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Abstract Invasive earthworms perturb natural forest
ecosystems that initially developed without them, main-
ly by consuming the forest floor (an organic rich surfi-
cial soil horizon) and by mixing the upper parts of the
soil. The fate of mercury (Hg) formerly contained in the
forest floor is largely unknown. We used two mass
balance approaches (simple mass balance and geochem-
ical mass balance) to quantitatively assess the impact of
exotic earthworms on Hg cycling in forest soils and the
fate of Hg formerly contained in the forest floor. Two
sets of soils, collected in 2009 and 2014 from an earth-
worm invasion transect in north central Minnesota, were
analyzed in this study. We observed a substantial loss of
Hg from the soil system following earthworm invasion.
Mass balance calculations showed that 35 to 65% of the
forest floor Hg was retained in the underlying mineral
soil with the remainder unaccounted. The most likely
explanation for the loss of forest floor Hg from the
system is microbially induced volatilization of Hg by
soil microbes and possibly by earthworm gut microbes

during consumption of the forest floor. Our calculations
suggest that exotic earthworms can substantially perturb
mercury cycling in the topsoil. Forest floor Hg may
accumulate within worm biomass; however, this process
can account for only a small fraction (1 to 3 %) of the
lost Hg. Additionally, we calculated the mass balance of
organic carbon (C) due to Hg’s high affinity for organic
matter and found that a portion of the organic carbon
also appears to be lost from the soil system.

Keywords Mercury . Earthworms . Forest soil . Mass
balance

1 Introduction

Mercury (Hg) is a global pollutant that is highly volatile
(Hg0), reactive (Hg2+), and toxic. Mercury contamina-
tion of the environment is widespread due to its long
residence time in the atmosphere (Slemr et al. 1985,
Mason et al. 1994), contaminating even the most remote
and pristine areas. Atmospheric deposition of Hg, in the
form of wet and dry deposition (St. Louis et al. 2001), is
the main source of Hg to most landscapes. Mercury
deposition pathways in forested ecosystems not only
include open air precipitation but also include
throughfall, stemflow, and litterfall, which in combina-
tion can increase total Hg deposition two- to threefold
above deposition in open, unforested areas (Kolka et al.
2001). In addition, gaseous Hg0 is also taken up directly
by mineral soil horizons, but the overall quantity is
relatively minor compared to other mass fluxes (Obrist
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et al. 2014). Mercury deposited in surficial soil horizons
is predominantly in ionic forms (Hg2+, Hg2

2+) and is
strongly bound to various functional groups, but espe-
cially by reduced sulfur groups, on organic matter
(Andersson 1979; Schuster 1991; Skyllberg et al.
2003; Gabriel and Williamson 2004).

The forest floor is a surficial organic (O1) horizon
formed from partially decomposed leaf and plant litter
(Binkley and Fisher 2012). Forest floor horizons typically
range from 2 to >20 cm in thickness and, unlike most
other O horizons, do not require saturated conditions to
form, but can develop in well-drained, unsaturated up-
lands. The forest floor has a very low mineral content
due to a lack of mixing between it and underlying
mineral soil horizons. The forest floor generally overlies
a thin A horizon over an E horizon or, where the A
horizon is absent, directly overlies the E horizon. Forest
floor horizons are usually absent where earthworms,
ants, or other soil mixing organisms are abundant
(Alban and Berry 1994) because these organisms partially
consume the forest floor and mix it with the underlying
mineral soil material, forming surficial A horizons. Soil
organic matter does not readily leach into the lower
horizons unless the pH is very low (<4.5), as in
Spodosols, or high (>8.5), as in highly alkaline soils.

Due to Hg’s close association with organic matter, its
concentrations in forest soils are generally highest in the
forest floor (100–250 ng Hg g−1), lower in the A horizon
(30–100 ng Hg g−1), and much lower (typically 7–
30 ng Hg g−1) in subsurface horizons (Nater and Grigal
1992). The Hg load (as expressed on a mass per unit
area per depth), however, is often much higher in the A
and subsurface horizons than in the forest floor due to
the lower bulk density of the forest floor (0.1–
0.4 g cm−3) compared to mineral soil (0.8–1.5 g cm−3)
horizons.

Forest floor organic horizons were very common in
forested landscapes in the Great Lakes States region and
other temperate forests due to the lack of earthworms
following the last glaciation (Alban and Berry 1994;
Reynolds 1994). Over the last century, however, large
areas of temperate region forests have become invaded
by exotic earthworms (Bohlen 2004a, Hale et al. 2005a,
Eisenhauer et al. 2007). Human activities, such as

agriculture, logging, and fishing, are the most common
vectors for exotic earthworm invasion of forests (Alban
and Berry 1994, Gates 1982).

Earthworms ingest soil organic matter, digest a por-
tion of it, and excrete the remainder, either below the
surface or in the form of earthworm casts at the surface.
Thus, they mix and homogenize the soil, mixing par-
tially decomposed organic matter with mineral soil ma-
terials. This process leads to an increase in the thickness
of the A horizon or the development of one where none
previously existed (Hale et al. 2005b). This bioturbation
perturbs existing elemental cycles and can potentially
change the elemental composition of the soil (Hale et al.
2005b). The effects of earthworm consumption of the
forest floor on the fate and biogeochemical cycling of
Hg contained therein are largely unknown.

The objectives of this study are to assess the impacts
of exotic earthworms on the geochemical cycling of Hg
in surface soil and determine the fate of Hg originally
stored in the forest floor pool. We hypothesize that,
following earthworm invasion, nearly all of the Hg
originally contained in the forest floor will be
transferred to the underlying A horizon. Our study
was conducted on an earthworm invasion transect that
was established in 1997 by Hale et al. (2005a, b) and
has been studied extensively since then (Hale et al.
2005a, b, 2006; Resner et al. 2011, 2014; Lyttle et al.
2011, 2014).

We utilized two mass balance approaches to quanti-
tatively assess the degree to which soil Hg cycling is
perturbed by invasive earthworms. The first approach is
based on simple calculations of Hg pools in invaded and
uninvaded areas and the second approach utilizes geo-
chemical normalization. The geochemical normaliza-
tion method has been used reliably to assess major
elemental mass changes in the soil for geochemical
processes such as weathering and erosion (Brimhall and
Dietrich 1987; Merritts et al. 1992; Riebe et al. 2003; Oh
and Richter 2005). Elemental mass losses and gains can
be detected more reliably when the element of interest is
normalized to a biogeochemically immobile element
such as Zr, Ti, or Nb. The method has also been used
to study the geochemistry of numerous metals such as
Pb, Cu, Zn, Ni, Co, and Cr in forest soils (Jersak et al.
1997) highlighting the possible benefit of using this
method to study Hg. Resner et al. (2014) recently used
this method to assess the effects of bioturbation on a
number of biogeochemical cycles. To our knowledge,
however, this method has not been used to study the

1 Definitions for the O, A, and E master soil horizons are provided
in Chapter 3 of: Soil Survey Division Staff. 1993. USDA NRCS
soil survey manual. Soil Conservation Service. U.S. Department
of Agriculture Handbook 18.
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impacts of bioturbation on Hg cycling even though
organic matter is considered an important sorbent of
metals in surficial soils (Gustafsson et al. 2003).
Bioturbators can, therefore, impact metal cycling in
surface soils through the manipulation of organic
matter.

2 Methods

2.1 Field Site

The field site is located in a productive upland
hardwood forest dominated by sugar maple (Acer
saccharum Marsh.) in north central Minnesota near
Leech Lake (Fig. 1). The transect is located on the
east side of Sucker Bay Road which was constructed
in the 1960s and is the most likely source for exotic
earthworm invasion in this forest. The most invaded
areas are located closest to the road with the leading
edge of the invasion advancing about 5 m per year
(Resner 2013). This earthworm invasion transect has
been extensively studied to determine the effects of
a relatively recent earthworm invasion on elemental
biogeochemical cycles (Hale et al. 2005a, b, 2006;
Resner et al. 2011, 2014; Lyttle et al. 2011, 2014).
This previous body of work enabled us to better
understand how earthworms affect the cycles of
major elements (K, Ca, Mg, Na, P, C, and Fe) in
the soil (Resner 2013) while also streamlining our
sampling efforts.

The soil on site is identified as the Warba series
which is classified as a fine-loamy, mixed, superactive,
frigid Haplic Glossudalf (National Cooperative Soil
Survey 2006, USDA). Warba soils formed in loamy
calcareous glacial till on moraines and typically have a
thin (<0.5 m) loess cap. The Warba soil is extensively
mapped throughout north central Minnesota and is mod-
erately well- to well-drained. For a more detailed de-
scription of the site and soil refer to Resner et al. (2014).
The climate is temperate and humid continental with
66 cm mean annual precipitation. Mean temperatures
range from −15 °C in January to 20 °C in Julywith snow
cover from late November to early April (Hale et al.
2005a). Earthworm ecological groups and species were
identified by both Hale et al. (2005a) and Resner (2013)
and include epigeic, epi-endogeic, endogeic, and anecic
species.

2.2 Sampling and Sample Processing

Two sets of soil samples were analyzed in this study.
The first set was collected by Resner (2013) in 2009 as
part of her master’s thesis research at the University of
Minnesota. Briefly, Resner (2013) collected soil sam-
ples from 6 soil pits located at 0, 50, 100, 150, 160, and
190 m along the transect with the 0 m pit located closest
to the road (Fig. 1). Soils were sampled in 2–5 cm
increments to a depth of 25 cm and 10 cm increments
thereafter to a depth of 1 m or greater. We analyzed a
subsample of each soil sample for total Hg content after
the soil had been oven-dried, ground, and homogenized.
For this study, we were only interested in mineral soil to
a depth of 24 cm for the purpose of comparison to our
second set of soil.

We collected a second set of samples in summer of
2014 with 15 samples collected in the invaded area near
the start of the transect and 12 samples in an uninvaded
area approximately 100 m beyond the 190 m transect
distance Resner (2013) collected (Fig. 1). Where pres-
ent, the forest floor was sampled by cutting a 10 cm
diameter circle (area=78.54 cm2) into the forest floor
with a sharp knife and then carefully separating the
forest floor from the underlying mineral horizons.
Once the forest floor sample had been removed, we
collected mineral soil samples in the center of the same
locationwith a 1.8-cm-diameter push probe to a depth of
24 cm from the top of the mineral soil horizon. All
samples extended well into the E horizon but did not
reach the glacial till underlying the loess cap, which
occurs at a depth of 40–50 cm (Resner 2013). The
mineral soil sample was then separated into A and E
horizons based on visual morphology of the distinct
horizon boundary. All samples were stored in zipper-
type polyethylene bags in a cooler for transport to the
University of Minnesota.

Mineral soil samples were dried at 105 °C for 48 h,
ground with a mortar and pestle, passed through a 2-mm
brass sieve to remove coarse fragments, and stored in
small plastic zipper bags until analysis. Forest floor
samples were dried at 95 °C for 48 h and ground in a
food blender to homogenize the samples. Bulk density
was determined for all samples by computing the vol-
ume of the sample from core diameter and length of
each sample.

There is an important distinction between the two
sets of soil concerning their sampling design. Soil pits
sampled in 2009 were sampled along an invasion
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transect with varying degrees of earthworm invasion.
The 2014 samples were collected in only two areas—an
invaded area approximately 10 to 20 m prior to (i.e., the
−10 or −20 location) the 0 m pit from 2009 sampling
and an uninvaded area 100 m beyond the least invaded
pit from 2009 (Fig. 1). For the purpose of comparing the
2009 soil to the 2014 soil, the pits from 2009 were split
into the two groups—the least invaded group and the
most invaded group. Least invaded soils include pits
190, 160, 150, and 100 as all of these pits still had some
forest floor present above the mineral soil. Pits located at
50 and 0 m were grouped together to represent the most
invaded soils and had no forest floor present.

2.3 Laboratory Analysis

For mineral soil samples, approximately 1 g of sample
was digested in 10 ml of concentrated nitric acid
(HNO3) at 70 °C overnight and subsequently diluted
by a factor of 5 with Barnstead E-Pure 18 milli-Ohm
distilled and deionized (DDI) water prior to analysis.

For forest floor samples, 0.5–1.0 g of sample was
digested in 20 ml of concentrated HNO3 at 70 °C over-
night and subsequently diluted by a factor of 10 with
DDI water. All mineral soil and forest floor samples
were analyzed for total mercury (THg) by the double
gold amalgamationmethod (Bloom and Crecelius 1983)
using a Brooks Rand Model III cold vapor atomic
fluorescence spectroscopy (CVAFS) analyzer via US
EPA method 1631. Bubbler blanks and standard curve
were completed at the start of each analytical run. A
matrix standard curve with eight Hg concentrations (1.6,
0.8, 0.4, 0.2, 0, 0.2, 0.4, and 0.8 ng mL−1) was per-
formed; R2 higher than 0.995 had to be achieved before
sample analysis could proceed. Quality assurance and
quality control (QA/QC) measures included analytical
blanks (n=21), digestion blanks (n=12), analytical
standards (n=22), sample duplicates (n=29), digestion
duplicates (n=15), matrix spikes (n=6) and use of
National Institute of Standards and Testing (NIST) ref-
erence material 2976, freeze-dried mussel tissue (n=7).
QA/QC mean recovery percentages were excellent

Fig. 1 Location of the earthworm
invasion transect. Dark circles
indicate the beginning and end of
the transect sampled in 2009.
Circles within squares represent
the areas where 2014 soil samples
were collected
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ranging from 101.3 to 107.5 % with % relative standard
deviations of 2.8–5.8 % (Supplementary Information,
Table 1).

For samples collected in 2014, 0.5 g of mineral soil
sample and 0.3 g of forest floor sample were also
analyzed for soil organic carbon by a VarioMax CN
Elemental Analyzer. Recoveries of sample duplicates
were well within acceptable values (97–116 %). Loss
on ignition (LOI) analysis was performed on 2009 sam-
ples to determine organic matter content (%OM)
(Resner 2013). We determined %C rather than %LOI
for the 2014 soil samples and therefore used the con-
ventional Van Bemmelen factor of 1.724, which as-
sumes that 58 % of organic matter is organic carbon
(Sutherland 1998), to calculate %LOI. Zirconium (Zr)
concentrations were determined for 2009 samples with a
lithium borate fusion and subsequent inductively
coupled plasma-mass spectrometry (ICP-MS) analysis
at Australian Laboratory Services (ALS) Chemex
(Resner 2013).

2.4 Simple Mass Balance Calculations

Mercury and organic carbon pools (mass of Hg or C in a
known volume of soil) were calculated to assess the
mass of Hg and C transferred from the forest floor into
the mineral soil following the invasion of soil mixing
earthworms. Pools were determined in a 1 m2 area of
soil and forest floor multiplied by the depth of each
horizon. The total pool of each mineral soil profile was
calculated to a depth of 24 cm which is the total mass of
Hg or C in 240,000 cm3 or 0.24 m3 of mineral soil.
Forest floor pools were calculated based on the concen-
tration and mass of the forest floor samples apportioned
to a 1 m2 area times the depth of the forest floor.

2.5 Geochemical Mass Balance Calculations

We used zirconium (Zr) as an immobile index element
in our geochemical mass balance calculations because it
is well conserved throughout the O, A, and E horizons,
similar to Resner et al. (2014). We focused on the
calculations of absolute mass losses or gains of Hg and
C, our elements of interest (δj) (Eq. 1):

δ j ¼ C j;w−C j;w
Ci;w

Ci;p

� �
ρwΔhw ð1Þ

Where C is the concentration [ng g−1] of the element
of interest (j) and index element (i) in the A horizon (w)
relative to the underlying loess parent material (E hori-
zon) (p), ρw is the soil bulk density (g/cm3), and Δh is
the thickness (cm) of the A horizon. The loess of the E
horizon was used as parent material in our geochemical
mass balance calculations because the A horizon was
shown to be a mixture of organic matter and loess
(Resner et al. 2014). Earthworm mixing was not ob-
served to extend beyond the upper few centimeters of
the E horizon.

Geochemical reference elements are commonly
used to determine mass losses (related to intense
chemical weathering) or gains (usually illuviation)
in soils or soil horizons (Riebe et al. 2003; Oh and
Richter 2005). The soils at this site, however, are all
the same age and have not been subjected to signif-
icant weathering or erosional losses. Some of the
surficial horizons have, however, experienced addi-
tions in the form of organic matter. Consequently,
the Zr concentration in the mineral fraction is rela-
tively uniform across the transect, but because of the
dilution with organic matter, the Zr concentration in
the soil is a function of the Zr concentration in the
mineral fraction within the soil, that is, it is inverse-
ly proportional to the OM fraction in the soil as
shown by the strong correlation (R2 = 0.80, data
now shown) between Zr and %OM observed in
the 2009 data (Resner 2013). Since Zr concentra-
tions are well conserved in the soil (Resner et al.
2014) and the soils have undergone negligible alter-
ation in the intervening 5 years, the Zr concentra-
tions in the 2014 soil samples can be estimated from
regression relationships between %LOI and Zr from
the 2009 soil data (Resner 2013). The two end
member soils (pit 190 and pit 0) were used to graph
the relationship of %LOI to Zr and the resulting
equations were used to calculate Zr values for
2014 soil (uninvaded soil: y = −457.7x + 377.31,
R2 = 0.99, P< 0.01 and invaded soil: y=−964.32x +
377.25, R2 = 0.94, P< 0.01).

In addition to calculating absolute mass changes
of Hg in the A horizons of 2009 soil, fractional mass
changes (τ) of Hg were also calculated for these soil
samples (Eq. 2). The 2009 soil samples were col-
lected in small increments (2–5 cm increments)
whereas the 2014 soil samples were simply separat-
ed by horizon. Mercury concentrations of smaller
increments of soil, therefore, allowed us to use the
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following equation to calculate fractional mass
changes:

τ j ¼ C j;wCi;p

C j;pCi;w

� �
−1 ð2Þ

2.6 Hg:C Ratios in the 2014 Samples

The ratio of Hg to C in the 2014 soil cores is also of
interest due to Hg’s affinity for organic matter. The
Hg:C ratio in the earthworm invaded A horizons are
derived from the Hg:C ratio initially present in the
horizons and the Hg:C ratios in the forest floor.
Assuming that the properties of the A horizon prior to
invasion were the same as the same properties in the
uninvaded cores, we can subtract the Hg and C concen-
trations from the A horizons in the invaded core to
calculate the Hg:C ratios of the added organic matter
(Table 1). We only included the average depth
(10.60 cm) of the A horizon in the invaded site in our
calculations because there was no significant difference
(p = 0.48) in the Hg:C ratios of the invaded and
uninvaded E.

3 Results and Discussion

3.1 Simple Mass Balance Approach: Mercury Pools

In general, the forest floor has smaller Hg pools due to
its low bulk density and volume than mineral soil. The
2009 forest floor Hg pool is 2.30±0.92 mg Hg m−2

while the Hg pools of the least andmost invadedmineral
soil are 3.36±0.71 and 4.86±0.34 mg Hg m−2, respec-
tively (Table 2). The 2014 forest floor Hg pool is 2.85
±0.77 mg Hg m−2 with Hg pools of uninvaded and
invaded mineral soil of 4.42 ± 0.88 and 5.47 ± 0.98,
respectively (Table 2). The forest floor or organic soil
pools found in this study correspond well with pools
reported by Friedli et al. (2007) for organic soil of an
upland boreal forest in Canada—2.92±0.87 mg m−2 for
an old forest stand (130 years) and 1.01±0.28 mg m−2

for a younger stand (39 years). In another recent study,
Tipping et al. (2011) calculated Hg pools for the top
15 cm of British soils and found that the majority of
rural soils had Hg pools in the range of 5–20 mg m−2.
The pools reported in this study fall on the lower end of

that spectrum since our site is not located near any point
sources of Hg.

For the 2009 soil, the total Hg pool in the least
invaded area is 5.66±1.63 mg Hg m−2 (forest floor +
least invaded mineral soil) while the total Hg pool in the
most invaded area (mineral soil only) is 4.86
±0.34 mg Hg m−2 (Table 2). Based on these calcula-
tions, 0.80mgHgm−2 (35%) is missing or unaccounted
as we move from the least earthworm invaded area to
the most heavily invaded area. Similarly, for the 2014
soil samples, the total Hg pool in the uninvaded area
(forest floor +uninvaded mineral soil) is larger (7.27
± 1.65 mg m−2) than in the invaded area (5.47
± 0.98 mg m−2) leaving 1.80 mg Hg m−2 (63 %)
unaccounted.

These data suggest that, following earthworm inva-
sion and consumption of the forest floor, a portion
(1.05–1.50 mg m−2) of the Hg originally present in the
forest floor is transported to and retained in the under-
lying mineral soil. This leaves a substantial fraction
(0.8–1.8 mg m−2) of the Hg that was originally present
in the forest floor now missing from the mass balance
calculations. The regression relationship of forest floor
(R2=0.66) and mineral soil (R2 =0.43) pools along the
2009 sampling transect also demonstrates this general
trend (Fig. 2). As the Hg pools in the forest floor
decrease and eventually reach zero in the 0 and 50 m
pit, the mineral soil Hg pools increase moving from the
least invaded pit at 190 m to the most invaded pit at 0 m
(Fig. 2). This seems to indicate a translocation of a
fraction of the forest floor bound Hg into the underlying
mineral soil by the action of soil mixing earthworms.

3.2 Geochemical Mass Balance Mercury Calculations

3.2.1 2009 Soil

A similar trend is apparent with the geochemical mass
balance calculations with the mean δ of the combined
forest floor and mineral soil in the least invaded area of
1.45±0.79 mg Hg m−2, which is larger than that of the
most invaded mineral soil (0.70 ± 0.63 mg m−2)
(Table 2). Based on these calculations, 0.64 mg m−2

(46 %) of the Hg initially present in the forest floor
was presumably transported into the underlying mineral
soil while 0.75mgHgm−2 (54%) remains unaccounted.

Fractional mass change (τ) calculations show an
enrichment of Hg in the A horizon along the entire
mineral soil transect (Fig. 3). In the least invaded group
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(pits 190, 160, 150, and 100), Hg is enriched from the
top of the mineral soil horizons to about 10 cm. The
depth of Hg enrichment also increases as earthworm
invasion progresses. The more invaded pits (50 and 0)
have higher enrichment values which are also present to
a greater depth—about 15 to 17 cm. The enrichment
values of the top mineral soil increase from 3.7 in the
least invaded soil (pit 190) to 6.8 in the most invaded
soil (pit 0). In the least invaded pits, Hg enrichment
values are generally less than 1.0 for all depths below
the uppermost sampling increment, indicating that there
is little translocation of the Hg present in the forest floor
into the underlying horizons. As earthworms invade and
consume the forest floor, they appear to incorporate the

organic matter plus its associated Hg into the A horizon,
thereby increasing the enrichment values in the invaded
areas.

Direct atmospheric deposition of Hg to the bare soil
surface also occurs, however, in forested ecosystems
this is a smaller fraction of the total Hg deposited to
the soil with the larger portion deposited through
throughfall and litterfall (Grigal et al. 2000). Freshly
deposited atmospheric Hg also has a tendency to pref-
erentially re-volatilize, a mechanism named prompt
recycling (Selin et al. 2008), and is therefore not the
largest contributor to the retained soil Hg pool in forests.
The Hg deposited with litterfall is mostly in its ionic
form (Hg2+) and tightly bound to organic matter

Table 1 Summary of Hg and C properties for both invaded and uninvaded soil horizons (2014 samples) to a depth of 10.6 cm of mineral soil

Sites Horizon Hg
ng cm−2

C
mg cm−2

Hg:C
ng g−1

Uninvaded A 163.00 113.90 1431.10

Uninvaded E (to 10.6 cm) 90.76 38.28 2370.78

Uninvaded A+E 253.76 152.18 1667.49

Invaded A (to 10.6 cm) 327.92 405.50 808.69

Difference (increase) 74.16 253.31 292.76

% increase 29.22 166.45

Table 2 Summary of Hg and C means ± one standard deviation for both mass balance approaches and sets of soil—2009 and 2014.
Additional data reported in Supplementary Information Tables 2–11

Simple mass balance (pool) Geochemical mass balancea (δ)

2009 soil Hg (mg m−2) C (kg m−2) Hg (mg m−2) C (kg m−2)

Forest floor (FF)c 2.30 ± 0.92 4.08 ± 1.56 1.39 ± 0.78 2.57 ± 1.45

Least invaded mineral (LIM) 3.36 ± 0.71 3.62 ± 0.57 0.06 ± 0.01 0.08 ± 0.02

Total (FF +LIM) 5.66 ± 1.63 7.70 ± 2.13 1.45 ± 0.79 2.65 ± 1.47

Most invaded mineral 4.86 ± 0.34 6.39 ± 1.31 0.70 ± 0.63 1.19 ± 1.11

Missing (%)b 35 % 32 % 54 % 57 %

2014 soil Hg (mg m−2) C (kg m−2) Hg (mg m−2) C (kg m−2)

Forest floor (FF)c 2.85 ± 0.77 4.16 ± 1.17 1.41 ± 0.36 2.18 ± 1.14

Uninvaded mineral (UM) 4.42 ± 0.88 2.35 ± 0.70 0.16 ± 0.16 0.12 ± 0.11

Total (FF +UM) 7.27 ± 1.65 6.51 ± 1.87 1.57 ± 0.52 2.30 ± 1.25

Invaded mineral 5.47 ± 0.98 5.11 ± 1.40 0.65 ± 0.35 0.84 ± 0.62

Missing (%)b 63 % 34 % 65 % 67 %

aGeochemical mass balance calculations were only performed on the forest floor and A horizon material while simple mass balance
calculations also included E horizon soil to a depth of 24 cm
bMissing (%) refers to the estimated percentage of Hg and C that appears to be lost although more accurately it is unaccounted
c Forest floor was only present in least invaded and uninvaded areas; therefore, the total pools in these areas include forest floor + the mineral
soil (FF+LIM or FF+UM)
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constituents (Skyllberg et al. 2003). Consequently, it is
not available for immediate volatilization unless subject-
ed to organic matter decomposition and microbially
induced volatilization or a disturbance such as
bioturbation.

3.2.2 2014 Soil

Absolute mass change (δ) Hg calculations for the 2014
soil follow the same trend as discussed for 2009 soil.
Means of δ show that 1.57±0.52 mg Hg m−2 is present
in the combined forest floor and uninvaded mineral soil
while 0.65±0.35 mg Hg m−2 is present in the invaded
mineral soil (Table 2). Consequently, 0.49 mg Hg m−2

(35 %) was transported from the forest floor into the

mineral soil, while 0.92 mg Hg m−2 (65 %) is missing.
Fractional mass changes (τ) were not calculated for the
2014 samples since the soil was not collected in small
enough depth increments to make these calculations
meaningful.

3.3 Simple Mass Balance vs. Geochemical Mass
Balance

Based on the simple mass balance calculations, 35 and
63 % of the Hg initially present in the forest floor of the
least invaded and uninvaded soils is missing in the 2009
and 2014 soils, respectively (Table 2). The geochemical
mass balance calculations indicate that 54 and 65 % of
the Hg initially present in the forest floor is missing in
the 2009 and 2014 soils, respectively.

The two mass balance approaches agree well for the
2014 soils, with both methods reporting over 60 % of
the forest floor Hg missing after earthworm consump-
tion of forest floor and mixing of upper mineral soil
horizons. There is less agreement between the two
methods for the 2009 soil where 35 % of the forest floor
Hg is missing in the simple mass balance calculations
and 54 % of the forest floor Hg is missing in the
geochemical mass balance calculations. Some of these
disparities may be explained by differences in sampling
design between the two sets of samples—the 2009 soil
was sampled along a transect that had varying degrees
of invasion while 2014 soil was sampled only at the
extremes, most invaded and uninvaded areas. Although
there are some disagreements among the calculations
and sample sets, all soil/mass balance combinations
show that a substantial portion of Hg from the forest
floor is missing following invasion by exotic
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earthworms. While other forest disturbances such as
fires have been shown to deplete Hg in the soil
(Woodruff and Cannon 2010; Kolka et al. 2014), to our
knowledge no other studies have used a mass balance
approach to assess the fate of forest floor Hg from a
disturbance caused by earthworms.

3.4 Mercury and Organic Carbon Relationship

The results of the C mass balance calculations agree, for
the most part, with the Hg results (Table 2). Simple C
pool calculations for the 2009 soil point to 32 % C loss
after accounting for the C that presumably moved from
the forest floor into the mineral soil in the most invaded
area. Absolute mass change (δ) calculations for the 2009
soil samples show that 57 % of C is missing. Similarly,
for the 2014 soil, we observe that 34 % of C is missing
based on the simple mass balance and 67 % is missing
based on the geochemical mass balance. The percent-
ages of lost C for both sets of soils using the geochem-
ical mass balance agree well with the Hg percentages
(i.e., 2009 soil: 54 %Hg loss with 57% C loss and 2014
soil: 65 % Hg loss with 67 % C loss), while there is
slightly less agreement based on the simple mass bal-
ance but only for the 2014 soil samples, which is most
likely due to delta calculations only being done on A
horizon material while pools were calculated to a depth
of 24 cm (i.e., 2009 soil: 35 % Hg loss with 32 % C loss
and 2014 soil: 63 % Hg loss with 34 % C loss).

Other studies have also reported a loss of C from the
soil system following earthworm invasion (Alban and
Berry 1994, Burtelow et al. 1998, Bohlen et al. 2004a, b).
Alban and Berry (1994) reported a decline in
total soil C to a depth of 50 cm during their 14-year
study while Bohlen et al. (2004a, b) calculated a 25–
28 % loss of C from the soil profile to a depth of 12 cm.
While we sampled to a greater depth than Bohlen et al.
(2004a, b), the percentage C losses agree closely
with the percentage losses reported here based on the
simple mass balance—32–34 %.

Next, we assessed the Hg:C ratios (Table 1). The
Hg:C ratio of the added material (292.76 ng g−1) in the
invaded area is considerably lower than that of the forest
floor from the uninvaded area (711.21 ng g−1), suggest-
ing that Hg was preferentially lost compared to C during
the incorporation process. Our results also indicate that
the ratio of Hg:C in the uninvaded soils is higher than
that of the invaded soil (Table 1), suggesting that recent-
ly added organic carbon present in the A horizons of the

invaded soils is less decomposed than the organic car-
bon present in the A horizons of the uninvaded soils.
This implies that exotic earthworms are mixing organic
carbon from the forest floor into the mineral soil but are
not decomposing it fully in the heavily invaded areas.

3.5 Loss of Mercury from Forest Floor

Based on our findings, a substantial portion of the forest
floor Hg is missing from the mass balance calculations
following invasion by exotic earthworms. While 35–
65 % of the forest floor Hg was transferred into the
upper depths of the A horizon, the remainder is unac-
counted. There are at least four potential explanations
for the fate of the missing Hg: (1) accumulation in
earthworm biomass and their movement out of the
depths analyzed in this study, (2) microbial reduction
of organically bound Hg2+ to Hg0 and subsequent vol-
atilization to the atmosphere, (3) movement of Hg to
greater depths in the soil than were analyzed in this
study possibly associatedwith elevated dissolved organ-
ic carbon (DOC) transport, and (4) erosion of soils
following loss of forest floor and removal of Hg-rich
surficial sediments.

Most organisms take up and accumulate heavy
metals and earthworms are no exception. Numerous
researchers (Talmage and Walton 1993; Hinton and
Veiga 2002; Zagury et al. 2006; Ernst and Frey 2007;
Ernst et al. 2008; Rieder et al. 2011; Richardson et al.
2015) have shown that the rate of Hg uptake and
accumulation by earthworms varies by ecological
group. Rieder et al. (2011) showed that endogeic species
in forest soils accumulate three times more Hg than
epigeic species and two times more than anecic species.
These differences in Hg bioaccumulation are largely
attributed to the different burrowing and feeding behav-
iors of the different ecological groups. Using the highest
earthworm tissue Hg concentrations (1.74 and
0.88 μg g−1) found by two recent studies (Rieder et al.
2011 and Richardson et al. 2015, respectively) and the
highest worm biomass (13 g m−2 dry weight) found at
our site (Resner 2013), we can estimate the maximum
quantity of Hg we would expect to bioaccumulate in the
earthworms. These simple calculations yield 0.023 and
0.012 mg Hg m−2 that can be accounted for through
bioaccumulation, a small fraction (1–3 %) of the Hg
missing from the system.

Mercury can also leave the soil system through mi-
crobial detoxification and subsequent volatilization of
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Hg0 during organic matter decomposition. Mercury re-
sistance genes, known as the mer operon (Osborn et al.
1997), are widespread in soil microbes and allow organ-
isms to effectively detoxify themselves of Hg. The most
important gene involved in Hg resistance is mercuric
reductase (merA) which catalyzes the reduction of Hg2+

into volatile Hg0 (Barkay et al. 2010). Elemental Hg can
then readily pass through cell walls and into the soil
atmosphere, where it may leave the soil system by
volatilization.

The volatilization of Hg through the reduction of
ionic Hg may potentially also occur in the earthworm
gut. The gut of Lumbricus terrestris L., an anecic spe-
cies, has been shown to contain bacterial strains related
to the Firmicutes, Actinobacteria, and Proteobacteria
phyla (Rieder et al. 2013) all of which are known to
contain mercury resistance genes (Robinson and
Tuovinen 1984; Osborn et al. 1997; Oregaard and
Sorensen 2007; Barkay et al. 2003). Consequently, it is
possible that a portion of the Hg taken up by earthworms
is lost via merA detoxification while in the earthworm
gut and subsequent volatilization. This hypothesis is
supported by the large change in Hg:C ratio observed
between forest floor and the A horizon in recently
invaded sites, described above. However, mer genes
tend to occur mainly in aerobic environments (Barkay
et al. 2010) and the gut of earthworms is anaerobic,
highlighting the need to further study this hypothesis.
Direct measurement of Hg gas fluxes in invaded and
uninvaded soils would clearly help answer this question.
Although it is certainly not conclusive, the decrease in
the Hg:C ratio in the underlying A and/or E horizons
following loss of the forest floor strongly suggests that
there is a preferential loss of Hg during the worm
invasion process. While microbes in the soil might be
responsible for this decrease, one has to question why
the Hg:C ratio is higher in the underlying A horizons in
the uninvaded soils where these processes have oc-
curred for many tens or hundreds of years but occur
rapidly during the relatively short span of the invasion
process.

Abiotic pathways of Hg2+ reduction and volatiliza-
tion also exist but occur mainly in very dry soils (Selin
et al. 2008), which is not the case for this study site.

Mercury could also be lost from the invaded soils if it
is leached to depths beyond those sampled in this study.
This potential pathway is unlikely in fine to medium-
fine textured soils, where Hg concentrations show little
or no enrichment below the A horizon, indicating that

Hg leaching is limited or non-existent (Nater and Grigal
1992). Additionally, 2009 soils, which were collected to
a depth of 1 m or greater by Resner (2013), show lower
concentrations of organic carbon in the horizons directly
below the E horizon than in the E horizon itself, indi-
cating that Hg translocation associated with DOC trans-
port is negligible.

Another potential pathway for Hg loss is through the
removal of surficial sediments with high Hg concentra-
tions through erosional processes. The loss of the forest
floor typically leaves bare mineral soils exposed which
can significantly increase the erosion potential of the
soil surface. However, the soils in this area are well-
drained and there is little slope throughout the transect.
Additionally, during our 2014 sampling in the invaded
area, we sampled from a variety of micro depressions
and micro highs. If significant erosional processes were
occurring, they should have left accumulations of Hg-
enriched surficial sediments in the micro depressions
and some of the sites should have shown higher Hg
pools than were present in the uninvaded areas.
However, none of the sites in the invaded area had Hg
pools larger than the mean of the Hg pools in the
uninvaded area, which suggests that erosional losses of
Hg-enriched surficial sediments were probably of minor
importance when compared to Hg volatilization.

4 Conclusions

The loss of soil organic C due to earthworm invasions
has been confirmed by other studies; however, no prior
studies have utilized a mass balance approach to assess
the fate of Hg in earthworm invaded soils. Using two
mass balance approaches to quantitatively assess earth-
worm perturbation of soil Hg cycling and the fate of Hg
formerly contained in the forest floor, we showed that a
fraction (approximately 35–65 %) of the forest floor Hg
is incorporated into the mineral surface soil as earth-
worms consume OM-rich forest floor and mix within
the A horizon. A potentially larger proportion of forest
floor Hg is missing from the mass balance calculations.
A similar trend is observed for organic C loss with
approximately 32–67 % of C missing from the soil
system. The most likely explanation of the missing Hg
is that the majority has been released to the atmosphere
during forest floor consumption and microbially in-
duced volatilization. A small portion of this missing
Hg is undoubtedly bioaccumulated within earthworms;
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however, mass balance calculations show that earth-
worm accumulation cannot account for more than a
few percent (1–3 %) of the missing Hg. Other potential,
but less likely, explanations include loss of Hg by
leaching to depths beyond those sampled in this study
or erosion of Hg-enriched surficial sediments from bar-
ren soil surfaces.
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