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• Birch leaves are the major contributor to
Hg deposition flux by litterfall.

• Woody tissues represent the largest Hg
reservoir in the aboveground birch bio-
mass.

• The soil highest Hg concentrations were
found in the organic horizons.

• The mineral soil is the major pool of Hg,
exempt from environmental disturbances.
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Atmospheric mercury (Hg) is largely assimilated by vegetation and subsequently transferred to the soil by litterfall,
which highlights the role of forests as one of the largest global Hg sinks within terrestrial ecosystems. We assessed
the pool of Hg in the aboveground biomass (leaves, wood, bark, branches and twigs), the Hg deposition flux through
litterfall over two years (by sorting fallen biomass in leaves, twigs, reproductive structures and miscellaneous) and its
accumulation in the soil profile in a deciduous forest dominated by Betula alba from SW Europe. The total Hg pool in
the aboveground birch biomass was in the range 532–683 mg ha−1, showing the following distribution by plant tis-
sues: well-developed leaves (171 mg ha−1) > twigs (160 mg ha−1) > bark (159 mg ha−1) > bole wood (145 mg
ha−1) > fine branches (25 mg ha−1) > thick branches (24 mg ha−1) > newly sprouted leaves (20 mg ha−1). The
total Hg deposition fluxes through litterfall were 15.4 and 11.7 μg m−2 yr−1 for the two years studied, with the
greatest contribution coming from birch leaves (73 %). In the soil profile, the pool of Hg in the mineral soil
(37.0 mg m−2) was an order of magnitude higher than in the organic horizons (1.0 mg m−2), mostly conditioned
by parameters such as soil bulk density and thickness, total C andN contents and the presence of certain Al compounds.
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1. Introduction

Mercury is a heavy metal of global concern that is transported over long
distances through the atmosphere until deposited over aquatic and terres-
trial ecosystems (Ma et al., 2015). Atmospheric Hg can derive either from
mber 2022
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Table 1
Mean values and (±) standard deviation, minimum andmaximumvalues of several
forestry characteristics for the studied plot (n = 3 subplots).

Parameter x ̅ ± sd Min. Max.

Density (trees ha−1) 2015 ± 257 1867 2311
Basal area (m2 ha−1) 26.9 ± 4.1 22.8 31.0
Dominant height (m) 16.3 ± 0.5 15.8 16.8
Mean height (m) 13.8 ± 0.7 13.0 14.2
Mean diameter (cm) 12.2 ± 1.6 10.3 13.4
Canopy cover (%) > 90 – –
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the Earth's crust or from anthropic activities (Driscoll et al., 2013). The
major chemical forms of mercury found in the atmosphere are gaseous ele-
mental mercury (GEM), reactive gaseous mercury (RGM) and particulate-
bound mercury (PBM) (Driscoll et al., 2013). Atmospheric mercury can
reach terrestrial ecosystems through the wet deposition of RGM and PBM
or via dry deposition of GEM.Wet deposition of Hg occurs rapidly but occa-
sionally, while dry deposition is slower but permanent in time, thus making
the latter the most important Hg deposition pathway in many ecosystems
(Munthe et al., 2004; Graydon et al., 2008; Obrist et al., 2021).

In forested areas, vegetation plays a key role as a sink for atmospheric
Hg (Agnan et al., 2016; Zhu et al., 2016). RGM and PBM adsorb to leaf
surface (Rea et al., 2001) and GEM penetrates leaf cuticles through stomata
and non-stomatal pathways (Rutter et al., 2011). In addition, some PBM
could remain bound to the leaf surface after rainfall events, contributing
to some extent to the total Hg content in foliar tissues. Over 80 % of
mercury accumulated in foliage deposits to the soil surface through the
fall of senescent plant biomass, via litterfall (Jiskra et al., 2015; Wang
et al., 2016), although Hg can also be transferred to soils by leaf surface
wash off, via throughfall (Wright et al., 2016).

Although there is a considerable knowledge about the role of litterfall in
the deposition of Hg to forest soils, most of the studies carried out to date
were focused on forests from North America and Asia (Wright et al.,
2016). In Europe, studies on Hg deposition through litterfall or on Hg stor-
age in aboveground biomass are scarce, being mainly performed in north-
ern and central European forests in areas characterized by continental
and subpolar humid climates (Munthe et al., 1995; Larssen et al., 2008;
Jiskra et al., 2015; Navrátil et al., 2016, 2019). For deciduous species,
these climatic conditions shorten the foliar growth period reducing the
amount of Hg sequestered by leaves and decreasing the flux of Hg through
litterfall. Furthermore, most of the studies carried out in Europe lack infor-
mation about the seasonal variation of Hg deposition by litterfall as well as
the contribution of different aboveground plant tissues. Although leaves are
amajor component of litterfall (Sun et al., 2021), the aboveground biomass
offers other plant tissues which can store Hg for longer periods (bark,
branches, twigs and bole wood), contributing somewhat to the medium
and long-term Hg deposition on topsoil (Friedli et al., 2007; Gómez-
Armesto et al., 2020b; Navrátil et al., 2019; Obrist et al., 2012).

Soils are considered the main Hg reservoir in forest ecosystems (Grigal,
2003; Obrist et al., 2018), but this ability can vary according to the climatic
characteristics of the study area. Thus, a decrease in topsoil Hg pools has
been observed from the northern to the southern latitudes of the northern
Hemisphere (Ballabio et al., 2021) due to changes in the vegetation type,
which are closely associated with climatic characteristics (Wang et al.,
2019). Moreover, Hg uptake by vegetation was demonstrated to be higher
during the summer growing season, when warmer temperatures make veg-
etation more active for gas exchange with the atmosphere (Jiskra et al.,
2018). Furthermore, despite the expected higher Hg re-emission at lower
latitudes, warmer temperatures enable an earlier start and a later end of
the vegetation growing season (Wu et al., 2021), favouring the removal
of atmospheric Hg by plant uptake for a longer period. Consequently,
higher Hg storage in aboveground biomass and Hg deposition fluxes
through litterfall could be expected.

New insights into the fate of Hg in the soil-plant system in temperate de-
ciduous forests are needed to better understand how it can be modified
under current scenarios of changing environmental conditions driven by
human activities. This is of particular interest in southern and western
areas of Atlantic Europe, which are very sensitive to the impacts of global
warming and land use changes, and because studies on the biogeochemical
dynamics of Hg in terrestrial ecosystems are almost absent in this part of
Europe. Furthermore, to our knowledge, there are no studies focused on
the behavior of birch species in Hg accumulation and its transfer to the
upper soil layers through litterfall, despite being a widespread genus in
European areas characterized by cold and moist climates (Beck et al.,
2016).

Following this background, the study aims to improve the knowledge
on the terrestrial Hg cycle in a deciduous birch forest by monitoring Hg
2

deposition through litterfall over two growing seasons, estimating the
amount of Hg stored in the aboveground birch biomass and assessing the
amount of Hg accumulated in the soils located under the forest. Climatic
parameters, such as temperature and precipitation, will be considered as
potential factors influencing Hg deposition, while the physico-chemical
soil properties will be assessed to explain the accumulation of Hg in the
soil. The results are expected to contribute to extend the knowledge of
the role of deciduous species in theHg cycle in temperate forest ecosystems,
especially in the case of species belonging to the genus Betula, that cover a
wide area along the European Atlantic coast and northern and central
Europe (EUFORGEN, 2016).

2. Material and methods

2.1. Study area description

The study area is located in theNWof the Iberian Peninsula (geographic
coordinates: 42°13′46.4”N - 8°20′17.5”W) (Fig. S1), which is characterized
by an Atlantic climate with a strong oceanic influence leading to wet
winters and warm summers (Martínez Cortizas and Pérez Alberti, 1999).
Themeteorological data from 2019 to 2021 results inmean annual temper-
atures of 13.5 °C and total annual rainfall up to 1600 mm. The study plot is
located at 700 m above sea level and lies on a lithological substrate
composed of granitic rocks. The forest vegetation that covers the study
plot is representative of the Atlantic deciduous forests often found in
western Europe, which consists of a secondary succession mostly domi-
nated by birch (Betula alba, L.), accompanied by some individuals of
Quercus robur (L.), Salix atrocinerea (Brot.) and Pinus pinaster (Aiton) as
remains of an old plantation in the study area. The stand, with an area of
4500 m2, was established in the middle of a dense birch forest mass,
being surrounded by two small streams. There are no significant point
sources of mercury emission close (< 60 km) to the study area.

2.2. Litterfall and plant tissues sampling

Litterfall was collected from 10 conical collectors made of nylon net
with a circular opening of 0.24 m2, which were randomly distributed
throughout the study plot given its high cover degree (> 90 %; Table 1),
avoiding surrounding individuals of other species. Additional information
about litterfall collectors is detailed in Text S1 and Fig. S2. Litterfall col-
lected in each trap was stored individually in correctly identified zip bags.
Once in the laboratory, samples were dried in a forced-air oven at 35 °C
for at least a week. Dried samples were separated into the following four
fractions: birch leaves, twigs, reproductive structures and miscellaneous,
i.e., remaining plant material composed of leaves of other tree species,
bark, lichens, moss and unidentifiable plant debris.

In order to assess Hg storage in aboveground biomass, three subplots of
225 m2 (15 × 15 m) were established within the original study plot at the
beginning of the growing season inMarch 2021. We selected the beginning
of the growing season for aboveground biomass sampling to obtain an esti-
mate of the lower end of its Hg pool, as well as to facilitate the sampling of
newly sprouted birch leaves to serve as a baseline for the calculation of the
Hg accumulation rate in foliar biomass throughout the growing season. In
each subplot, three representative birch trees (healthy and with a large
crown) were selected and a well-developed branch from the upper third
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of the crown of each tree was cut off. From each branch, samples from the
following plant tissues were collected: newly sprouted birch leaves, thick
branches (Ø > 2 cm), fine branches (Ø = 0.5–2 cm) and twigs (Ø <
0.5 cm). The bark of fine and thick branches was removed, leaving only
the woody tissue in order to avoid interference between the bark and the
wood in the subsequent Hg analysis (it was not possible to perform this sep-
aration on the twigs due to their thinness). Composite samples of bark and
bole wood were also taken from the three birch trees of each subplot. The
total height and diameter at breast height of all the birch trees included
in the subplots were measured (Table 1). These data were used to calculate
the total aboveground biomass of each plant tissue per unit area, by apply-
ing the allometric equations described for birch in NW Spain by Gómez-
García et al. (2013) (Text S3).

Before Hg analysis, samples from litterfall and aboveground biomass
were ground to a particle size<0.5mm and subsequently milledwith ame-
chanical agate mortar to increase sample homogeneity by further reducing
particle size. The grinder and mill were properly cleaned between different
samples with diluted HCl and distilled water to avoid cross-contamination.
Handling of aboveground biomass and litterfall samples during fieldwork
and in the laboratory was done with disposable gloves.

The percentage of humidity was estimated by drying an aliquot of
ground sample in an oven at 105 °C. This humidity percentage was used
to correct total Hg concentrations on a constant dry weight basis.

2.3. Soil sampling and physico-chemical analysis

Samples of organic horizons were taken at four randomly selected
points of the study plot, differentiating the Oi from the Oe + Oa
subhorizons. Organic soil samples were taken on a surface of 50 ×
50 cm, writing down the thickness of each subhorizon and transferring
the entire soil mass into plastic bags.

The mineral soil samples were collected in two of the points where the
organic horizons were sampled. For this purpose, a square hole was dug,
taking samples at 5 cm intervals up to 20 cm, and thereafter, at 10 cm inter-
vals up to a depth of 60 cm. In order to determine the mineral soil bulk den-
sity, soil cores were taken at the same intervals using stainless steel
cylinders of 100 cm3. In addition, samples of fresh soil parent material
were taken in the study stand. All soil samples were transported to the lab-
oratory on the same day of sampling. Both soils were classified tentatively
as Haplic Umbrisol (Alumic, Arenic) (IUSS Working Group WRB, 2015).

Once in the laboratory, large pieces of wood and branches were re-
moved from the organic horizons as well as stones and gravel in the case
of mineral soil layers. Afterward, the organic and mineral soil samples
were air-dried in an oven at 35 °C for 10 days. The calculation of the bulk
density of the organic horizons was based on the dry weight and thickness
of each organic layer and the area where they were collected (0.25m2). For
mineral layers, the soil taken in the stainless steel cylinders was oven-dried
to constant weight at 105 °C for two days and weighed to calculate their
bulk density. The processing of the soil samples started with grinding the
organic horizons to 4 mm and sieving the mineral horizons to 2 mm. Sam-
ples of parent material were cleaned with distilled water to remove dust
and soil remains, then dried and crushed to smaller particles. Finally, an al-
iquot of each ground organic horizon, sieved mineral horizon and crushed
rocks was finely powdered in a mechanical agate mortar.

The soil general characterization included a texture analysis as a physi-
cal characteristic and the determination of pH in water, total C and N and
the distribution of Fe and Al as chemical characteristics. Details of the pro-
cedures for soil characterization are described in Text S2 (Supplementary
material).

2.4. Mercury analysis in vegetation and soil samples

Total Hg concentration (THg) was analyzed in ground samples of
litterfall, aboveground biomass, organic and mineral soil and parent mate-
rial. For THg measurement, a Milestone tri-cell Direct Mercury Analyzer
(DMA-80) was used, following the US EPA method 7473 based on sample
3

thermal decomposition, amalgamation, and atomic absorption spectrome-
try. Each sample was analyzed in duplicate ensuring that the coefficient
of variation (CV) did not exceed 10 %. Otherwise, the analysis would be
repeated until a suitable CV was obtained. Approximately 100 mg of each
individual sample were weighed in nickel vessels for total Hg analysis.

For quality assurance and control (QA/QC), the following standard
reference materials were measured at the beginning of the analysis and
every twelve samples: NIST 1547 (peach leaves; 31 ± 7 μg Hg kg−1),
NIST 1570a (spinach leaves; 30 ± 2 μg Hg kg−1) and BCR 142 R (sandy
soil, 67 ± 11 μg Hg kg−1), obtaining recovery rates of 100.1 ± 5.8,
85.1 ± 2.4 and 101.2 ± 2.7 %, respectively.

2.5. Calculation of litterfall and Hg fluxes and Hg pools in plant tissues and soil

Litterfall and mercury fluxes were calculated for each fraction (leaves,
twigs, reproductive structures and miscellaneous) and collector. Thus, the
litterfall flux (g m−2) of a specific fraction (LFi) was calculated following
the Eq. (1):

LFi ¼ Wi

AC
(1)

where Wi (grams) is the amount of biomass (corrected on a constant dry
weight basis) of a specific fraction (i) that was picked up from a collector
whose area is AC (m2).

Moreover, mercury deposition flux (ng m−2) for a given litterfall frac-
tion (HgFi) was calculated by applying the Eq. (2):

HgFi ¼ LFi x THgi (2)

where LFi and THgi represent the litterfall flux (gm−2) and total Hg concen-
tration (ng g−1) of a specific litterfall fraction (i), respectively.

Mean monthly fluxes of litterfall and Hg for each fraction were calcu-
lated as the average of the fluxes obtained for all the collectors of the
stand (n = 10). The annual litterfall and Hg fluxes of a specific fraction
were calculated as the sum of its monthly averages (n = 12), considering
two annual periods: from May 2019 to April 2020 and from May 2020 to
April 2021. The monthly total litterfall flux (TLF) was the sum of the
mean fluxes of leaves, twigs, reproductive structures and miscellaneous ob-
tained in a given month. The annual total litterfall flux was the sum of the
twelvemonthly TLFdefining each of the two periods evaluated. The estima-
tion of total Hg flux through the whole litterfall (THgF) on a monthly and
annual basis was done as previously described for total litterfall fluxes
(TLF).

The Hg pool in the aboveground biomass of the analyzed plant tissues,
including newly sprouted leaves, branches, twigs, bark and bole wood, was
denoted as THgW and expressed in mg ha−1. Values of THgW were ob-
tained by multiplying the total biomass of each plant tissue (estimated ac-
cording to the allometric equations previously cited) by its corresponding
Hg concentration. In this calculation, the surface of each of the three sub-
plots (225 m2) was taken into account for the conversion of Hg pools in
aboveground biomass to an area scale.

The pool of Hg in soil (PHg), in μg m−2, was calculated for each organic
and mineral layer considering their individual Hg concentration, bulk den-
sity and thickness, similarly to Zhou et al. (2017).

2.6. Statistical treatment

Statistical analyses were carried out using the 25th version of IBM SPSS
Statistics software for Windows. The influence of litterfall fraction (leaves,
twigs, reproductive structures and miscellaneous), plant tissue (newly
sprouted leaves, thick branches, fine branches, twigs, bole wood and
bark) and time (months) on Hg concentration and its deposition fluxes
was checked by applying suitable non-parametric statistical tests such as
Kruskal-Wallis (H), Wilcoxon (Z) and Mann-Whitney (U). In addition, a
Spearman rank correlation (ρ) was performed to establish relationships



Fig. 1. Evolution of THg in birch leaves over the course of the growing season (from
March to September), based on themonthly average of the two studied periods. The
error bars represent the standard deviation.

Fig. 2. Monthly variation of total Hg flux through litterfall (THgF) over the two
studied periods (solid and dashed lines) and monthly contribution (%) of each
litterfall fraction to THgF (bars).
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between the parameters obtained from litterfall (i.e. THg concentration and
biomass and Hg fluxes) and soil samples (bulk density, organic matter, Al
and Fe compounds) and climatic characteristics (temperature and precipi-
tation). Statistical significance was considered when p < 0.05 unless other-
wise noted.

3. Results

3.1. Litterfall fluxes

The annual total litterfall flux (TLF) was 537 g m−2 yr−1 with some-
what greater values in the 2019–2020 period (603 g m−2 yr−1) than in
2020–2021 (470 g m−2 yr−1). The fraction that contributed the most to
the annual TLF was birch leaves, representing 63 and 68 % in 2019–2020
(348 gm−2 yr−1) and 2020–2021 (318 gm−2 yr−1), respectively. The con-
tribution of other fractions (twigs, miscellaneous and reproductive struc-
tures) to the annual TLF varied between 9 and 15 % in the 2019–2020
period and between 3 and 22 % in 2020–2021 (Table S1). A Kruskal-
Wallis test revealed that the fraction of senescent biomass was a significant
variance factor for annual TLF in 2019–2020 (H = 86.214; p < 0.01; n =
428) and 2020–2021 (H = 87.527; p < 0.01; n = 410).

The monthly total litterfall fluxes (TFL) peaked in September and Octo-
ber 2019 (136 gm−2) and in July (122 gm−2) and September 2020 (119 g
m−2), whereas the lowest values (<12 g m−2) were found in winter (Janu-
ary and February). Consistent with the previously detailed annual trend,
the highest monthly fluxes were observed in birch leaves, which showed
their highest contribution between July and October of both periods
(2019–2020 and 2020–2021) with values ranging from 15 to 133 g m−2

(Table S1). Almost 90 % of the total annual leaf fall is concentrated during
that period. The monthly fluxes of twigs were highly variable throughout
both periods (range 0–18 g m−2; Table S1), showing maximum values dur-
ing the winter months. The flux of miscellaneous also experienced a large
monthly variation (range from 0.2 to 21.5 g m−2) but without a clear
trend throughout the year. Finally, the deposition of reproductive
structures was concentrated in March and April with fluxes reaching
37.3 g m−2, contributing up to 58 % of the total litterfall flux during such
months. In both studied periods, the monthly TLFwere significantly differ-
ent depending on the month (H = 114.198; p < 0.01; n = 428 and H =
100.968; p < 0.01; n= 410 for 2019–2020 and 2020–2021, respectively).

3.2. Mercury concentration in litterfall fractions

The mean total Hg concentration (THg) in the fractions composing the
litterfall are shown for every month in Table S2. The levels of THg followed
the sequence: miscellaneous (44 and 32 μg kg−1) > birch leaves (23 and
29 μg kg−1) > twigs (20 and 17 μg kg−1) > reproductive structures
(7 and 11 μg kg−1). The values of THg were significantly different among
fractions in both the 2019–2020 (H = 246.378; p < 0.01; n = 428) and
the 2020–2021 (H = 147.809; p < 0.01; n = 410) periods.

On a monthly basis, THg in birch leaves showed the lowest mean values
inMarch (3–11 μg kg−1) whereas the highest values were found in January
(64 μg kg−1). Total Hg in birch leaves increased steadily, from leaf
sprouting in early spring until its withering and consequent drop and fall
in early autumn (September–October). The month was a significant
influencing factor on THg of birch leaves in 2019–2020 (H = 84.632; p <
0.01; n = 89) and 2020–2021 (H = 101.460; p < 0.01; n = 104). The
Hg accumulation rate in birch leaves, estimated as the slope of the linear re-
gression fit of their THg concentrations during the growing season (from
March to September), was 0.18 μg kg−1 day−1 (Fig. 1).

Regarding the fraction composed of miscellaneous, the peaks of THg oc-
curred in June 2019 and January and November 2020 with values over 70
μg kg−1 (Table S2). The monthly variation of THg in twigs showed a range
from 7 μg kg−1 (February 2020) to 29 μg kg−1 (May 2019), without a clear
trend over the studied periods (Table S2). Total Hg in reproductive struc-
tures also did not show a clear trend throughout the year in both studied pe-
riods, with mean monthly values ranging from 2 to 20 μg kg−1 (Table S2).
4

Similar to birch leaves, THg concentrations in twigs, miscellaneous and re-
productive structures varied significantly (p < 0.01) depending on the
month (Table S3).

3.3. Mercury deposition fluxes through litterfall

The annual Hg fluxes through litterfall (THgF), taking into account the
contribution of leaves, miscellaneous, twigs and reproductive structures,
were 15.4 and 11.7 μg m−2 yr−1 for the 2019–2020 and 2020–2021 pe-
riods, respectively. A Wilcoxon test performed with monthly THgF values
resulted in non-significant differences between both periods (Z =
−1.177; p > 0.05; n = 12). The average monthly THgF values of both pe-
riods peaked in September and October (3.5 and 3.4 μg m−2, respectively),
while the lowest values occurred in January and February with averages <
0.2 μg m−2. Birch leaves were the litterfall fraction that contributed the
most to the annual THgF (73 %), being mainly concentrated from mid-
spring to autumn (Fig. 2), with monthly fluxes peaking in September and
October (≈ 3.0 μg m−2; Fig. 3). The Hg deposition fluxes through birch
leaves were significantly higher (U = 3462.0; p < 0.01; n = 193) in
2019–2020 (11.3 μg m−2 yr−1) than in 2020–2021 (8.6 μg m−2 yr−1)
(Fig. 3). Miscellaneous constituted the second most relevant litterfall frac-
tion, responsible for 13 % and 21 % of annual THgF to the forest floor in
2019–2020 and 2020–2021, respectively (Fig. 2). Therefore, the annual
Hg deposition fluxes associated with miscellaneous were 1.9 μg m−2 yr−1

(2019–2020) and 2.5 μg m−2 yr−1 (2020−2021), with the highest mean



Fig. 3.Monthly average and standard deviation (error bars) of Hg deposition flux in leaves, twigs, miscellaneous and reproductive structures during the two periods studied.

Table 2
Average and standard deviation of total Hg concentration (THg), biomass (W) and
total Hg in biomass (THgW) of each aboveground plant tissue in each subplot.

Plant tissue Subplot THg W THgW

μg kg−1 Mg ha−1 mg ha−1

Newly sprouted leaves
1 4.1 ± 1.1 5.4 ± 0.0 22.0 ± 6.1
2 3.4 ± 0.1 6.3 ± 0.0 21.8 ± 0.8
3 3.5 ± 0.3 4.4 ± 0.0 15.2 ± 1.4

Twigs
1 21.4 ± 5.2 6.5 ± 0.0 139.8 ± 33.8
2 24.1 ± 4.8 7.5 ± 0.0 181.8 ± 35.9
3 28.5 ± 4.4 5.5 ± 0.0 158.1 ± 24.4

Fine branches
1 1.3 ± 0.3 14.3 ± 0.0 17.9 ± 4.9
2 2.6 ± 2.6 17.3 ± 0.0 45.1 ± 44.9
3 1.1 ± 0.3 11.4 ± 0.0 12.6 ± 3.0

Thick branches
1 0.9 ± 0.1 26.2 ± 0.0 23.6 ± 3.4
2 1.0 ± 0.0 1.0 ± 0.0 30.9 ± 3.8
3 0.9 ± 0.1 0.9 ± 0.0 21.7 ± 2.7

Bole wood
1 1.6 ± 0.0 83.3 ± 0.0 135.6 ± 1.2
2 1.5 ± 0.1 99.3 ± 0.0 150.2 ± 1.9
3 2.3 ± 0.2 64.6 ± 0.0 148.1 ± 2.1

Bark
1 12.3 ± 0.0 13.4 ± 0.0 164.1 ± 0.4
2 12.4 ± 0.1 16.5 ± 0.0 203.8 ± 0.5
3 9.8 ± 0.1 10.5 ± 0.0 102.5 ± 0.4
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monthly values registered inNovember (0.5 μgm−2). The depositionfluxes
of Hg through miscellaneous showed significant differences between the
studied periods (U = 3943.0; p < 0.01; n = 227). The annual fluxes of
Hg through the deposition of twigs were 1.4 and 0.6 μg m−2 yr−1, whereas
reproductive structures showed values of 0.78 and 0.13 μg m−2 yr−1 for
2019–2020 and 2020–2021, respectively (Fig. 3). The contribution of
both fractions to the annual THgF was below 10 %, although reproductive
structures have some relevance during March and April and twigs from De-
cember to May (Fig. 2).

3.4. Mercury concentration and storage in aboveground birch biomass

Themean concentrations of total Hg (THg) in different tissues of above-
ground biomass of birch trees are shown in Table 2. Total Hg increased as
the diameter of branches decreased in the sequence: thick branches
(0.9 ± 0.1 μg kg−1) < fine branches (1.7 ± 1.5 μg kg−1) < twigs (24.7 ±
5.2 μg kg−1). Low mean values of THg were found in bole wood (1.8 ± 0.4
μg kg−1), comparable to those observed in fine branches, as well as in
newly sprouted leaves (3.7 ± 0.7 μg kg−1). Intermediate THg mean values
were found in bark samples (11.7 ± 1.3 μg kg−1). Values of THg varied sig-
nificantly among the different plant tissues (H= 32.671; p < 0.01; n=38).

The total amount of Hg accumulated in thewhole aboveground biomass
(THgW) was 532.0 mg ha−1, being bole wood, bark and twigs the tissues
that contributed the most to THgW (87 %), with 144.6, 158.6 and
159.9 mg ha−1, respectively (Table 2). On the other hand, thick and fine
branches and newly sprouted leaves stored 24.0, 25.2 and 19.6 mg Hg
ha−1, respectively (Table 2), values that were one order of magnitude
lower than in bole wood, bark and twigs.

3.5. Mercury concentration and pools in the soil profile

Soils collected in the birch stand are characterized by an acid pH in the
organic horizons. Soil acidity diminished considerably with depth in the
mineral soil, i.e. from 3.9 at 0–5 cm layer to 4.9 at 50–60 cm (Table 3).
Total organic C and N are high in the O layers (> 391 and > 15 g kg−1,
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respectively), steadily decreasing until reaching the lowest values at
50–60 cm (33 and 2 g kg−1 of C and N, respectively). The C/N ratio varied
scarcely in the mineral soil (range 12–15) and the sum of exchangeable
base cations (Ca, Mg, K and Na) was <1 cmolc kg−1 in most of the mineral
soil. Amore detailed description of the physico-chemical soil properties can
be found elsewhere (Table S4).

Regarding the levels of THg in the studied soil profiles, the mean con-
centration showed in the Oe + Oa layer (124 ± 13 μg kg−1) was higher
than in the Oi subhorizon (46 ± 7 μg kg−1) (Fig. 4). In the mineral soil,
THg ranged from 24 to 136 μg kg−1, with the highest values occurring in
the uppermost centimetres of the mineral soil (0–5 cm). On the other
hand, THg decreased with mineral soil depth up to the 15–20 (33 μg
kg−1) and 20–30 cm (24 μg kg−1) layers depending on the soil profile,



Table 3
Mean values and standard deviation (±) of some physico-chemical soil properties.

Soil layer BDa pHw C N C/N SBa

g cm−3 g kg−1 g kg−1 cmolc kg−1

Oi 0.04 ± 0.01 4.3 ± 0.4 481 ± 11 15.0 ± 0.4 32 ± 1 28.2 ± 1.3
Oe + Oa 0.15 ± 0.02 4.2 ± 0.5 391 ± 50 18.3 ± 1.5 21 ± 1 11.9 ± 2.7
0–5 0.47 ± 0.01 3.9 ± 0.1 174 ± 32 12.1 ± 3.5 15 ± 2 1.9 ± 0.1
5–10 0.79 ± 0.00 4.3 ± 0.3 104 ± 15 8.0 ± 2.1 13 ± 2 0.9 ± 0.4
10–15 0.70 ± 0.10 4.5 ± 0.3 80 ± 22 6.4 ± 1.8 13 ± 0 0.6 ± 0.3
15–20 0.87 ± 0.09 4.7 ± 0.1 60 ± 8 5.1 ± 1.1 12 ± 1 0.5 ± 0.3
20–30 0.83 ± 0.03 4.7 ± 0.1 51 ± 9 4.0 ± 0.2 13 ± 2 0.6 ± 0.2
30–40 1.01 ± 0.15 4.8 ± 0.0 41 ± 2 3.0 ± 0.4 14 ± 1 0.6 ± 0.0
40–50 0.89 ± 0.12 4.8 ± 0.0 44 ± 8 2.9 ± 0.6 15 ± 0 0.8 ± 0.2
50–60 0.95 ± 0.04 4.9 ± 0.0 33 ± 14 2.2 ± 0.8 15 ± 0 0.6 ± 0.1

a BD and SB are the bulk density and the sum of exchangeable base cations, respectively.
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rising again in the deeper soil layers until reaching values close to 90–100
μg kg−1. The parental material on which the birch plot is located presents
a THg value of 14.7 μg kg−1. The average soil Hg pool (PHg) in the Oe +
Oa layers was 1.0 ± 0.2 mg m−2 (Fig. 4), being two orders of magnitude
higher than in the Oi subhorizon (0.02 ± 0.00 mg m−2). The values of
PHg in the mineral soil ranged from 1.1 to 9.5 mg m−2, with the highest
THg storage occurring in the deeper soil layers (below 30–40 or 40–50
cm, Fig. 4). Values of PHg in the whole mineral soil were 32 and 42 mg
m−2 for profiles 1 and 2, being much higher than the Hg stored in the or-
ganic horizons where PHg ranged from 0.7 to 1.2 mg m−2.

4. Discussion

4.1. Litterfall fluxes

The annual total litterfall flux (TLF) obtained in the present study was
2–5 times higher than the fluxes reported for silver birch (Betula pendula)
in northern (Hansson et al., 2011) and central Europe (Carnol and Bazgir,
2013; Jagodziński et al., 2018), which varied between 120 and 285 g
m−2 yr−1. Latitudinal differences would be a factor explaining the greater
litterfall fluxes found in the present study (at southern Europe) compared to
other European locations. In this regard, Matala et al. (2008) found a strong
relationship between litterfall fluxes and latitude, whereas Wang et al.
Fig. 4. Total Hg concentration (THg) and Hg pool (PHg) in the
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(2016) also reported that litterfall fluxes diminished from low latitudes
(tropic and subtropic biomes) to high latitudes (boreal biomes).

Leaves as the main fraction of TLF in the studied birch forest (Table S1)
were consistent with what is expected in forests dominated by deciduous
species (Hansen et al., 2009; Neumann et al., 2018), although their contri-
bution (78 %) was somewhat higher than values in the range 56–67 % re-
ported in mixed deciduous forests (that included birch species) from
Belgium (Staelens et al., 2011; Carnol and Bazgir, 2013). The period during
which the highest birch leaf fall occurredwas somewhat longer (July–Octo-
ber) than that reported by Staelens et al. (2011), who found that 90 % of
birch leaves fell from August to October. Even an additional month, as in
our case, could influence the turnover of wilted leaves in the upper soil
layers with consequences on Hg dynamics. The contribution of twigs and
reproductive structures to annual TLF was lower than that reported in the
abovementioned studies, where the ranges of twigs and reproductive struc-
tures inputs were 22–23% and 10–21%, respectively (Staelens et al., 2011;
Carnol and Bazgir, 2013). The random temporal pattern of twigs flux could
be partly explained by the occurrence of storms (accompanied by high rain-
fall andwinds) and frosts, asmonthly twig fluxes showed a correlationwith
accumulated precipitation (ρ = 0.246; p < 0.01; n = 219) and mean min-
imum temperatures (ρ = −0.244; p < 0.01; n = 219). In this regard, the
wind proved to be a relevant factor for twig damage and subsequent fall
in deciduous and coniferous forests (Díaz-Maroto and Vila-Lameiro, 2006;
organic and mineral layers of the two soil profiles studied.
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Portillo-Estrada et al., 2013). The peak of reproductive structures in
litterfall samples in March–April (Table S1) was due to the shedding of
male and female catkins that mainly occurs at this time (Jato et al.,
2007). Regarding miscellaneous, the highest fluxes were found during
periods characterized by the fall of moss/lichen pieces as well as biomass
remains (leaves/needles, acorns, seeds, etc.) from tree species other than
birch.

4.2. Mercury concentration in litterfall fractions

The statistically significant variations found for THg among the different
litterfall fractions were probably the result of the joint effect of factors such
as the presence/absence of stomata (Laacouri et al., 2013), metabolic pro-
cesses and vegetation activity (Jiskra et al., 2018) and the length of the
air exposure period (Bushey et al., 2008). In general, leaves (or needles)
are widely recognized as the most active plant tissue involved in Hg accu-
mulation (Yang et al., 2018; Zhou et al., 2017, 2021), which justifies that
birch leaves constitute the litterfall fraction with the highest THg values
(Table S2), excluding the miscellaneous which do not represent the birch
biomass. The gradual increase of THg observed in birch leaves during the
growing season (from March to September; Fig. 1) is not limited to decidu-
ous species (Rea et al., 2002; Bushey et al., 2008; Gómez-Armesto et al.,
2020b), but was also observed in multi-year coniferous needles (Hutnik
et al., 2014; Lyapina, 2018; Navrátil et al., 2019; Wohlgemuth et al.,
2020; Méndez-López et al., 2022b). The increase in THg content in birch
leaves throughout spring and summer is attributed to the intensification
of physiological activity (photosynthesis), with the subsequent increase in
gas exchange through stomata and the passive uptake of atmospheric Hg
(Laacouri et al., 2013).

The estimated Hg accumulation rate in birch leaves for the present
study (0.18 μg kg−1 day−1; Fig. 1) is within the range of values reported
in North America for species of the genus Betula (0.12 to 0.22 μg kg−1

day−1) (Bushey et al., 2008; Blackwell and Driscoll, 2015; Olson et al.,
2019). Our estimate of the rate of Hg accumulation in birch leaves cannot
be compared to others from European birch forests as, to the best of our
knowledge, this parameter has not been determined so far in birch forests.
However, the Hg accumulation rate we estimated for birch leaves was in
the range of values (0.09–0.35 μg kg−1 day−1) reported for deciduous spe-
cies worldwide (Bushey et al., 2008; Blackwell et al., 2014; Fu et al., 2016;
Gómez-Armesto et al., 2020b). The gradual increase of THg in birch foliage
did not finish with the end of the growing season and the decline of leaf
physiological activity, but continued as long as leaves remained exposed
to the atmosphere on the tree branches, as evidenced by the higher THg
values observed in birch leaves collected in January (Table S2). We have
considered some possible explanations for this circumstance. First, the re-
tention of atmospheric Hg by tree leaves can continue by non-stomatal
mechanisms (Stamenkovic and Gustin, 2009), and second, the increase in
THg concentrations could be due to the loss of mass of weak foliar tissues
while Hg remains bound to the remaining and more durable tissues
(Poissant et al., 2008). In addition, the observed increase in THg in leaves
collected in January could also be attributed to PBM deposited on the leaf
surface as a consequence of changes in environmental conditions (cold
and less precipitation) at the end of the season, which may favour the
mobilisation of dust particles from the soil surface.

Considering the same growing periods, values of THg in birch leaves ob-
tained in the present study were slightly higher than those reported in for-
ests from temperate and boreal areas of Europe and North America (Rea
et al., 2002; Hall and St. Louis, 2004; Bushey et al., 2008; Larssen et al.,
2008; Blackwell and Driscoll, 2015; Richardson and Friedland, 2015;
Pleijel et al., 2021). In contrast, in Asian temperate forests, Zhou et al.
(2017) found higher THg values (averages between 51 and 54 μg kg−1)
in leaves of species of the genus Betula than in the present study. The dis-
tinctive behavior of Betula species may explain these differences in foliar
THg, but local and regional climatic characteristics (precipitation, tempera-
ture, wind) affecting tree physiology should also be taken into account as
key factors in the variation of THg in birch leaves (Yang et al., 2019;
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Wohlgemuth et al., 2022). Moreover, in the case of Chinese studies, the in-
fluence of local Hg emission sources on high THg contents cannot be ruled
out.

The annual average of THg in twigs during the two studied periods was
similar to the mean value (15–19 μg kg−1) reported for birch in northern
Europe (Larssen et al., 2008). On the contrary, samples of birch twigs in
temperate Asian forests showed lower mean THg within the range 7–8 μg
kg−1 (Zhou et al., 2017). The differences found for THg in twigs could be
related to their exposure time and position in the canopy, a fact that has
been previously observed in leaves (Bushey et al., 2008; Siwik et al.,
2009; Wohlgemuth et al., 2020). No further reasons can be provided be-
cause it was not possible to obtain information on the position in the canopy
and age of the twigs collected in the litterfall collectors.

Total Hg values found in reproductive structures (catkins)were the low-
est compared to other litterfall fractions (Table S2), probably because their
growth period is very short (March and April). On the contrary, miscella-
neous showed the highest mean THg values, probably due to the presence
of moss and lichen remains, which have been proved to accumulate larger
amounts of Hg (Zhou et al., 2021). Moreover, the diversity in the type and
origin of the plant tissues composing the miscellaneous fraction would ex-
plain the variation observed in the monthly THg values (Table S2). Most
studies worldwide do not consider reproductive structures and miscella-
neous in the assessment of Hg accumulation and deposition through
litterfall to forest soils, which could lead to an underestimation of Hg depo-
sition in forest ecosystems. This finding is in line with that recently evi-
denced by Zhou et al. (2021), who highlight the importance of some
tissues (lichens, mosses, bark, etc.) as additional contributors to Hg deposi-
tion in forests, which are traditionally not considered in individual fractions
in studies focused on Hg deposition through litterfall.

4.3. Mercury deposition fluxes through litterfall

The annual total Hg deposition fluxes through litterfall (THgF) obtained
in the two periods studied (15.4 and 11.7 μg m−2 yr−1) were higher than
the range reported by St. Louis et al. (2019) in a birchwood fromboreal for-
ests in Canada (6.2–9.4 μg m−2 yr−1). Although comparisons with other
studies should bemade with caution because of the distinctive composition
of tree species and their influence on annual THgF (Hansson et al., 2011;
Juillerat et al., 2012; Richardson and Friedland, 2015; Wang et al., 2016),
our values were higher than those reported in mixed deciduous forests con-
taining birch species in the U.S., which ranged from 3.6 to 9.3 μg m−2 yr−1

(Demers et al., 2007; Graydon et al., 2008; Blackwell and Driscoll, 2015;
Risch et al., 2017). However, comparable values of annual THgF
(10.0–15.3 μg m−2 yr−1) were obtained in other deciduous forests of the
U.S. (Blackwell and Driscoll, 2015; Risch et al., 2017) as well as from tem-
perate Asian deciduous forest (12.9 μgm−2 yr−1; Zhou et al., 2017). On the
contrary, Richardson and Friedland (2015) obtained an annual THgF twice
as high as ours (mean 24 μg m−2 yr−1).

The lack of significant differences inmonthly THgF among the two stud-
ied periods agrees with previous research carried out close to the study area
inwhich Hg deposition through litterfall was assessed in a forest dominated
by another deciduous species (Quercus robur) (Gómez-Armesto et al.,
2020b). This suggests that more years of monitoring are needed for a suit-
able assessment of the interannual variability of Hg deposition through
litterfall.

The highest Hg fluxes observed from summer to early autumn (July–
November), which accounted for 77.5 and 87.7 % of the annual THgF in
2019–2020 and 2020–2021 (Fig. 2), respectively, coincide with the period
when almost all (> 90 %) birch foliage falls and leaves show high Hg levels
(Table S2). Annual THgF levels are determined mostly by the flux of leaves
in the litterfall than by their THg concentration, which is supported by the
close correlation (ρ = 0.986; p < 0.01; n = 193) found between the total
annual Hg flux through litterfall and the total annual litterfall flux. This as-
sertion has already been reported in previous studies (Wang et al., 2016;
Risch et al., 2017; Gómez-Armesto et al., 2020b). The strong connection be-
tween annual THgF and annual TLF would explain why Hg deposition
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fluxes through birch leaves were higher in 2019–2020 than in 2020–2021
(Fig. 3), as the annual leaf flux was higher in the first period (2019–2020)
(Table S1).

The relevance of miscellaneous as the second most important litterfall
fraction contributing to annual THgF was consistent with the high ability
of the plant tissues included in this fraction to capture atmospheric Hg.
Moreover, miscellaneous not only showed the highest mean annual values
of THg among the assessed litterfall fractions (Table S2) but also contrib-
uted largely to the total litterfall flux, especially in the 2020–2021 period
(Fig. S1). On the other hand, the low contribution of twigs to annual
THgF (Fig. 2) could be explained by their low THg concentrations because
of the limited Hg uptake by woody tissues (Assad et al., 2016). However,
not accounting for Hg inputs through woody tissues could lead to an under-
estimation of total Hg deposition through vegetation, as reported Wang
et al. (2020). In the case of reproductive structures, their short period of ex-
posure to air would prevent them from participating significantly in the
capture of atmospheric Hg and its subsequent transfer to the soil surface
through litterfall. However, the peak in the flux of catkins observed in
December 2019 (7.4 g m−2, Table S1), which occurred after a long period
of strong winds and abundant rainfall in the study area, and the relatively
high values of THg in reproductive structures during December 2020
(Table S2), could have contributed exceptionally to the THgF more than
expected.

4.4. Mercury concentration and storage in aboveground birch biomass

The total concentration of Hg in newly sprouted birch leaves was con-
siderably lower than the values (10–54 μg kg−1) reported for birch foliage
in other studies (Zhou et al., 2017; Yang et al., 2018). Such differences are
likely associatedwith the extremely short exposure time to airmasses of the
leaves analyzed in the present study, being only two to three weeks. Differ-
ences in THg in birch leaves with respect to the abovementioned studies
would be notably reduced if compared to the THg concentrations we
observed in well-developed birch leaves (i.e. those collected during the
mid-growing season, in July), when they reach THg levels of 20–24 μg
Fig. 5. Total Hg pools (mg m−2) in aboveground biomass and soil profile
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kg−1. Values of THg in birch bole wood were low, but of the same order
as previous studies (Zhou et al., 2017; Yang et al., 2018; Yanai et al.,
2020). The low overall THg content in bole wood reflects limitations for
Hg translocation to aboveground plant tissues from the root system (Cui
et al., 2014; Assad et al., 2016). In that regard, recent findings suggested
that Hg in bole wood could be translocated from foliage, rather than from
bark and roots (Arnold et al., 2018; Navrátil et al., 2018; Peckham et al.,
2019; Yanai et al., 2020). Regarding bark samples, the THg values regis-
tered were similar to those obtained by Zhou et al. (2017) (12.3–13.4 μg
kg−1), but somewhat greater than those reported by Yang et al. (2018),
which ranged from 3.2 to 7.5 μg kg−1. The higher THg values in bark
than in bole wood are probably the result of a higher ability of the former
to adsorb Hg due to its particular chemical composition (Viso et al.,
2021) as well as its more direct exposure to air masses (Chiarantini et al.,
2016). This could also explain why twigs (Ø< 0.5 cm)were the plant tissue
with the highest THg since, due to their scarce thickness, it was not possible
to separate the thin bark from the woody tissue. In general, the THg values
found in bole wood and bark were in the same order than those reported by
Zhou and Obrist (2021) in deciduous broadleaf forests worldwide with
mean levels of 2 and 9 μg kg−1, respectively.

The total Hg pool in the aboveground biomass (Fig. 5), as the sum of
Hg stored in bole wood, bark, branches, twigs and leaves, was higher
than the value reported for mixed broadleaf forests containing birch
species in Asia (335 mg ha−1; Zhou et al., 2017). Despite the differ-
ences, we agree with Zhou et al. (2017) on the role of woody tissues
(bole wood, bark and twigs) as the main compartment in which Hg is
stored, who found a value (83 %) quite close to that obtained in the
present study (87 %). The total Hg pool in the aboveground biomass
obtained in the present study was of the same order of magnitude than
the values reported by other authors (200 and 330 mg ha−1) in different
deciduous forests (Obrist et al., 2012; Richardson and Friedland, 2015).
Therefore, although woody tissues are not directly involved in the up-
take of atmospheric Hg (GEM), they represent an important reservoir
of Hg that should be taken into account for a more reliable estimation
of Hg pools in forest ecosystems.
and Hg deposition flux by litterfall (μg m−2 year−1) in the study plot.
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The pool of Hg stored in tree foliage was very dependent on the devel-
opment stage of leaves, as THg in leaves increased over the growing season
(Fig. 1). Thus, the estimated Hg pool in the biomass of birch leaves at the
end of the growing season (170.8 mg ha−1 in September) is almost 9
times higher than the value obtained in newly sprouted leaves at the begin-
ning of the growing season (19.6 mg ha−1 in March). In addition, it should
be noted that the foliar Hg pool is highly dynamic compared to other
aboveground plant tissues, so that only two growing seasons are necessary
for leaf biomass to reach the Hg levels stored in woody tissues (bole wood
and bark). Furthermore, all Hg stored in birch foliagewill be transferred an-
nually to the soil surface through litterfall, which once again highlights the
key role of tree foliage in the sequestration of atmospheric Hg, affecting its
fate in the plant-soil interactions taking place in forest ecosystems.

4.5. Mercury concentration and pools in soils

The THg values obtained in the Oi and Oe + Oa horizons were in the
range of values reported by Gruba et al. (2019) for the entire organic hori-
zon of forests dominated by birch species in central Europe (averageTHg 60
μg kg−1). However, higher THg values were found in organic horizons
under mixed deciduous forests containing birch species in North America,
ranging from 148 to 395 μg kg−1 (Demers et al., 2007; Blackwell et al.,
2014; Blackwell and Driscoll, 2015; Richardson and Friedland, 2015).

The values of THg in the Oi subhorizons were slightly lower than in the
birch leaves collected from the litterfall samplers. This fact can be justified
byHg loss after leaves fall through processes such as leaching, run-off or re-
emission to the atmosphere (Beckers and Rinklebe, 2017).Moreover, theOi
layers are also composed of other plant debris constituting a substantial
mass fraction of this organic subhorizon but with considerably lower THg.
On the other hand, the significant increase in THg from the Oi (fresh unde-
composed biomass) to the Oe+Oa subhorizon (old decomposed biomass)
can be related to a faster loss of C than Hg during litter decomposition as
was indicated by Pokharel and Obrist (2011), which favours the accumula-
tion of Hg in the more humified organic layer. In the present study, the in-
fluence of litter decomposition on THg levels in the organic horizons is
supported by the correlation between C/N ratio (an estimate of the degree
of organic matter decomposition) and THg (ρ=−0.786; p < 0.05; n=8).
A similar relationship between THg and C/N ratio in organic horizons was
reported in previous studies (Obrist et al., 2011; Navrátil et al., 2014,
2016). Similar to our results, higher THg concentrations in the most
decomposed organic subhorizons are commonly found in forest soils world-
wide (Obrist et al., 2011; Navrátil et al., 2014; Zhou et al., 2017; Gómez-
Armesto et al., 2020b; Méndez-López et al., 2022a).

The THg concentrations found in the mineral soil are within the range of
values reported in non-polluted areas worldwide (Blackwell et al., 2014;
Richardson and Friedland, 2015; Zhou et al., 2017; Gómez-Armesto et al.,
2020a,b). The trend of decreasing THg with soil depth in the mineral soil is
often related to a progressive decline of organic C towards deeper soil layers
(Richardson et al., 2013; Zhou et al., 2013; Peña-Rodríguez et al., 2014;
Navrátil et al., 2014, 2016). However, the pattern of THg distribution with
soil depth in the mineral soil does not coincide with that shown by organic
C and N. In fact, there were no significant correlations between THg and
total organic C and N, suggesting that other soil compounds rather than or-
ganic matter may be involved in the distribution of Hg in the mineral soil,
such as Al and Fe oxyhydroxides (Gabriel and Williamson, 2004; Richardson
et al., 2013; Navrátil et al., 2016; Gómez-Armesto et al., 2020a, 2021).

The values of total Hg pool (PHg) found in the studied soils, considering
organic and mineral layers (33 and 43 mg m−2), were 4 to 6 times higher
than those obtained in a birch-dominated forest in Central Europe (Gruba
et al., 2019) and mixed deciduous forests from Asia (Zhou et al., 2017)
and north-easternUSA (Richardson and Friedland, 2015). However, similar
Hg pools were reported in a hardwood plot partly dominated by yellow
birch in North America (41 mg m−2, Blackwell et al., 2014) and in a decid-
uous forest in central Europe (45 mg m−2, Navrátil et al., 2016).

The higher PHg in the mineral soil, compared to the organic horizons,
was expected given their greater bulk density and thickness (Fig. 5). In
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addition to physical andmorphological properties, soil chemical properties
also contributed notably to the greater Hg storage in the mineral soil. Thus,
in contrast to what occurred with THg, PHg correlated negatively with total
C (ρ=−0.524; p < 0.05; n=16) and N (ρ=−0.597; p < 0.05; n = 16)
and positively with the C/N ratio (ρ= 0.721; p < 0.05; n = 16). These re-
lationships lead to an increase in Hg storage in the deeper mineral soil
layers (Fig. 4), despite showing the lower values of total organic C and
total N. However, the positive relationship of THg with the C/N ratio sug-
gests that this scarce amount of organic matter is quite active in the reten-
tion of Hg in the mineral soil. On the other hand, as was
abovementioned, previous studies indicated that Hg storage in the mineral
soil is also highly dependent on the presence of Fe and Al compounds
(Richardson et al., 2013; Gómez-Armesto et al., 2020a,b). In this sense,
PHgwas positively correlated with Al compounds such as the estimated or-
ganicmatter complexes of Al (Alp; ρ=0.588; p< 0.05; n=16) or the total
content of crystalline and non-crystalline Al compounds (Aln; ρ = 0.579;
p < 0.05; n = 16), which could explain the vertical pattern of PHg found
through themineral soil layers. In addition, although THg in soil parent ma-
terial was relatively low (14.7 μg kg−1), it could also contribute to PHg in
deeper layers of themineral soil. The largest accumulation of Hg in themin-
eral soil, accounting for up to 97 % of the Hg stored in the whole profile,
was consistent with that reported in previous studies, where the mineral
soil layers accumulated between 86 and 99 % of the total Hg pool
(Navrátil et al., 2016; Gruba et al., 2019; Gómez-Armesto et al., 2020b).

5. Conclusions

The litterfall flux and the deposition flux of Hg varied significantly
among the studied litterfall fractions. Birch leaves were the major contrib-
utor to the total Hg deposition flux by litterfall, being more conditioned
by the flux of leaf biomass than by their Hg concentration. Under the cur-
rent global warming scenario, in which the period of leaf biomass activity
is likely to be extended, there would be an increase in the levels of Hg
assimilated by leaves and, therefore, a greater deposition of Hg to the forest
floor.

The results obtained for Hg pools in the aboveground biomass revealed
that, although not actively involved in the uptake of atmospheric Hg,
woody tissues (bole wood, bark, branches and twigs) represent the largest
Hg reservoir. On the other hand, the pool of Hg in birch leaves varied
with their growth stage, as the Hg concentration increases over the growing
season. However, it should be noted that the Hg stored in birch leaves will
be annually transferred to soil surface through litterfall, highlighting the
key role of tree foliage in the fate of Hg in forest ecosystems.

Once deposited in the soil, Hg tends to accumulate in the organic hori-
zon and in the uppermost layers of the mineral horizon, which is strongly
linked to the decomposition process of organicmatter. However, the upper-
most soil layers of forest ecosystems are more exposed to alterations due to
climate change, land use changes and forest management, so that their role
as a sink for Hg may be affected. On the contrary, the deeper layers of the
mineral horizon are exempt from being altered by environmental changes,
and the presence of some soil components, such as Fe and Al compounds,
could favour the retention and accumulation of Hg in them. Therefore, fu-
ture studies should pay more attention to the role of deeper soil layers
(below 40 cm) in the biogeochemical cycling of Hg, because of their poten-
tial ability to immobilize Hg and reduce the possibility of reaching ground-
water.
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