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ABSTRACT: Soil is an important, dynamic component of
regional and global mercury (Hg) cycles. This study evaluated
how changes in forest soil Hg masses caused by atmospheric
deposition and wildfire are affected by forest structure. Pre and
postfire soil Hg measurements were made over two decades on
replicate experimental units of three prefire forest structures
(mature unthinned, mature thinned, clear-cut) in Douglas-fir
dominated forest of southwestern Oregon. In the absence of
wildfire, O-horizon Hg decreased by 60% during the 14 years
after clearcutting, possibly the result of decreased atmospheric
deposition due to the smaller-stature vegetative canopy; in
contrast, no change was observed in mature unthinned and
thinned forest. Wildfire decreased O-horizon Hg by >88%
across all forest structures and decreased mineral-soil (0 to 66
mm depth) Hg by 50% in thinned forest and clear-cut. The wildfire-associated soil Hg loss was positively related to the amount
of surface fine wood that burned during the fire, the proportion of area that burned at >700 °C, fire severity as indicated by tree
mortality, and soil C loss. Loss of soil Hg due to the 200 000 ha wildfire was more than four times the annual atmospheric Hg
emissions from human activities in Oregon.

■ INTRODUCTION

Mercury (Hg) is a global pollutant that has potential impacts
on human and animal health.1 It cycles among the atmosphere,
oceans, and terrestrial systems.1 Soils are important, dynamic
pools in the mercury cycle. In the U.S.A., forest soil Hg pools
are 2 orders of magnitude greater than annual anthropogenic
emissions.2 Forest soils have the potential to sequester
additional Hg or to release extant Hg to the atmosphere and
aquatic systems.
The size of the forest soil Hg pool is influenced by multiple

factors. Both atmospheric deposition and parent material are
sources of soil Hg.2 Less atmospheric deposition resulting from
a decrease in local and regional anthropogenic Hg emissions is
the proposed mechanism of the decrease in soil Hg
concentration over a two-decade period in Pennsylvania oak
forest.3 Recent multidecadal decreases in anthropogenic
mercury emissions across much of North America4−6 portend
possible decreases in atmospheric deposition to forests and the
consequent decreases in soil Hg pools.
Soil Hg may also be affected by vegetation characteristics.

Vegetation type can affect soil organic matter, C and N,7,8 to
which Hg is closely related.2,9,10 However, differences in C
pools between vegetation types do not necessarily translate into
differences in soil Hg pools.11 Vegetation canopy structure

affects atmospheric Hg deposition,12−14 with deposition rates
being greater in conifer forest than deciduous forest and open
areas.15 The effect of these vegetation-influenced deposition
rates on soil Hg pools remains to be determined and is
considered in this study.
Forest wildfires redistribute soil Hg to the atmosphere via

volatilization and particulate emission16 and to downslope areas
and potentially into waterways via erosion.17 Forest fires can
increase Hg accumulation in fish by altering food webs and by
increasing Hg inputs into streams and lakes.18 In the western
U.S.A. and Canada, forest fire extent is forecast to increase,19−21

creating concern that enhanced wildfire will release more Hg
that will enter foodchains.22

Wildfire-associated soil Hg losses vary by more than 2 orders
of magnitude23−27 and may be related to vegetation type and
fire severity. Conifer forest lost much more soil Hg than
meadow in a Washington state wildfire,26 but high variation
among sites prevented similar generalization in a Wyoming
wildfire.25 Soil Hg loss was related to fire severity in Wyoming
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wildfire,25 and Woodruff and Cannon28 suggested that high fire
severity resulted in significant Hg loss from mineral soils as well
as organic soils. But, soil Hg losses do not always vary with fire
severity.26,27

Forest structure has various definitions, but key structural
attributes include tree species, height, diameter, spacing, and
biomass; canopy cover and foliage arrangement; understory
vegetation; and standing and fallen dead woody debris.29 We
expand these concepts to encompass a biogeochemical
perspective that considers the amount and distribution of the
organic matter and elements within an ecosystem, including the
soil. In Minnesota pine forest, disturbance altered forest
structure; specifically, prefire blowdown redistributed trees
and substantially increased soil Hg mass, leading to greater
wildfire-associated soil Hg losses.27 Other prefire disturbances
may affect only aboveground forest structure and not alter
prefire soils;30 their influence on soil Hg losses is unknown and
is addressed in this study.
The purpose of this study was to evaluate the effect of conifer

forest structure on soil Hg pools in the presence and absence of
wildfire. The following questions were addressed: (i) How does
forest structure influence soil Hg pools in the absence of
wildfire? (ii) How does forest structure influence soil Hg pools
in the presence of wildfire? (iii) How does fire severity
influence wildfire-associated soil Hg losses? These questions
were addressed by evaluating replicate unburned and burned
experimental units for three prefire forest structures: mature
unthinned, mature thinned, and clear-cut in a Douglas-fir
dominated forest.30 Soil measurements made repeatedly over a
two decade period allowed comparison of pre and postwildfire
values to quantify changes in soil Hg pools.

■ METHODS

Study Site and Design. The study site and design have
been described in detail in Homann et al.30 and are summarized
below. The site is located 25 km southeast of Gold Beach,
Oregon, U.S.A., at an elevation between 750 and 900 m in the
Rogue River−Siskiyou National Forest. When the study site
was established in 1992, the native forest was dominated by 80-
to-110-year-old Douglas-fir (Pseudotsuga menziesii var. menziesii
(Mirb.) Franco) that had regenerated naturally after stand-
replacing wildfire in 1881.31 Mean January temperature is 4 °C,
mean July temperature is 18 °C, and annual precipitation is
approximately 190 cm, of which only 10 cm falls between June
and September.31 Additional site details are available in Little et
al.31 and Raymond and Peterson.32

Prior to wildfire, two forest management experiments were
established, encompassing 27 experimental units (6 to 8 ha
each) distributed across five mountain slopes within a 5-km
radius. Experimental treatments were imposed in 1997 and
consisted of clear-cut, thinned, and unthinned (nontreated).
The 2002 Biscuit Complex Wildfire and associated backburns
burned portions of both experiments as a surface fire,32 thereby

disrupting the original experimental designs. As a consequence,
21 postwildfire experimental units are categorized by treatment
and burn status: 2 unthinned unburned, 3 unthinned wildfire-
burned, 3 thinned unburned, 3 thinned wildfire-burned, 4 clear-
cut unburned, and 6 clear-cut wildfire-burned. Four additional
unburned experimental units that were not measured in 2003
and two other units that underwent prescribed burning were
not considered in this wildfire analysis. During the period from
1998 to 2000, the total basal area varied among the unthinned
experimental units between 46 and 72 m2 ha−1, conifer basal
area between 37 and 68 m2 ha−1, conifer density between 411
and 788 stems ha−1, conifer quadratic mean diameter between
27 and 42 cm, and conifer woody biomass between 20 and 39
kg m−2. Thinned and clear-cut units had substantially less
biomass (Table 1).

Measurements and Data Synthesis. For each exper-
imental unit at each of three sampling times, an experimental-
unit value was determined for each Hg pool (mass m−2) based
on multiple samples and measurements taken within the unit,
as described below. The experimental-unit values were then
subjected to statistical analysis.
Soil sampling was conducted three times (prefire in 1992−

1995, 1-year postfire in 2003, and 9 years postfire in 2011)
within a central 1.5-ha sampling area in each experimental unit.
Soil samples at an average of 13 points per experimental unit
were collected as described in detail by Bormann et al.33 and
Homann et al.30,34−36 Sampling points in different years were
approximately 2 m apart. O layers were collected from within
rings of cross-sectional area 707 cm2 in 1992−1995 and 352
cm2 in 2003 and 2011. After removing the O layer, the mineral
soil was collected volumetrically with a corer of 140 cm2 cross-
sectional area. In 1992−1995, three mineral-soil layers were
sampled: 0 cm to bottom of A horizon, bottom of A to 15 cm,
and 15 to 30 cm. In 2003, three layers were sampled: 0−3 cm,
3−15 cm, and 15−30 cm. In 2011, two layers were sampled:
0−3 cm, 3−6 cm. Samples were air-dried or oven-dried (60
°C). The O-layer samples were hand-sorted into >4 mm rocks,
>6.4 mm diameter woody debris, and remaining material,
which we refer to as soil. Mineral soil samples were sieved at 4
mm; we refer to the <4 mm-fraction as soil. For each sampling
time, experimental unit and soil layer, a mass-weighted
composite of the soil was made from the sampling points.
Samples were stored in low-density polyethylene plastic bags.
O-layer subsamples were ground to <1 mm and mineral soil
subsamples to <0.5 mm, stored in paper envelopes, and dried at
70 °C prior to chemical analysis. This temperature is very
unlikely to substantially affect the total Hg concentrations; for
example, in an evaluation of soil from an uncontaminated site,
the total Hg concentration of two O horizons, and A, B, and C
mineral horizons dried at 105 °C averaged 102% of the
corresponding freeze-dried values.37 All composite subsamples
were analyzed for Hg during December 2014 and January 2015;
subsamples from the different sampling periods were alternated

Table 1. Aboveground Structural Characteristics [Mean (se)] Vary among Treatments, 1 to 4 Years Prior to Wildfire in Conifer
Forest, Rogue River−Siskiyou National Forest, Oregona,b

treatment n expt. units conifer foliar biomass (kg m−2) conifer woody biomass (kg m−2) surface coarse wood (kg m−2) surface fine wood (kg m−2)

unthinned 5 1.06 a (0.12) 31.9 a (3.3) 1.05 (0.22) 1.27 a (0.25)
thinned 6 0.50 b (0.07) 14.6 b (1.9) 2.45 (0.60) 2.99 b (0.53)
clear-cut 10 0.00 c (0.00) 0.0 c (0.0) 3.74 (1.05) 4.87 c (0.36)

aAdapted from Homann et al.30 and Bormann et al.38 bWithin a column, when differences among means occurred, means not followed by a same
letter are different at P < 0.05, based on ANOVA followed by Tukey multiple-comparison test.
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in the order of analysis to ensure there was no bias during
analysis. Subsamples were analyzed for total Hg with a
Teledyne Hydra-C mercury analyzer (Teledyne Leeman
Laboratories, Hudson, NH). Each subsample was analyzed in
duplicate, and subsamples were rerun if the relative percent
difference was greater than 10%. Results for standard reference
materials averaged 95% of expected value for NIST 1547 peach
leaves and 96% of expected value for NIST 2702 marine
sediments. The consistency of values from the unthinned
unburned composites (Figure 1) that were collected over a
twenty-year period provides strong support that collection and
storage methods did not influence interpretation of results. As
reported in Homann et al.30 composites were also analyzed for
total C and N with a Thermo NC 1112 Analyzer (CE Elantech,
Inc., Lakewood, New Jersey).
Soil Hg and C pools (mass m−2) were calculated by the

comparable layer approach.30,33,34 This approach accounts for
mineral soil contamination of O layer samples, changes in soil
volume, and soil loss resulting from fire. In this approach, soil
pools are standardized by mass of soil inorganic matter per unit
area rather than by depth. In this study, we defined layers based
on mass of cumulative <4 mm inorganic matter: A horizon =
0−30 kg m−2, B1 horizon = 30−90 kg m−2, and B2 horizon =
90−180 kg m−2.
Ancillary measurements of surface fine wood (1−10 cm

diameter), coarse wood (>10 cm diameter), shrubs, and trees
are detailed in Homann et al.30,34 and Bormann et al.38 Tree
species and diameters were measured pre and postfire on five
18-m by 18-m plots per experimental unit. Natural tree
mortality, not associated with fire, occurred on unburned units.
Mortality due to fire on the burned units was estimated as total
mortality minus natural mortality not associated with fire.
Wildfire consumption of surface fine and coarse wood was

calculated as mass at time of fire minus mass 1-year postfire.

Measurements from 2−3 years prefire and 1-year postfire were
taken from Homann et al.30 Over the period from prefire to
postfire measurements, natural loss of fine wood occurred on
unburned clear-cut units. The fine-wood fractional loss rate on
these units was calculated as (prefire mass−postfire mass)
divided by prefire mass and then divided by number of years
between mass measurements; the resulting fine-wood fractional
loss, not associated with fire, was 0.086 per year. This loss rate
was used on the burned clear-cut units to estimate fine wood
mass at time of wildfire, calculated as prefire mass × (1−0.086
× years between prefire measurement and wildfire). For fine
wood in other treatments and coarse wood in all treatments,
unburned treatments showed no change from prefire to
postfire, and mass at time of fire was assumed to be equal to
prefire. The Hg pools were calculated as mass per m2 times the
following concentrations. Composite fine wood samples from
several experimental units in 2003 and 2010 were analyzed for
Hg concentration with a Teledyne Hydra-C mercury analyzer.
The average Hg concentration (mean 6.7 μg kg−1, se = 1.0, n =
12 samples) was applied to all fine wood masses. The Hg
concentration of coarse wood was assumed to be 2 μg kg−1,
based on bole data from a conifer forest site (mean 2, s.d. 1 μg
Hg kg−1).9 Prefire shrub masses on burned units were assumed
to equal 2003 measurements taken on parallel unburned
units.34 Because field observations indicated that few shrubs
survived the fire on the burned units, postfire shrubs were not
measured and were assumed to be zero. We assumed an Hg
concentration of 9 μg kg−1 for shrubs, based on shrub data from
the Little Valley, Nevada site.9

Statistical Analysis. To compare characteristics among
treatments, single-factor ANOVA was followed by Tukey
multiple comparison test at α = 0.05. To evaluate temporal
change (prefire, 1-yr postfire, 9 yr postfire) in each treatment−
burn category, repeated measures ANOVA of log-transformed

Figure 1. Nineteen-year trajectory of mean O and A-horizon soil Hg masses in conifer forest exposed to different treatments (unthinned, thinned,
clear-cut) followed by burn conditions (unburned, wildfire), Rogue River−Siskiyou National Forest, Oregon. Pretreatment−prefire values were
taken in 1992−1995; treatments were imposed in 1997; wildfire occurred in 2002; posttreatment−postfire measurements were taken in 2003 and
2011. Within each horizon−burn type−treatment combination, when differences among means occurred, means not identified by a same letter are
different, based on repeated measures ANOVA of log-transformed values followed by Tukey multiple comparison test, α = 0.05. For unburned, n =
2, 3, 4 experimental units and for wildfire, n = 3, 3, 6 experimental units for unthinned, thinned, and clear-cut, respectively.
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data was followed by Tukey multiple comparison test at α =
0.05. Pearson correlation was performed among selected
continuous variables.

■ RESULTS AND DISCUSSION

Forest and Soil Characteristics. Aboveground forest
structural characteristics varied among treatments (Table 1).
Conifer foliar and woody biomass decreased in the order
unthinned > thinned > clear-cut, while surface fine wood had
the opposite order. The soil Hg concentrations decreased from
O horizon to mineral soil (Table 2). The concentrations fell
within the range of uncontaminated forests in the western
U.S.A.9 The O horizon concentration was higher, while the
mineral soil concentrations were lower, than those in a
Douglas-fir forest in the Cascade Mountains of Washington
state.9

Soil Hg in Absence of Recent Fire. In the absence of
wildfire, O-horizon Hg mass declined by 60% in the clear-cut
over the two-decade study (Figure 1). This was due to a 59%
decrease in Hg concentration and nearly constant soil mass. A
similar decline in O-horizon Hg concentration in a
Pennsylvania oak forest was attributed to reduced Hg
deposition associated with declining regional and local Hg
emissions.3 This is substantiated by trends in Hg concen-
trations in precipitation, which decreased in the Northeast
U.S.A. from 1996 to 2010.4,5 In the Western U.S.A., however,
temporal changes in atmospheric Hg are spatially variable.5 To
determine possible changes in our region, we examined Hg
concentrations in precipitation at a National Atmospheric
Deposition Program Mercury Deposition Network site39

located at the H.J. Andrews Experimental Forest, 260 km to
the northeast of our study site, and observed no evidence of
change from 2002 through 2010. On the basis of this
observation and the lack of statistically significant decrease in
thinned and unthinned O-horizon Hg (Figure 1), we speculate
that a regional decrease in atmospheric Hg is not a major cause
of the decline in clear-cut O horizon Hg.
Alternatively, the decline in O-horizon Hg in the clear-cut

may be due to reduced atmospheric deposition within only that
treatment. Total deposition consists of precipitation, dry
deposition of gas,40 dry deposition of particles,15 and
interception of fog and cloudwater.41−43 The interaction
between Hg and the vegetative canopy influences the latter
three processes of atmospheric deposition.13,15,44−48 Dry
deposition of methyl mercury in open areas is only one-third
the amount in forest, as indicated by throughfall and litterfall
studies.12,13 Deposition of particulate Hg is less in open areas
than in conifer forest.15 Cloudwater Hg deposition likely varies
with forest characteristics.43 Along upwelling areas of the Pacific
coast, methyl mercury formed in the ocean may contribute to

fogwater Hg.42 In the Adirondack Mountains of New York, O-
horizon Hg concentration was positively correlated with total
Hg deposition.43 At our site, the smaller-stature vegetation in
the clear-cut38 may be less effective in intercepting dry and
cloudwater deposition than the mature forest, leading to lower
total Hg deposition and a smaller O-horizon Hg pool.
A third possible mechanism for the decline of Hg in the

clear-cut is enhanced Hg emissions caused by a change in the
soil microclimate. Soil Hg emissions are positively related with
temperature49−51 and UV−B radiation,49,50 both of which
could be increased at the soil surface from clearcutting. Mazur
et al.52 attributed increased Hg emissions following harvest and
biomass removal to enhanced photoreduction in the low-shade
environment. Soil Hg emissions increased immediately after
cutting forest canopy.53 The duration of a postharvest effect
and the magnitude of total Hg emissions remain to be
determined. In addition, the difference in vegetation species
between mature forest and clear-cut38 may create different
amounts and quality of litterfall that decompose at different
rates54 and influence microbial processing of Hg.

Soil Hg Changes Associated with Wildfire. Prefire O-
horizon Hg mass was ∼0.4 mg m−2 (Figure 1). Overall, wildfire
decreased O-horizon Hg substantially, due to nearly total
consumption of the O horizon,30 but the treatments
demonstrated different patterns. In unthinned, wildfire
decreased O-horizon Hg mass to 12% of its prefire value,
then litterfall of fire-killed needles from overstory conifers
added 10% during the first year postfire, resulting in a net mass
of 22% of its prefire value 1-year postfire (Figure 1). Similarly in
thinned, wildfire decreased O-horizon Hg mass to 2% of its
prefire value, fire-killed needles added 5%, for a net amount of
7% 1-year postfire. In contrast, the clear-cut lacked an overstory
to contribute fire-killed needles and resulted in 2% of prefire
value at 1-year postfire; then, in the subsequent 8 years, O-
horizon Hg mass increased to 6% of prefire value as O-horizon
recovery began,30 concomitant with vegetation re-establish-
ment.38 Similarly, postfire soil Hg concentration increased with
recovery of chaparral vegetation in California.17

Prefire A-horizon Hg mass was ∼3 mg m−2 (Figure 1). No
effect of wildfire was observed in the unthinned treatment, but
wildfire decreased the A-horizon Hg mass by 50% in thinned
and clear-cut (Figure 1), due to 26% loss in soil mass combined
with a 26% lower Hg concentration. The loss in soil mass may
be due to a combination of combustion, fire-driven convective
erosion, and postfire wind and water erosion.33 The lower Hg
concentration may occur from two processes. Engle et al.23

suggested mineral soil Hg was volatilized from exposure to
elevated temperatures during fire. For the upper 2 cm of
mineral soil from a eucalypt forest, there was no difference in
total Hg between soil samples heated to 40 or 150 °C;55 but,

Table 2. Soil Characteristics [Mean (se), for n = 21 Experimental Units] Prior to Treatments and Wildfire in Conifer Forest,
Rogue River−Siskiyou National Forest, Oregon

horizon
thickness
(mm)

rock mass
(kg m−2)

soil mass
(kg m−2)

soil bulk density
(g cm−3)

soil C conc.
(g kg−1)

soil N conc.
(g kg−1)

soil Hg conc.
(μg kg−1)

soil Hg:C
(μg g−1)

Oa ndb 1.1 (0.2) 2.2 (0.1) nd 466c 9.4 (0.22) 196 (9) 0.26 (0.03)
A 66 (3) 21.5 (1.5) 33.7 (0.2) 0.62 (0.03) 57 (2) 1.8 (0.07) 85 (5) 1.54 (0.05)
B1 97 (2) 34.6 (1.8) 64.5 (0.2) 0.79 (0.02) 37 (1) 1.3 (0.04) 82 (5) 2.64 (0.15)
B2 134 (3) 51.9 (3.2) 94.9 (0.1) 0.85 (0.02) 27 (1) 1.1 (0.03) 98 (7) 4.32 (0.30)

aFor O horizon, soil values refer to the material remaining after removing >4 mm rocks and >6.4 mm diameter woody debris. For A, B1, and B2
horizons, soil values refer to the <4 mm fraction, and the horizons are defined by cumulative soil inorganic masses: A horizon, 0−30 kg m−2; B1
horizon, 30−90 kg m−2; B2 horizon, 90−180 kg m−2. bnd = not determined. cC concentration of O horizon is defined as 466 g kg−1.
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the soil lost 59% of its total Hg between 150 and 350 °C.55

Temperatures in surface mineral soil can reach this latter range
during fire56−58 and would likely promote substantial Hg
volatilization. Alternatively, the loss of a high-Hg upper portion
of the horizon would leave behind a residual portion that had
lower Hg concentration. But, this would require a substantial
vertical gradient in Hg concentration, which was not observed
among mineral soil horizons (Table 2).
The wildfire-associated soil Hg loss from O plus A horizons

was four times as great in thinned and clear-cut as in unthinned
treatment (Figure 2). This demonstrates a unique influence of

prefire disturbance on wildfire-associated soil Hg losses and
isolates the effect of aboveground forest structure. Prefire
experimental manipulations did not influence prefire O-horizon
Hg pools and had minor influence on the A-horizon Hg pool
only in the clear-cut, as confirmed by comparing pretreatment
and 6-yr posttreatment values for the unburned units (Figure
1). Instead, treatments influenced aboveground forest structure
(Table 1) that subsequently affected how wildfire impacted soil
Hg losses, with greater losses occurring in clear-cut and thinned
manipulations. In contrast, in Jack pine forest, prefire
blowdown and postblowdown disturbance altered both forest
structure and forest floor Hg pools, which jointly resulted in
greater wildfire-associated losses.27 Both mechanismsalter-
ation of prefire forest structure and alteration of prefire soil Hg
pool sizeare important to recognize and consider when
evaluating wildfire influences.
The soil Hg losses fall within the range of other wildfire

studies and extend above the range of prescribed fire studies
(Table 3). The variation in Hg loss among the different studies
may be due to the magnitudes of prefire soil Hg pools and
characteristics of the fires. In contrast with other studies, this
study differentiates between Hg losses from O horizon and
from mineral soil. In the clear-cut and thinned forest, ∼80% of
soil Hg that was lost was from mineral soil and only ∼20% from
O horizon (Figure 1). Other studies either have not
differentiated between losses from O horizon and mineral
soil, have evaluated only the O horizon, have assessed only the
mineral soil, or have not found losses from mineral soil (Table
3). For example, in a pine−deciduous forest, mineral-soil Hg
pools did not differ among various burn severity classes,
including unburned sites.59

This study measured soil Hg twice after fire and found only
small recovery of soil Hg pools during the decade following fire
(Figure 1). This suggests that measuring Hg pools several years

Figure 2. Mean wildfire-associated losses of soil Hg and surface fine
wood consumed during wildfire for different prefire treatments
(unthinned, thinned, clear-cut), Rogue River−Siskiyou National
Forest, Oregon. The soil Hg losses occurred from only O horizon
in unthinned, but from O plus A soil horizons in thinned and clear-cut.
Within each frame, means not identified by a same letter are different,
based on ANOVA of log-transformed values followed by Tukey
multiple comparison test, α = 0.05. n = 3, 3, and 6 experimental units
for unthinned, thinned, and clear-cut, respectively.

Table 3. Fire-Associated Soil Hg Loss from Forest Organic (O) and Mineral (M) Horizons

location sampling approach years since fire forest type soil Hg loss (mg m−2) horizon reference

wildfire
Southwest Oregon pre- and postfire 0 Douglas-fir, mature 0.5 O current

0 M study
0 Douglas-fir, thinned 0.4 O

1.4 M
1 Douglas-fir, clear-cut 0.4 O

1.6 M
Sierra Nevada Mtn pre- and postfire 1 pine and fir 0.26 O 23
Jackson, Wyoming postfire only 0−3 conifer 0.74 to 2.5 O + M 25

2−3 aspen 0.36 to 1.3 O + M
2−3 meadow 0.41 O + M

Eastern Washington postfire only 3 pine and fir 0.67 O + M 26
3 meadow 0.11 O + M

Northern Minnesota postfire only 1 jack pine, control 0 O 27
1 jack pine, blowdown 0.9 O

Northern Minnesota postfire only 0−1 pine and deciduous 0.3 O 59
Czech Republic postfire only <2 spruce and pine 7.5 O 24
Portugal postfire only 0 eucalypt 0.1 M 55

prescribed fire
Sierra Nevada Mtn postfire only 1 pine and fir 0.36 O 23
Sierra Nevada Mtn postfire only 5 pine and fir 0.1 O 60
Central Alaska pre- and postfire 0 black spruce 0.2 O 61
Florida postfire only 0.5 longleaf pine 0.8 O 62
Amazon, Brazil pre- and postfire 0 rain forest 0.3 O 63
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after fire, as performed in several studies (Table 3), introduces
little error in estimates of fire-induced soil Hg loss, provided
postfire erosion losses are small. However, measurement
methods may introduce uncertainty. This study determined
soil change by comparing prefire and postfire samples, an
approach used in few other studies (Table 3). In contrast, most
estimates of fire-associated soil Hg loss are based on postfire-
only sampling,24−27 which requires the assumption that an
unburned site represents prefire conditions. Although this
assumption has been scrutinized and inappropriate compar-
isons between burned and unburned sites are sometimes
identified,26 it introduces unknown uncertainty into the
estimates of soil Hg losses. Conversely, this assumption and
its associated uncertainty are nonexistent when prefire and
postfire soil samples from the same location are compared, as
was performed in this study.
The soil Hg losses were nearly 2 orders of magnitude greater

than Hg losses from combustion of surface wood and
understory vegetation. The Hg losses from surface fine wood
combustion were estimated to be 0.006, 0.017, and 0.023 mg
m−2, for unthinned, thinned, and clear-cut, respectively; Hg
losses from surface coarse wood combustion, 0.002, 0.002, and
0.004 mg m−2; and Hg losses from understory combustion,
0.003, 0.003, and 0.014 mg m−2. The Hg loss from combustion
of overstory bark and wood is expected to have been very small,
too, because of the ground-fire nature of the event.32 This
importance of soil Hg losses, compared with losses of other
ecosystem components, is consistent with observations of
Sierra-Nevada pine−fir forest.23
Across all wildfire units, soil Hg loss was positively

curvilinearly related to soil C loss (Figure 3); and soil C loss,

an indicator of soil organic matter combustion, was positively
related to the proportion of the area that reached aboveground
temperatures >700 °C.33 Higher soil C loss signifies burning
deeper into the soil profile, where the Hg:C ratio is greater
(Table 2). Consequently, the Hg-loss/C-loss ratio is positively
related to soil C loss (Figure 3). These relations might be used
in making first approximations of Hg losses where wildfire-
associated soil C losses have been estimated.64

Soil Hg Loss and Fire Characteristics. The wildfire-
associated loss of soil Hg was related to several fire
characteristics. The greater loss of soil Hg in thinned and
clear-cut paralleled the pattern for surface fine wood that was
consumed during the wildfire (Figure 2). Across all 12 wildfire
units, the log-transformed soil Hg loss was positively related to
surface fine wood consumed during fire (r = 0.63, P = 0.03) and
to surface fine wood present at time of wildfire (r = 0.60, P =
0.04). In contrast, the log-transformed soil Hg loss was not
related to surface coarse wood consumed (r = 0.29, P = 0.36)
or surface coarse wood present (r = 0.28, P = 0.37).
Wildfire-associated soil Hg loss was also positively related to

burn temperature. In a subset of 9 wildfire units, we have
estimates of the % of area that burned at >700 °C, as indicated
by extent of melting of aluminum tags.33 The log of soil Hg loss
was positively correlated with % of area burned at >700 °C (r =
0.80, P < 0.01), which was itself positively correlated with the
log of surface fine wood consumed (r = 0.88, P < 0.01). The
positive correlations among soil Hg loss, burn temperature, and
soil organic matter combustion, as indicated by soil C loss
(Figure 3), support the concept that higher soil temperatures
contributed to greater Hg loss in this study. In laboratory
experiments, this relation is well documented. For example, for
eucalypt forest mineral soil, 59% of its total Hg was lost
between 150 and 350 °C and an additional 38% between 350
and 550 °C.55 Further, in the thermal desorption technique to
characterize chemical forms of soil Hg, Hg loss increases as
temperature is raised to several hundred °C.65,66

The wildfire-associated soil Hg loss was related to the %
conifer mortality. This variable could be assessed only in the
unthinned and thinned treatments because clear-cut lacked
mature trees. The relation was positive and monotonic, but not
linear (Figure 4). At >80% mortality, a threshold was passed,
and there was a dramatic increase in soil Hg lost.

Tree mortality is a key descriptor of fire-severity classes of
the burn area emergency rehabilitation (BAER) assessment of
the Biscuit Wildfire, with moderate severity described as 40 to
80% of trees killed and high severity as near 100% tree death.67

When our units are classified based on conifer mortality, the
ratio of soil Hg lost was 4.3:1.0 for high/moderate-low severity
(Figure 4). Similarly, in a Wyoming forest wildfire, soil Hg lost
varied among fire severity classes.25 In that study, fire severity
classes were based on both aboveground indicators (tree trunk
burn height, and the proportion of burned canopy) and soil
assessment (the depth of ash on the soil surface). The ratio of

Figure 3. Relation between wildfire-associated losses of soil Hg and C
across 12 experimental units that burned in the 2002 Biscuit wildfire,
Rogue River−Siskiyou National Forest, Oregon. Losses were from O
plus A horizons. For log(soil Hg lost) versus soil C lost, r = 0.94, P <
0.0001. For log(Hg lost/C lost) versus soil C lost, r = 0.68, P = 0.014.

Figure 4. Relation between wildfire-associated losses of soil Hg and
wildfire-associated conifer mortality across 6 unthinned and thinned
experimental units that burned in the 2002 Biscuit wildfire, Rogue
River−Siskiyou National Forest, Oregon. Hg losses were from O plus
A horizons. Fire-severity classes are based on burn area emergency
rehabilitation (BAER) descriptions.67
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soil Hg lost was 3.4:2.8:1.0 for high/moderate/low severity in
conifer forest, and 3.8:1.0 for moderate/low severity in aspen
forest. In contrast, in a Washington state wildfire study that
used the same fire-severity indicators, there was no difference in
soil Hg lost among high, moderate, and low severities in conifer
forest.26 Further, in studies of two Minnesota wildfires, fire
severity was designated based primarily on postfire forest floor
and mineral soil characteristics; no difference in postfire soil Hg
pool was observed among the burned fire-severity classes.27,59

When fire severity classes were based on canopy color, the
severely burned class had lower forest floor Hg pool than lightly
burned and very severely burned classes.59

Our study indicates aboveground forest structure influenced
the amount of soil Hg that was lost due to wildfire. In
particular, greater amounts of prefire surface fine wood resulted
in greater fine wood consumption, leading to higher above-
ground fire severity and greater loss of soil Hg. Of the 200 000
ha area within the Biscuit wildfire perimeter, 16% was classified
as high severity, 23% as moderate, and 42% as low, based on
the BAER fire severity map.68 Applying our average soil Hg
losses for these classes yields 1110 kg Hg released by the Biscuit
wildfire. Although some loss may be due to postfire erosion,
this total loss is more than four times the annual atmospheric
Hg emissions from human activities in Oregon,69 the location
of the Biscuit wildfire, and substantiates the importance of
wildfires to Hg emissions in the U.S.A.70 The chemical form of
Hg emitted was not determined in this study, but atmospheric
analysis following Oregon and California wildfires indicates
elemental Hg is dominant and particulate Hg makes up 15% of
the Hg that is released.16 In future decades, forest wildfire
extent is projected to rise dramatically in the western U.S.A.
and Canada, with 24 to 169% increases in burned area forecast
for various regions.19−21 Fire severity may also increase,71 and
forest management techniques may be implemented to affect
wildfire behavior.72 Integration of these projections with our
assessment of wildfire-associated Hg losses will improve the
understanding of the importance of wildfire in regional and
global Hg cycles.
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