experimental Forest

Study site Experimental plots Average hourly surface-air gas Hg fluxes ± SD (ng m-2 h-1)

Spring (June) Summer (August) Fall (October)

Climate change across seasons

experiment and throughfall

exclusion experiment

Control 1.06 ± 0.97 1.48 ± 1.18 0.84 ± 0.63

Warming 1.36 ± 1.19 2.02 ± 1.35 1.06 ± 0.66

Warming and freeze–thaw cycles 1.40 ± 1.23 2.07 ± 1.33 1.09 ± 0.74

Drought between gutters 0.84 ± 0.81 1.19 ± 0.83 0.68 ± 0.44

Drought under a gutter 0.82 ± 0.68 1.14 ± 0.70 0.67 ± 0.47

Simulated ice storm experiment Control 1.30 ± 1.17 1.63 ± 1.09 1.04 ± 0.73

Simulated ice storm 1.70 ± 1.32 2.40 ± 1.53 1.34 ± 1.02

SD represented standard deviation of 24 h within a day
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lower and leaf litterfall Hg concentration was 8%

lower, resulting in a 11% reduction of leaf litterfall Hg

flux in the treatment than in the control plot (Fig. 5).

Decreases in total leaf litter mass averaged 25%,

except for American beech, which decreased by only

5%. However, the input of woody material in the first

year after the treatment increased by 670 g m-2 (4 lg

Hg m-2), and thus total litterfall Hg deposition was

23% higher in the simulated ice storm plot than the

control. The drought treatment decreased litterfall

mass by 3% and litterfall Hg flux by 5% compared to

the control plot. Soil warming increased leaf litterfall

mass by 14% and litterfall Hg flux by 7% compared to

the control plot. Soil warming and freeze-thaw

resulted in a reduction of 8% in litterfall mass and

an 18% reduction in litterfall Hg.

Mercury deposition in throughfall reflected treat-

ment effects on precipitation volume. Throughfall Hg

fluxes in the drought plot were assumed to be 50% of

those in the control, because of the removal of half of

the throughfall by the gutters. The simulated ice storm

had little effect on throughfall volume (2% increase)

or Hg flux (1% decrease), which was not surprising as

there was only a 5% reduction in canopy cover

(Fig. 5).

Annual Hg output via soil evasion was increased by

the simulated ice storm and by soil warming but

decreased by drought. Annual soil Hg0 evasion was

37% higher in the simulated ice storm plot, 31%

higher in the warming plot and 35% higher in the soil

warming ? freeze-thaw plot than in the respective

controls (Fig. 5). The drought plot decreased Hg0

evasion by 21% compared to the control plot.

Fig. 1 Soil Hg0 evasion and soil temperature and solar radiation at soil warming, soil warming ? freeze–thaw cycles, and control plots

across the three sampling dates
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Annual Hg output via soil drainage water was

measured only in the two plots at the simulated ice

storm sites, where it was 151% higher in the simulated

ice storm plot than in the control, assuming the

discharge rate was the same.

Comparing Hg inputs to the soil (litterfall and

throughfall) with Hg outputs (soil evasion), soil Hg

retention was 16–60% lower at the soil warming

(6.4 lg m-2 year-1), soil warming ? freeze-thaw

(3.4 lg m-2 year-1), and drought plots (6.8 lg m-2

year-1) than in the control (8.1 lg m-2 year-1). In the

simulated ice storm plot, where we estimated Hg in

woody materials as an additional input and Hg

leaching as an additional output, soil Hg retention

was 41% lower (3.9 lg m-2 year-1) than in the

control (6.6 lg m-2 year-1).

Discussions

Magnitudes of input and output Hg fluxes

in undisturbed plots

In our two undisturbed plots, litterfall Hg fluxes

(* 11.5 lg m-2 year-1) were similar to those

reported for 23 hardwood stands in the eastern USA

(average of 11.7 lg m-2 year-1) (Risch et al. 2017).

Our throughfall Hg fluxes (* 4.7 lg m-2 year-1)

were comparable to those reported for hardwood

stands at Huntington Forest (6.9 lg m-2 year-1;

Blackwell et al. 2014) and Sunday Lake Watershed

(7.4 lg m-2 year-1; Demers et al. 2007) in New York.

Inputs of Hg to soil by litterfall that exceed values in

throughfall have been reported in northern mixed-

hardwood forests in Vermont and Michigan (Rea et al.

2002) and in a study of 92 forested sites across North

America (Wright et al. 2016).

The soil Hg0 evasion rates ranged from 0.8 to

1.6 ng m-2 h-1 over three measurement dates, and were

similar to the reported values in those three seasons for

hardwood forests in Sweden (0.9–1.9 ng m-2 h-1)

(Schroeder et al. 1989), various types of forests in Nova

Scotia in Canada (- 0.4 to 2.2 ng m-2 h-1) (Schroeder

et al. 2005), hardwood forests in Michigan (- 0.2 to

2.4 ng m-2 h-1) (Zhang et al. 2001), upslope mixed

forests in Connecticut (0.9–3.0 ng m-2 h-1) (Sigler and

Lee 2006) and hardwood forests in New York

(0.8–1.6 ng m-2 h-1) (Choi and Holsen 2009). Soils at

these sites had soil Hg concentrations similar to ours,

ranging from 0.1 to 0.4 lg g-1.

Leaching losses of Hg from the mineral soils

(1.3 lg m-2 year-1) were comparable to the values

Fig. 2 Soil Hg0 evasion was stimulated following a simulated ice storm at three sampling dates. Solar radiation was also higher in the

plot with the simulated ice storm
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reported for hardwood forests in Minnesota

(0.8 lg m-2 year-1) (Kolka et al. 2001) and the

Adirondacks of New York in the USA (1.1 lg m-2

year-1) (Wang 2012) and a boreal forest in Sweden

(1.3 lg m-2 year-1) (Osterwalder et al. 2017). We

found that the amount of Hg leached was an order of

magnitude smaller than losses by soil Hg0 evasion in

the undisturbed plot at the simulated ice storm site

(Fig. 5). Runoff or erosion of Hg was not measured in

this study, but other studies suggest that the combined

Hg output including runoff, soil leaching and soil

erosion is low, e.g., 2.0 lg m-2 year-1 in New

Brunswick Forests in Canada (Nasr and Arp 2015),

2.2 lg m-2 year-1 in Minnesota (Kolka et al. 2001)

and 1.7 lg m-2 year-1 in the Adirondack Region in

New York, USA (Wang 2012).

We found that forest soils served as a Hg net sink in

undisturbed control plots, because inputs of Hg via

litterfall and throughfall deposition exceeded Hg

Fig. 3 Soil Hg0 evasion was suppressed by drought treatment at three sampling dates

Fig. 4 Mean concentrations of Hg in leaf litterfall in major

species at different manipulation plots. Error bars represent the

SE of three replicate samples in a plot. The soil warming and

warming ? freeze-thaw plot had only two of the four species
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outputs via evasion and documented runoff. This

pattern is consistent with studies in a hardwood-

peatland watershed in Minnesota (20 lg m-2 year-1,

Grigal et al. 2000), a forested catchment in southeast

Norway (6.9 lg m-2 year-1, Larssen et al. 2008), and

northern hardwood (15.5 lg m-2 year-1) and conifer

stands (34.6 lg m-2 year-1) at the Huntington Forest

in New York (Blackwell et al. 2014). The input of Hg

via litterfall and throughfall is due to the capturing of

atmospheric Hg by the forest canopy (St. Louis et al.

2001; Ericksen et al. 2003; Jiskra et al. 2018). The

limited Hg output from soil discharge water (Ró _zański

et al. 2016) and evasion (Yang et al. 2007) are likely

due to the binding of Hg2? by soil organic matter.

Effects of changing climate on litterfall

and throughfall Hg

Changes in litterfall Hg fluxes in the warming and

drought plots compared to the control plots are mainly

due to the changes of litterfall Hg concentrations

rather than differences in litterfall mass. The higher

litterfall Hg concentrations for yellow birch in the

warmed plot may be due to a higher rate of Hg0 uptake

via stomata in response to the increases in soil

temperature. Experimental increases in soil tempera-

ture have been reported to increase root hydraulic

conductivity (Cochard et al. 2000; Wieser et al. 2015),

which would allow greater transpiration and stomatal

conductance (Wieser et al. 2015; Juice et al. 2016).

Higher stomatal conductance in hardwood species was

found to facilitate foliar uptake of atmospheric Hg0 in

a greenhouse experiment (Millhollen et al. 2006).

Conversely, the lower Hg concentrations of yellow

birch leaf litter in the drought plot might be due to

drought-induced stomatal closure and reduced foliar

uptake of Hg0. Lower Hg concentrations in foliage in a

dry year in comparison to a wet year in the Adiron-

dacks of New York was attributed to lower stomatal

conductance (Blackwell et al. 2014). Although Hg

concentrations were altered under warming and

drought treatments for yellow birch leaf litter, changes

in annual litterfall Hg flux were small (\ 10%)

because of the small proportion of yellow birch litter

mass (21% of the total litterfall mass in our plots).

Forests that having a larger basal area of yellow birch

would likely to have greater changes in litterfall Hg

fluxes. It is not clear why other hardwood species were

less sensitive to the soil warming and drought

experiments. At a study of four sites in northeastern

America, yellow birch was found to have higher wood

Hg concentrations than American beech, sugar maple

and red maple, but not the greatest foliar Hg concen-

trations (Yang et al. 2018). Wood is the tissue that

Fig. 5 Measured annual Hg inputs (litterfall and throughfall)

and outputs (soil evasion and drainage water) for experiments

depicting three climate change manipulations in northern

hardwood at the Hubbard Brook Experimental Forest, NH. Soil

Hg retention was calculated by difference. Input of Hg in twigs

and branches and output of Hg via soil water discharge were

measured only in the simulated ice storm plots; soil Hg retention

was overestimated in the other plots by the amount of Hg in the

drainage water and underestimated by the amount of Hg in

woody litter
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stores the greatest amounts of Hg (Yang et al. 2018),

which suggests that yellow birch has greater Hg

uptake or lower Hg losses that the other hardwood

species.

Reduced leaf litterfall mass and increased woody

materials found in our simulated ice storm plot was

consistent with other studies. A decrease in leaf litter

mass due to canopy reduction by an ice storm event

has been reported in a bamboo forest in China (Ge

et al. 2014). The large input of tree woody materials

after the manipulated ice storm event is consistent with

measurements in conifer stands in China (Xu et al.

2016) and in an earlier simulated ice-storm near our

plots at Hubbard Brook in New Hampshire in U.S

(Rustad and Campbell 2012).

Throughfall inputs of Hg were similar in the

simulated ice storm and the control plot. Similar Hg

fluxes between throughfall and open precipitation

have also been reported in hardwood stands at the

Huntington forests (6.9 and 6.7 lg m-2 year-1)

(Blackwell et al. 2014) and at Whiteface Mountain

(4.5 and 4.2 lg m-2 year-1) (Gerson et al. 2017) in

New York. These observations suggest that dry

deposition of Hg2? to foliar surfaces and subsequent

leaching to the forest floor is a minor pathway of Hg

inputs in remote hardwood forests. However, in

conifer stands, throughfall Hg concentrations can be

three times higher than values in open areas, due to the

greater leaf area index of conifer stands compared to

hardwoods (Demers et al. 2007; Blackwell et al.

2014).

Effects of changing climate on soil Hg0 evasion

and Hg2? leaching

The diurnal pattern of soil Hg0 evasion was driven

mainly by the diurnal variation in soil temperature and

solar radiation. The observed strong correlation

between hourly Hg0 evasion and soil temperature on

a diurnal basis is consistent with other studies of soil

Hg0 evasion (Gabriel et al. 2006; Park et al. 2013). The

poor correlation between hourly Hg0 evasion and soil

moisture in this study is not surprising given the lack

of variation in soil moisture (coefficient of varia-

tion\ 3%). This poor relationship has also been

reported in upslope mixed forests in Connecticut

where variation in soil moisture was\ 10% during the

field campaigns (Sigler and Lee 2006).

Differences in soil Hg0 evasion due to treatment

could be explained by differences in meteorological

conditions resulting from the treatments. Increased

soil Hg0 evasion under soil warming was likely due to

increases in soil temperature. The lower soil Hg0

evasion in the drought plot than the control plot may

be explained by reductions in upward transport of Hg

by capillary action (Briggs and Gustin 2013). Precip-

itation has increased by 300 mm from 1955 to 2015 at

the Hubbard Brook Experimental Forest (Bailey

2016). Thus, we might expect increased Hg0 evasion

from soils due to a wetter climate in the future. The

higher soil Hg0 evasion in the simulated ice storm is

likely explained by increases in solar radiation due to

canopy gaps; increases in soil temperature were small

(averaging * 0.6 �C during our measurements and

* 0.3 �C for the year according to the installed

thermistors). Solar radiation affects Hg0 evasion by

reducing Hg2? to Hg0 and releasing soil-bound Hg to

the air (Zhang and Lindberg 1999; Gustin et al. 2002;

Park et al. 2013). After clear cutting, soil Hg0 evasion

was reported to increase from - 0.7 to 9 ng m-2 h-1

in hardwood forests in New York and from 0.3 to

21 m-2 h-1 in Brazil (Carpi et al. 2014), and from

- 7.5 to 2 ng m-2 h-1 in mixed forests in Minnesota

(Mazur et al. 2014). It is not surprising that we

observed smaller effects on Hg0 evasion from the

simulated ice storm, because damage to the forest

canopy was small (5% reduction of canopy cover in

the second growing season) compared to the complete

removal of the overstory associated with forest

harvesting.

Differences in soil Hg concentrations were not

significant across our plots, but we estimated the

magnitude of differences in soil Hg evasion that could

be due to the variation in soil Hg across the plots. We

applied the equation developed by Eckley et al.

(2016): soil Hg0 evasion (ng m-2 h-1) = soil THg

(lg g-1) 9 0.54 (mg m-2 h-1) ? 1.3 (ng m-2 h-1).

The coefficient of variation of estimated soil Hg0

evasion across the six plots was only 1.2%, and thus

the variation in soil Hg was not likely important to the

differences in Hg0 evasion that we observed. The

influence of differences in solar radiation on different

days was likely higher, based on the relationships we

observed each season between solar radiation and soil

Hg0 evasion. The coefficient of variation of estimated

soil Hg0 evasion due to solar radiation was 7%, but this

was less than the actual differences of soil Hg0 evasion
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due to warming (at least 26%, depending on the

season) and drought effects (at least 20%). In the

simulated ice storm plots, differences in solar radiation

were large (coefficient of variation[ 56%), due to the

opened canopy, and these differences had important

effects on soil Hg0 evasion.

Increases in Hg2? leaching from soils in the

simulated ice storm plot were likely due to the

mobilization of dissolved organic matter released

from soils and the strong binding of Hg2? to dissolved

organic matter (Skyllberg et al. 2000; Haitzer et al.

2002; Stoken et al. 2016). Concentrations of dissolved

organic carbon were 1.7 times higher in the ice storm

plot (average of 9.3 ± 0.7 mg L-1 from April to

October) than the control plot (average of

5.6 ± 0.8 mg L-1) (unpublished data) presumably

due to the large addition of litterfall. Higher rates of

litter decomposition and more dissolved organic

carbon were observed after a severe ice storm in a

conifer stand in China (Xu et al. 2016). Although we

did not characterize Hg2? leached under soil warming,

Hg2? leaching may have been accelerated there as

well, associated with root damage (Sanders-DeMott

et al. 2018), as root decomposition is a significant

source of Hg to soils (Wang et al. Wang 2012). Soil

warming would also be expected to increase decom-

position, which would hasten the release of Hg from

both roots and aboveground litter.

Conclusions

Forests continue to act as a Hg sink for atmospheric Hg

deposition under conditions of soil warming, soil

warming combined with soil freeze–thaw cycles,

drought, and ice storm disturbance, but with dimin-

ished net Hg removal compared to the undisturbed

controls. Climate changes such as increases in soil or

air temperatures and the frequency and intensity of ice

storms are likely to exacerbate Hg pollution by

releasing Hg previously sequestered in forest soils.

The drought treatment resulted in a decrease in Hg0

evasion losses, but there was also a greater decrease in

litterfall and throughfall Hg input resulting in a

decrease in soil Hg retention. Under experimental

conditions, we observed that the ice storm treatment

increased both inputs and outputs of Hg fluxes more

than soil warming or soil warming and freeze-thaw

cycles. The impacts of ice storms are likely to be short-

lived as the forest canopy recovers from the damage.

However, soil warming and a reduced winter snow-

pack, resulting in greater soil freeze-thaw cycles,

would result in a chronic increase in Hg output, which

is greater cause for concern over the long term.
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