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ARTICLE INFO ABSTRACT

Handling Editor: Robert Letcher Climatic conditions have been shown as a major driver of the fate of Hg in forest ecosystems at a global scale, but

less is known about climatic effects at shorter scales. This study assesses whether the concentration and pools of

Keywords: Hg in soils collected from seventeen Pinus pinaster stands describing a coastal-inland transect in SW Europe vary
Mercury along a regional climatic gradient. In each stand, samples of the organic subhorizons (OL, OF + OH) and the
EOOI ‘1l mineral soil (up to 40 cm) were collected and some general physico-chemical properties and total Hg (THg) were
T T . o . . . . —
orest 1100 analyzed. Total Hg was significantly higher in the OF + OH than in the OL subhorizons (98 and 38 pg kg},
Deposition . . . . . .
Rainfall respectively), favored by a greater organic matter humification in the former. In the mineral soil, mean THg

values decreased with depth, ranging from 96 pg kg~! in the 0-5 cm layers to 54 pg kg~! in the deepest layers
(30-40 cm), respectively. The average Hg pool (PHg) was 0.30 mg m 2 in the organic horizons (92% accu-
mulated in the OF + OH subhorizons), and 27.4 mg m™~2 in the mineral soil. Changes in climatic factors, mainly
precipitation, along the coast-inland transect resulted in a remarkable variation of THg in the OL subhorizons,
consistent with their role as the first receiver of atmospheric Hg inputs. The high precipitation rate and the
occurrence of fogs in coastal areas characterized by the oceanic influence would explain the higher THg found in
the uppermost soil layers of pine stands located close to the coastline. The regional climate is key to the fate of
mercury in forest ecosystems by influencing the plant growth and subsequent atmospheric Hg uptake, the at-
mospheric Hg transference to the soil surface (wet and dry deposition and litterfall) and the dynamics that
determine net Hg accumulation in the forest floor.

1. Introduction

Mercury (Hg) is considered a global pollutant because of its ability to
be mobilized over long distances through the atmosphere before its
deposition and due to its high capacity to bioaccumulate, causing dis-
eases in living organisms (UN Environment, 2019). Among the terres-
trial biomes, forests constitute a major sink of atmospheric Hg (Bishop
et al., 2020; Obrist et al., 2021). This is because tree canopies are

actively involved in the scavenging of atmospheric Hg and its accumu-
lation in the aboveground biomass (Zhou et al., 2021), being subse-
quently deposited to the forest floor through litterfall (Wang et al.,
2016). Moreover, Hg may also reach the uppermost layers of forest soils
after being washed away from the surface of plant tissues by throughfall
and stemflow, or deposited by precipitation through wet deposition
(Louis et al., 2001; Wright et al., 2016). As consequence, soils are
another essential component in the biogeochemical Hg cycle in forests,
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being considered as net sinks of Hg and hindering its mobilization to
other environmental compartments (Grigal, 2003).

Mercury storage on vegetation and soil in forest ecosystems is highly
influenced by the type of vegetation (Obrist et al., 2012; Zhou et al.,
2017; Wang et al., 2019a; Gruba et al., 2019; Méndez-Lopez et al.,
2022a). Thus, it was shown that Hg accumulation in conifer needles may
extent up to three years without evidence of saturation and their accu-
mulation rates were related to the specific leaf area (Pleijel et al., 2021).
Moreover, once deposited on the forest floor, Hg retention in the organic
horizons is favored by the high lignin and low nitrogen content of
needles, which delays litter decomposition and facilitates Hg accumu-
lation (Obrist et al., 2009; Pokharel and Obrist, 2011).

Although vegetation is a major driver of Hg accumulation in forest
soils, Hg dynamics in the air-vegetation-soil transfer cycle were reported
to be strongly linked to climatic features both at local (Stankwitz et al.,
2012), regional (Richardson et al., 2013; Obrist et al., 2016; Zhang et al.,
2020) and global scales (Wang et al., 2019a). Thus, it has been
demonstrated that coastal environments, compared to inland areas, are
potential receivers of gaseous oxidized Hg (GOM) bound to sea salt
aerosols (Malcolm et al., 2009), which are efficiently removed from the
atmosphere in maritime areas by precipitation and fog (Tsyro et al.,
2011). Zhang et al. (2020) reported that the wet deposition of Hg in Asia
is strongly influenced by the precipitation associated with the monsoon
season. Recently, Méndez-Lopez et al. (2022b) found that humidity and
precipitation were responsible for the different Hg concentrations in
needles of Pinus pinaster plantations located along a transition area be-
tween the Atlantic and Mediterranean biogeographical regions in the
NW Iberian Peninsula. However, the incidence of fog in coastal areas is
not only relevant in mobilizing GOM to nearshore environments (Cheng
et al., 2013; Coale et al., 2018), but also in enhancing the growth and
activity of trees (Fischer et al., 2016) and the metabolism of microor-
ganisms involved in soil organic matter recycling (Carbone et al., 2011,
2013).

The ability of forest ecosystems to accumulate Hg is not only affected
by the geographical location, but also by direct and indirect human
activities (Obrist et al., 2018). Processes that may modify the biogeo-
chemical cycle of Hg in forest ecosystems include tree clearcutting
(Porvari et al., 2003; Eckley et al., 2018), frequency and severity of
wildfires (Campos et al., 2015; Kumar et al., 2018), extreme weather
events (Yuan et al., 2022) and variations in plant productivity (Jiskra
et al., 2018). This is an issue of concern, as areas from the NW Iberian
Peninsula afforested with maritime pine (P. pinaster) have been recently
catalogued as highly prone to be affected by wildfires (de Diego et al.,
2021), with subsequent risks of Hg mobilization and impact on the biota
of soil and freshwater ecosystems.

The present study assesses if the variation in climatic factors, such as
rainfall, may influence the concentration and accumulation of Hg in
different soil layers of P. pinaster stands at a regional scale. For this
purpose, a coast-inland transect was established in Galicia (NW Iberian
Peninsula), covering a transitional area between the Eurosiberian and
the Mediterranean biogeographical regions. The results are expected to
improve the accuracy of global models on the fate of Hg in terrestrial
ecosystems including variations induced by regional climatic condi-
tions. Total Hg contents and storage (pools) were quantified in the
organic and mineral soil layers of seventeen P. pinaster stands, assessing
the influence of several factors such as distance to the coastline, altitude,
precipitation and different physicochemical soil properties. New
empirical data on Hg storage in soils would help to redefine previous
estimates from large-scale surveys in Europe. Data will also serve to
warn stakeholders about the risk of soil Hg mobilization during forestry
practices, raising awareness about the need to improve timber man-
agement and harvesting practices.
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2. Material and methods
2.1. Study area

The study was carried out in seventeen even-aged Pinus pinaster (Ait.)
plantations (23-25 years old) distributed along a coast-inland transect in
Galicia (NW Iberian Peninsula), which spans along a west-to-east strip of
approximately 150 km length from the coastline (Fig. 1, Table S1). The
economic activity in this territory is mainly based on the primary sector,
with aquaculture and fishing as the main activities in the coastal areas,
and with agriculture and livestock gaining relevance as we move away
from the coastline. Activities related to forestry are also relevant
throughout all the territory. The secondary sector in Galicia is supported
by renewable energy production, automobile manufacturing, building
and textile industry.

Some forestry characteristics of the studied pine stands are shown in
Table S2. In general, the study area is influenced by an oceanic climate
with prevailing westerly and south-westerly winds and with mean
annual temperatures varying from 14 °C in the coastal areas to 12 °C
inland. Along the coastal-inland transect, which reflects a transition
between the Eurosiberian and the Mediterranean biogeographical re-
gions, cloudiness, fog drip (from 100 to 30 days per year) and mean
annual rainfall (from 2200 to 800 mm) show a gradual decrease as we
move away from the Atlantic Ocean coast (Martinez-Cortizas et al.,
1999; Marti-Ezpeleta et al., 2018).

The forest vegetation in the study stands is dominated by maritime
pine (Pinus pinaster, Ait.), while the understory is composed of fern
(Pteridium aquilinum), blackberry (Rubus ulmifolius) and mixed shrubs
(Calluna vulgaris, Erica sp., Ulex sp.). The lithology across the study area
is diverse comprising granitic rocks, schist and slate as main soil parent
materials where selected pine stands were located (Table S1).

2.2. Soil sampling, preparation and physico-chemical characterization

The seventeen Pinus pinaster stands selected for this study were
located far away from diffuse and point anthropogenic sources of Hg
emissions (Fig. 1). In each stand, three representative plots of 15 x 15 m
were established keeping a distance of at least 30 m from forest tracks. In
each plot, an area without visible evidence of soil perturbation was
selected for soil sampling. The organic horizon was sampled using a 50
x 50 cm wood square frame placed on the soil and held in place by
stainless steel anchoring stakes driven into the outer edges. Organic
horizon samples were collected differentiating, according to Zanella
et al. (2018), an OL subhorizon consisting of undecomposed and
distinguishable litter remains and the combination of the OF and OH
subhorizons (OF + OH), which includes partially decomposed and
indistinguishable litter. During sampling, we made note of the depth of
each subhorizon at the corners of the square frame to subsequently
calculate the bulk density. At the same location and after removing the
organic subhorizons, mineral soil samples were collected at different
depth intervals: 0-5, 5-10, 10-20, 20-30 and 30-40 cm. A stainless steel
ring (100 em®) was inserted in each mineral soil layer to determine the
bulk density. Nitrile free-powder gloves, a garden trowel and a handsaw
were used during collection and soil samples were doubled-bagged and
kept in a portable fridge for transportation to the laboratory. Moreover,
a sample of unweathered soil parent material (representative of the local
lithology) was collected from each stand.

Once in the laboratory, stones and large wood debris were removed
from soil samples, which were then oven-dried at 40 °C. Then, organic
horizon samples were weighed and crushed to a particle size <4 mm,
whereas mineral soil samples were sieved to <2 mm. An aliquot of all
soil samples (organic and mineral) was ground in an agate mortar for
subsequent analyses, while a subsample of the organic horizons was
oven-dried at 105 °C (48 h) to determine the dry mass at a constant
weight. For each mineral soil layer, an equal amount of sieved soil from
each of the three plots was mixed using a stainless steel riffle splitter to
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Fig. 1. Location of the study area (Galicia, the NW Iberian Peninsula) in SW Europe and distribution of the 17 Pinus pinaster stands (red labels) along the coastal-
inland transect. The major cities of the coast-inland transect assessed and their population are also shown in the figure.

obtain a composite sample per stand. The bulk density of the organic
horizons was estimated as a function of the sampling area (0.25 mz), the
dry soil mass and the thickness of each organic layer, and for the mineral
soil layers, it was based on the dry mass of the soil contained in the
stainless steel rings of 100 cm®. Lithological samples were cleaned with
distilled water to remove soil debris and dried at room temperature, then
crushed into smaller pieces and, finally, ground in an agate mechanical
mortar. During sample processing, the equipment used (grinders, sieves,
mortar) was properly cleaned with diluted HCI and distilled water to
avoid cross-contamination among samples.

The chemical characterization of the organic horizons (n = 102)
included pH in distilled water (pHy) and saline solution (pHy), total C
and N contents and the sum of exchangeable base cations (Na®, K,
Ca%*, Mg?"). In the mineral soils samples, pH (in water and saline so-
lution), the sum of exchangeable base cations and Fe and Al distribution
were performed on the composite samples obtained for each depth in-
terval and stand (n = 82). For Al and Fe fractionation in mineral soil
samples, a 0.1 M Na-pyrophosphate solution was used to determine total
metal (Al, Fe)-humus complexes (Al,, Fep). The 0.2 M ammonium
oxalate-oxalic acid solution buffered at pH 3 was used to extract metal
(AL, Fe)-humus complexes plus inorganic non-crystalline Al and Fe
oxyhydroxides (Al,, Fe,). Finally, total secondary Al and Fe compounds,
i.e. total free Al and Fe, were determined using 0.5 M NaOH solution
(Aly) and Na-dithionite-citrate solution (Feq), respectively. Moreover,
particle size distribution was determined in composite samples of min-
eral soil corresponding to two depth intervals (5-10 and 20-30 cm),
whereas total C and N contents were analyzed in all individual mineral

soil samples (n = 241). Additional information about the procedures for
physico-chemical characterization of soil samples is available in Text S1
(Supplementary Material).

2.3. Total mercury analysis

The concentration of total Hg (THg) was analyzed in the individual
ground samples of organic horizons (n = 102), mineral soil (n = 241)
and parent material (n = 17). For this purpose, around 100 mg of each
soil sample were weighed and measured in a tri-cell DMA-80 (Mile-
stone), whose methodology is based on thermic decomposition, amal-
gamation and atomic absorption spectrometry (US EPA 7473). For
greater precision in the analyses of total Hg content, all samples were
analyzed in duplicate provided that the coefficient of variation between
replicates was less than 10%. Otherwise, the measurement was repeated
until such condition was achieved. For quality assurance and control
(QA/QC), standard reference materials GBW 07402 (soil; 15 + 3 pg
kg™!) and BCR 142 R (soil; 67 + 11 pg kg™!) were measured at the
beginning and end of each analytical run and every twelve samples,
obtaining mean recoveries of 91 and 111%, respectively. The limit of
detection (LOD) was 0.43 pg kg™! considering an average mass sample
of 100 mg of soil.

The estimation of the total Hg pool (PHg) for each organic horizon
and mineral soil layers was based on thickness, bulk density and total Hg
concentration.
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2.4. Statistical analysis of data

All statistical analyses were performed with IBM SPSS Statistics
(25th version) by applying non-parametrical tests. The influence of the
type of organic subhorizon and the mineral soil layer on Hg concen-
trations and pools was checked by applying a Kruskal-Wallis test (H).
Relationships among parameters relative to Hg (THg and PHg) and soil
physico-chemical characteristics, distance to the coastline (retrieved
from Méndez-Lopez et al., 2022b) and mean annual precipitation be-
tween 2015 and 2019 (Table S1) were established with the Spearman
rank correlation test (p). Statistical significance was considered when p
< 0.05. Data on mean annual precipitation were acquired from weather
stations located close to the pine stands, which belong to Meteogalicia
(Meteogalicia.gal, 2022), a public agency for the regional weather
forecast in the NW Iberian Peninsula.

3. Results and discussion
3.1. General soil characterization

In most of the soils, the sand fraction (fine + coarse sand) dominated
the particle size distribution with values in the range of 40-80%,
resulting in a predominance of the sandy loam texture (Table S3),
although finer textures (loam) were found in soils developed from slates.

Regarding soil chemical properties (Table 1), mean values of soil pH
in distilled water (pH,,) varied from 4.1 to 4.7, being somewhat lower
(range 3.1-3.9) when pH was measured in saline solution (pHy). Both
pH,, and pHy showed a raising trend towards deeper mineral soil layers,
whose values were comparable to the ranges (3.9-5.3 and 3.7-4.4,
respectively) reported in pine forest soils from different areas of the
Iberian Peninsula (Alvarez et al., 2002; Eimil-Fraga et al., 2015a;
Lopez-Marcos et al., 2018). The strong acidity in the studied soils is
common in coniferous forests, due to a slower organic matter decom-
position rate, greater generation of organic acids and lower release of
exchangeable base cations (Hagen-Thorn et al., 2004). The highest total
C and N contents were found in the organic horizons (>405 and >8 g
kg™, respectively), decreasing with depth in the mineral soil where
mean values ranges were 47-120 g kg ! for organic C and 3-6 g kg~ for
total N. These data of total organic C and N were similar to those pub-
lished for pine forest soils in the surroundings of the study area (Alvarez
et al., 2002; Eimil-Fraga et al., 2015a). Mean values of the C/N ratio in
the mineral soil scarcely varied with depth (range 17-20), but reached
up to 73 in the OL subhorizon. The C/N ratios found in the studied soils
were in the range (15-105) reported for forests soils dominated by Pinus

Table 1
Mean values and standard deviation (+) of selected physico-chemical properties
of soils.

Soil BD* pHy pHx C N C/N SB*
layer gem™3 gkg?  gkg! cmol,
kg!
OL 0.04 + 45 + 3.7 £ 498 + 7.6 = 73 17.6 £
0.02 0.3 0.3 12 2.7 + 22 3.4
OF + 0.08 + 4.5 + 3.5+ 405 + 12.6 + 34 15.2 +
OH 0.04 0.2 0.2 61 2.9 +7 4.3
0-5 0.58 + 4.1+ 3.1+ 120 + 6.3 + 20 1.6 +
0.14 0.3 0.3 38 2.4 +3 0.7
5-10 0.77 + 4.2 + 3.4+ 86 + 4.9 + 19 09+
0.17 0.2 0.3 31 2.2 + 4 0.3
10-20 0.84 + 4.4 + 3.6 £ 72 + 4.1 + 18 0.7 £
0.16 0.3 0.2 26 1.8 +3 0.2
20-30 0.95 + 4.6 + 3.8+ 55 + 3.2+ 17 0.6 £
0.20 0.2 0.2 26 1.7 +3 0.2
30-40 1.00 + 4.7 + 3.9+ 47 + 29+ 17 0.6 +
0.18 0.2 0.2 25 1.7 +3 0.2

@ BD is the bulk density of the soil layer and SB means the sum of exchangeable
base cations (Ca + Mg + K + Na).
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pinaster in the Iberian Peninsula (Alvarez et al., 2002; Fonseca and De
Figueiredo, 2018; Lopez-Marcos et al., 2018). The decrease in total C
and N contents and C/N ratio with soil depth is a common feature in
forest soils, and the lower mean C/N ratio in the OF + OH compared to
the OL subhorizons indicates a considerable transformation of organic
matter in the former (Cools et al., 2014; Herrero et al., 2016). The sum of
exchangeable base cations (SB) was dominated by Ca and Mg in the
organic horizons (Table S4) and showed mean values (15-18 cmol,
kg™!) up to two orders of magnitude higher than in the mineral soil
(<1.6 cmol. kg™ 1). Aluminium occupied most of the binding sites of the
cation exchange complex in the mineral soil layers with a range of Al
saturation of 77-84% (Table S4), being similar to those (64-90%) re-
ported by Alvarez et al. (2002) in pine forest soils.

The fractionation of Al in the mineral soil was dominated by Al-
humus complexes (Alp), accounting for 55% of the total secondary Al
compounds (Al,). The mean values of Al, were in the range 3.2-6.2 g
kg~! (Fig. S1), similar to the interval 2.3-6.5 g kg ™! reported by Alvarez
et al. (2002) in pine forest soils. The presence of Al-humus complexes
increased with soil depth due to greater humification of soil organic
matter (as indicated by the C/N ratio), which led to stronger interactions
between Al and organic C compounds (Kaal et al., 2008; Eimil-Fraga
et al., 2015a). Crystalline Al compounds (Al estimated as Al,-Aly), the
second in abundance, showed mean values varying from 1.8 to 5.4 g
kg~ ! (Fig. S1). The increasing trend of Al. content with soil depth may be
a consequence of weathering of primary soil minerals, as well as the
control of Al solubility by soil pH and secondary Al minerals (Fer-
ro-Vazquez et al., 2014). The inorganic non-crystalline Al compounds
(Alj;, estimated as Aly,-Alp) showed mean values below 1.4 g kg’1
(Fig. S1).

Crystalline Fe oxyhydroxides (Fe., estimated as Feq-Fe,) accounted
for up to 65% of the total reactive Fe compounds in the studied soils,
showing mean values in the range of 9.2-11.3 g kg~! (Fig. S1). The
predominance of crystalline Fe compounds is common in the deeper soil
layers of acid forest soils from temperate areas (Ferro-Vazquez et al.,
2014). The Fe-humus complexes (Fep) contributed to 28% of total
reactive Fe compounds (averages 3.3-5.1 g kg™, Fig. 51) and were re-
ported to participate in the stabilization of Al-humus complexes and,
consequently, organic C accumulation in acid soils (Ferro-Vazquez et al.,
2014).

3.2. Mercury concentrations and pools in pine forest soils

The concentration of total Hg (THg) in the OL subhorizons showed
values in the range of 26-78 pg kg ! (average 38 pg kg!, Fig. 2).
Considering that OL subhorizons are mainly comprised of pine needles,
the values of THg found in the OL subhorizon are consistent with the
range (16-51 pg kg~!) obtained in old pine needles (3 and 4 years old)
collected from stands distributed along the same area of the present
study (Méndez-Lopez et al., 2022b). Tree leaves and needles constitute
the plant tissue that uptake atmospheric Hg more actively during their
lifetime and they are directly involved in Hg transference to soil surface
through litterfall (Wang et al., 2019a; Zhou et al., 2021).

The concentration of total Hg in the OF + OH subhorizons (98 + 27
pg kg~1) was significantly higher than in the OL layers (H = 72.251; p =
0.000; n = 100), ranging from 53 to 182 pg kg~ (Fig. 2). The increase of
THg the more decomposed the organic matter is, i.e. lower C/N ratio,
justifies greater THg values in OF + OH than OL subhorizons. This was
attributed to a prevalent loss of organic carbon over Hg during organic
matter decomposition (Pokharel and Obrist, 2011), as well as greater
availability of binding sites in the more humified OF + OH layers to
capture Hg (Demers et al., 2007). The relationship observed between
Hg/C and C/N ratios for organic horizons (Fig. 3) is in agreement with
that reported in other studies (Obrist et al., 2011; Gomez-Armesto et al.,
2020a) and supports the preferential Hg retention observed in the OF +
OH subhorizons.

Total Hg concentrations in the complete O horizons (OL and OF +
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Fig. 2. Box and whisker plot of total Hg concentration (THg) and pool (PHg) in the different organic subhorizons and mineral soil layers of the seventeen Pinus
pinaster stands. The box shows the interquartile range (from 25th to 75th percentiles), the solid line in the middle of the box marks the median value (50th percentile)
and the dashed line marks the average value. The whiskers extend from the minimum to the maximum value observed. The points outside the box are outliers.
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Fig. 3. Regression between Hg/C and C/N ratios in the OL and OF + OH
subhorizons.

OH) correlated with total C (p = —0.758; p = 0.000; n = 102), total N (p
=0.721; p = 0.000; n = 102) and the C/N ratio (p = —0.807; p = 0.000;
n = 102). Similar relationships were found in previous studies (Obrist
et al., 2009; Juillerat et al., 2012; Navratil et al., 2014; Richardson and
Friedland, 2015; Blackwell and Driscoll, 2015; Méndez-Lopez et al.,
2022b), which arise from the strong affinity between Hg and soil organic
matter (Skyllberg, 2010). Negative correlations between THg and total
organic C and C/N ratio suggest that interactions between Hg and
organic matter depend more on organic matter quality than quantity
(Burns et al., 2014; Richardson and Friedland, 2015; Méndez-Lopez
et al., 2022b).

In general, most of the organic subhorizons (82% of samples) showed
THg values below 100 pg kg™, which can be considered a background
Hg level (Gustin et al., 2008), confirming that the study area is not
significantly influenced by anthropogenic point sources of Hg emission.
Our values of THg in the organic horizons are comparable to those found
in soils under Pinus species in different areas worldwide, such as NE
Portugal (65-110 pg kg’l; Meéndez-Lopez et al., 2022a), China (54-210

ng kg™1; Zhou et al., 2017; Du et al., 2019), the USA (22-134 pg kg™ %;
Obrist et al., 2009) or Poland (average 120 ug kg_l; Gruba et al., 2019).

In the mineral soil, mean values of THg diminished with depth from
96 + 35 pg kg~ ! in the uppermost mineral layer (0-5 cm) to 54 + 28 pg
kg™! in the 30-40 cm layer (Fig. 2), showing significant differences
among layers (H = 53.250; p = 0.000; n = 241). This vertical pattern of
THg is common in the mineral soil of forest ecosystems, where Hg tends
to vary according to soil organic C distribution with soil depth (Aastrup
et al., 1991; Gong et al., 2014; Navratil et al., 2014; Zhou et al., 2017;
Grubaetal., 2019; Du et al., 2019; Ma et al., 2022). In the present study,
total Hg in the mineral soil correlated positively with total organic C (p
= 0.757; p = 0.000; n = 241), total N (p = 0.690; p = 0.000; n = 241)
and SB (p = 0.518; p = 0.000; n = 241; Fig. 4). Therefore, soil organic
matter influences THg variation in the mineral horizons of pine forest
soils coinciding with that previously reported in similar studies (Obrist
et al., 2009; Zhou et al., 2013; Navratil et al., 2014, 2016). Moreover, in
the same study area (NW Spain), previous research also highlighted the
close relationship between THg and organic matter in A horizons of acid
forest soils (Gomez-Armesto et al., 2020b, 2021a). However, the cor-
relations of THg with total organic C, N and exchangeable base cations
in the mineral soil weakened with increasing soil depth, possibly due to
a diminution in organic matter content. Contrarily, metal (Al, Fe)-humus
complexes and inorganic Al and Fe oxyhydroxides tended to increase
with soil depth (Fig. S1). Secondary compounds of Al and Fe would
provide additional binding sites for Hg immobilization, thus deter-
mining, together with organic C, the vertical Hg patterns. In this regard,
THg in the whole mineral soil correlated with Fe,, (p = 0.300; p = 0.000;
n = 241) and Fe, (p = 0.356; p = 0.000; n = 241), also showing sig-
nificant correlations with Al, and Al, at some depths (Table S5). Iron
oxyhydroxides and secondary Al compounds (Al-humus complexes and
inorganic non-crystalline and crystalline compounds) were reported to
be actively involved in Hg retention in acid forest soils (Grimaldi et al.,
2008; Guedron et al., 2009; Richardson et al., 2013; Navratil et al., 2014,
2016; Nave et al., 2019; Gomez-Armesto et al., 2020b, 2021a, b).

On the other hand, the very low values of THg in the soil parent
material (<5.2 pg kg™1) and the occurrence of the highest THg levels in
the uppermost mineral soil layers (0-5 and 5-10 cm) support that most
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Fig. 4. Linear regression between the concentration of total Hg (THg) and total
C, total N and the sum of bases (SB) in mineral soil layers.

of the Hg derived from atmospheric sources. This is consistent with
studies on the isotopic Hg signature in forest soils, which revealed that
more than 80% of Hg in topsoil samples comes from atmospheric
deposition (Demers et al., 2013; Jiskra et al., 2015). These data for THg
in the mineral soil were comparable to the range (7-161 pg kg™?) re-
ported in mineral soils under coniferous species in Central Europe
(Navratil et al., 2016; Gruba et al., 2019), the USA (Obrist et al., 2011;
Blackwell et al., 2014) and China (Zhou et al., 2017).

The average Hg pool (PHg) in the whole organic horizon was 0.30
mg m 2 (Fig. 2), showing a greater Hg accumulation (92%) in the OF +
OH subhorizon (0.28 + 0.18 mg m~2) than in the OL layer (0.03 + 0.01
mg m~2). Some characteristics of the organic horizons such as thickness,
bulk density or litter age appeared to influence considerably PHg esti-
mates (Tipping et al., 2011; Obrist et al., 2011, 2016; Navratil et al.,
2014). In the present study, the thickness and bulk density of the OF +
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OH layers were significantly higher than those in the OL subhorizon (U
= 495.5; p = 0.000; n = 102 and U = 321.0; p = 0.000; n = 102,
respectively). This fact, together with greater THg, justifies a higher Hg
storage in OF + OH than in OL subhorizons, as was already shown in
previous studies (Larssen et al., 2008; Richardson and Friedland, 2015;
Navratil et al., 2016; Zhou et al., 2017). The pool of Hg (PHg) in the
entire organic horizons correlated to total organic C (p = —0.701; p =
0.000; n = 102), total N (p = 0.673; p = 0.000; n = 102) and the C/N
ratio (p = —0.732; p = 0.000; n = 102). Similar relationships between
Hg pool and parameters related to soil organic matter were already
evidenced in organic horizons of forest soils from the US (Obrist et al.,
2009) and from different European countries (Navratil et al., 2016;
Meéndez-Lopez et al., 2022a). In summary, our results evidenced a close
connection between the biogeochemical cycles of Hg and organic mat-
ter, which will determine most of the PHg in the O horizons. In addition,
the mean PHg obtained in the organic horizons under P. pinaster were
within the order of magnitude obtained in O horizons of other conif-
erous forest soils (Nasr and Arp, 2011; Obrist et al., 2012; Zhou et al.,
2017; Du et al., 2019; Méndez-Lopez et al., 2022a).

In the mineral soil (up to 40 cm depth), the average pool of total Hg
was 22.7 mg m ™2, two orders of magnitude higher than the mean PHg in
the organic horizons. The vertical pattern described by PHg in the
mineral soil showed a steady increase up to the 10-20 cm layer (6.2 mg
m~2; Fig. 2) from where it slightly decreased up to 40 cm depth (5.2 mg
m~2). A Kruskal-Wallis test, performed with PHg values corresponding
to mineral soil layers 10 cm thick, revealed that soil depth was a sta-
tistically significant variation factor for PHg (H = 10.261; p = 0.016; n
= 190). Such differences of PHg values with soil depth can be attributed
to unequal values of bulk density and organic matter content (Obrist
etal., 2012, 2016; Gruba et al., 2019). In fact, the uppermost soil layers
in the mineral soil were those with higher organic matter contents but
lower bulk density, which is consistent with the inverse relationship
found between both parameters in forest soils (Périé and Ouimet, 2008).
In the present study, Hg stored (PHg) in the mineral soil remained
closely correlated with parameters related to soil organic matter (such as
C and N contents, Table S5) up to 30 cm depth. This suggests that soil
ability for Hg storage in the uppermost soil layers mostly depends on the
organic matter dynamics (accumulation, decomposition degree, etc),
since the affinity of Hg for the reduced S groups of organic matter is well
known (Skyllberg et al., 2006; He et al., 2019).

Apart from parameters related to soil organic matter, metal (Al, Fe)-
humus complexes (Al,, Fep) and non-crystalline Al and Fe oxy-
hydroxides (Al,, Fe,) were shown to contribute, to some extent, to PHg
(Table S5). These relationships are consistent with previous studies,
which already reported close correlations of C and N pools, extractable
Fe and Al with PHg (Gong et al., 2014; Navratil et al., 2014, 2016;
Gomez-Armesto et al., 2021a; Chen et al., 2022). However, physical
properties such as soil bulk density also influenced PHg estimates in
mineral soils (Obrist et al., 2009; Panagos et al., 2021). Thus, bulk
density correlated with PHg (p = 0.367; p = 0.000; n = 241) accounting
for some of the variations found for PHg values among mineral soil
layers (Fig. 2).

A reliable comparison of PHg among studies requires at least the soil
thickness to be fixed (Amirbahman et al., 2004). The Hg pool in the first
20 cm of mineral soil (11.9 mg m™~2) was in the range of values (3-15 mg
m~2) described for the topsoil (i.e. 0-20 cm) in the study area (Panagos
et al., 2021). Considering the whole mineral soil (up to 40 cm), the
average of PHg (22.7 mg m~2) was 2-4 times higher than the range of
values (4-12 mg m~2) reported in pine forest soils in the USA and Poland
(Obrist et al., 2009; Gruba et al., 2019), where lower precipitation
amounts, as well as C contents in the mineral soil, would lead to a
reduced presence of Hg in the forest ecosystem, ultimately affecting PHg
in the soil. The pool of Hg in the upper mineral soil layers, in addition to
the Hg concentrations found in these soil layers, would be also condi-
tioned by soil layers thickness, soil pedogenesis and organic matter
turnover in the overlying OH subhorizon (Pena-Rodriguez et al., 2014;
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Zheng et al., 2016). Soil pedogenesis may result in the formation of
different amounts of secondary Al and Fe compounds (metal (Al
Fe)-humus complexes and inorganic crystalline and non-crystalline Al
and Fe oxyhidroxides), whose distribution along the soil profile and
their ability to retain Hg would explain the variations in soil Hg pools
(Guedron et al., 2009; Pena-Rodriguez et al., 2012; Navratil et al., 2016;
Richardson, 2022). On the other hand, recent findings reported that a
lower rate of organic matter decomposition in organic horizons of forest
soils contributes to a smaller loss of Hg, favoring its accumulation (Ma
et al., 2022). Estimates of soil Hg pool help to identify areas with high
Hg accumulation, where land use activities should be carried out with
caution in order to minimize the risks of Hg mobilization through runoff
and soil erosion toward freshwater ecosystems (Panagos et al., 2021).

3.3. Variations in Hg concentration and pools along the coast-inland
transect

The influence of climate on THg and PHg in pine forest soils along the
coast-inland transect was examined considering the distance to the
Atlantic Ocean coastline, as climatic conditions (mainly precipitation)
change progressively across the study area. This change leads to defining
a climatic transition from an area with a marked oceanic climate (typical
of the Eurosiberian biogeographical region) to another with moderate
continental features (representative of the Mediterranean biogeo-
graphical region).

The concentration of total Hg in the organic subhorizons showed a
decreasing trend as pine stands were further away from the coastline
(Fig. 5). In fact, a negative significant correlation was found between
THg and the distance of pine stands to the coastline for OL subhorizons
(p=—0.552; p=0.000; n = 51) and OF + OH subhorizons (p = —0.415;
p < 0.01; n = 51). In parallel, the mean annual precipitation for each
pine stand also decreased with the distance to the coastline (Fig. S2).
Therefore, a connection between THg in the organic horizons and pre-
cipitation along the study transect could be established, explaining the
decline in THg for O horizons as pine stands are located further away
from the coastline receiving less precipitation. This agrees with studies
that pointed to precipitation as one of the main factors determining the
spatial distribution of Hg in surface soil (Obrist et al., 2011, 2016;
Richardson et al., 2013; Wang et al., 2019a, b; Zhang et al., 2020).
Moreover, precipitation was reported to enhance net primary produc-
tion, inducing in and indirect way an increased uptake of atmospheric
Hg by foliar tissues (Wang et al., 2019a; Zhou and Obrist, 2021). In the
study area (NW Spain), precipitation correlated to total pine needle
biomass (Eimil-Fraga et al., 2015b) and THg content in pine needles
(Méndez-Lopez et al., 2022b), supporting the trend observed for THg in
the O horizons of pine stands along the coast-inland transect. This
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suggests that the content of Hg in the organic horizons of pine forest soils
across the NW Iberian Peninsula is influenced, at a regional scale, by
precipitation as a climatic driver.

Altitude is another factor influencing THg in organic horizons, with
elevated environments generally showing greater Hg deposition rates
due to precipitation and therefore, higher THg levels in O horizons
(Szopka et al., 2011; Stankwitz et al., 2012; Blackwell and Driscoll,
2015). Conversely, THg correlated negatively with altitude in the OL
subhorizon (p = —0.333; p < 0.05; n = 51) along the coast-inland
transect, suggesting that Hg levels in organic horizons are more influ-
enced by precipitation than by altitude, two parameters that showed a
significant and inversely proportional relationship (p < 0.01). This is
consistent with the higher Hg levels found in O horizons from pine
stands close to the coastline, where altitude was usually lower than in
inland stands. Moreover, as oceans are considered the largest global
source of Hg to the atmosphere (Pirrone et al., 2010; Obrist et al., 2018),
the organic horizons of pine stands located near the coast could receive
additional loads of Hg previously scavenged from the air by tree foliage
and eventually carried to soil surface through litterfall. Moreover, the
removal of Hg from the atmosphere by forests near the coast could
reduce the Hg burden in air masses moving away from the coast towards
inland areas. This is supported by the diminution of sea-salt concen-
tration in the air far away from the coast (Gustafsson and Franzén, 2000)
that would be expected to be accompanied by a reduction in atmo-
spheric Hg, given the strong affinity of some reactive gaseous Hg forms
(RGM) for sea-salt aerosols (Malcolm et al., 2009).

The maritime influence, qualitatively determined by considering the
distance to the coastline or mean annual precipitation of each pine
stand, allowed discriminating THg concentrations in the organic hori-
zons (especially in OL layers) along the coast-inland transect. As a result,
pine stands belonging to the Eurosiberian region (<95 km to the
coastline) showed often more THg in OL and OF + OH subhorizons than
pine stands located in the Mediterranean region (Fig. 3). The climatic
characteristics of the Eurosiberian region were found to be more
favourable than those of the Mediterranean for P. pinaster productivity
(Alvarez-Alvarez et al., 2011). Consequently, a greater aboveground
biomass production in the pine stands from the Eurosiberian region
would lead to a greater rate of Hg transference from foliar tissues to the
uppermost soil layers according to that shown in Fig. 3. This is in
agreement with the findings of Obrist et al. (2009) who reported, in
forests from remote areas of the USA, a direct relationship between
biomass productivity, higher atmospheric Hg deposition rates and
greater values of C, N and Hg in soils. Therefore, climatic factors also
affect THg in organic horizons at regional scales, similar to that reported
by Richardson et al. (2013).

In the mineral soil, only the 0-5 cm layer showed a weak but
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Fig. 5. Relationship between the concentration of Hg (THg) and distance to coastline in the OL and OF + OH subhorizons of pine stands. Circles and squares indicate
stands belonging to the Eurosiberian and the Mediterranean biogeographical regions, respectively.



M. Méndez-Lopez et al.

significant correlation between THg and the distance to the coastline (p
= —0.363; p = 0.009; n = 51) and no correlations were found between
precipitation and THg in any soil layer. This suggests that, at a regional
scale, climatic conditions would play a secondary role in the distribution
of THg in the mineral soil, as was outlined in previous research (Obrist
etal., 2011; Richardson et al., 2013). In their recent study, Ballabio et al.
(2021) reported that variations in climate at larger spatial scales (i.e. at
continental scale) could notably influence THg levels in the mineral
topsoil (0-20 cm). The fact that the influence of the distance to the
coastline on THg was restricted to the topmost mineral soil layer (0-5
cm) may be related to the biogeochemical Hg cycle in the overlying
organic horizons. Therefore, changes in climatic factors along the
transect would affect THg concentrations in the mineral soil indirectly,
through soil components and pedogenetic processes.

The values of Hg storage (PHg) showed a slight increase with mean
annual precipitation in O horizons and some mineral soil layers
(Fig. S3), but there were no correlations between PHg and the distance
to the coastline. This suggests that soil Hg accumulation along the coast-
inland transect varied depending on post-depositional processes
involving Hg interactions with soil components such as soil organic
matter, pH or Al and Fe oxyhydroxides (Richardson et al., 2013). Given
that soils constitute a substantial part of terrestrial ecosystems in terms
of Hg storage, there is a need to assess how soil components and prop-
erties may explain THg and PHg variations in the pine forest soils
distributed over the study area.

3.4. Relationships between Hg and soil properties along the coast-inland
transect

Along the coast-inland transect, the C/N ratio of the organic horizons
increased slightly with the distance to the coastline (Fig. S4). In accor-
dance with this and taking into account the negative correlation found
between the C/N ratio and THg, it is consistent that the lowest levels of
Hg in O horizons were found in pine stands located in the Mediterranean
biogeographical region (Fig. 5). The C/N ratio in the OF + OH sub-
horizons also decreased along the transect with increasing mean annual
precipitation, suggesting that rainfall could indirectly influence THg
levels by controlling organic matter dynamics, as was recently evi-
denced by Ma et al. (2022).

On the other hand, PHg in the organic horizons did not correlate with
the distance to the coastline or precipitation, although rainfall was re-
ported to influence Hg storage on the forest floor (Richardson et al.,
2013; Blackwell et al., 2014; Wang et al., 2017, 2019b). The orography
of the territory, combined with precipitation, altitude and temperature,
could indirectly influence Hg pools in organic horizons through the
direct effect on the rate of organic C mineralization and biomass pro-
duction (Blackwell and Driscoll, 2015; Gruba et al., 2019; Wang et al.,
2019b). As evidence, PHg (p = 0.318; p = 0.024; n = 51) and total
organic C pool (p = 0.460; p = 0.001; n = 51) correlated with altitude in
OF + OH subhorizons. This is in line with the findings reported by Ma
et al. (2022), who observed that Hg concentration in the organic hori-
zons (litter) was dependent on altitude, temperature and precipitation.

The lack of relationships among THg in the mineral soil and pre-
cipitation, altitude and distance to the coastline suggests that variations
in THg along the coast-inland transect would mostly depend on the in-
teractions between Hg and soil components (Richardson et al., 2013;
Navratil et al., 2014).

Along the coast-inland transect, PHg values in the uppermost 10 cm
of the mineral soil increased with the proximity of pine stands to the
coastline and with mean annual rainfall (Fig. S5). Similar trends were
shown by the organic C pool, so the accumulation of Hg in the upper-
most layers of the mineral soil seemed to be indirectly influenced by
organic C accumulation as was reported in different studies (Szopka
et al., 2011; Juillerat et al., 2012; Gruba et al., 2019; Du et al., 2019).
Thus, along the transition between the Eurosiberian and the Mediter-
ranean biogeographical regions in the NW Iberian Peninsula, the
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variation in the climatic conditions (mainly precipitation) seemed to
affect PHg through the accumulation of organic C. In the same study
area (NW Spain), Rodriguez-Lado and Martinez-Cortizas (2015) and
Calvo de Anta et al. (2020) found that precipitation was the main factor
influencing soil C pool, whose highest values occurred in areas where
rainfall is evenly distributed throughout the year and with short dry
periods. These areas correspond to those where pine stands showed
greater PHg values, most of them located in the Eurosiberian biogeo-
graphical region.

4. Conclusions

The concentration and pool of Hg varied significantly among the soil
layers of the pine forests studied. The deeper organic subhorizon, i.e. OF
-+ OH, showed the highest THg mean value, which was found to be
closely correlated with the higher decomposition degree of organic
matter (lower C/N ratio). In contrast, although the mineral soil layers
showed lower concentrations of Hg, they appeared to be the largest
reservoir of Hg, mainly due to the highest bulk density and the presence
of Fe-Al compounds. The role of the mineral soil as a sink for Hg is key in
its immobilization, as the deeper soil layers are not directly exposed to
the effect of external disturbances such as forest management, land use
changes and global warming. In addition, in pine forests that are poorly
managed and therefore at high risk of wildfire, such as those studied in
the present work, Hg accumulated in the mineral soil would not be ex-
pected to be released into the atmosphere.

The variation of THg along the coastal-inland transect was only
observed in the uppermost soil layers (the organic horizon and the first
5 cm of mineral soil), that are directly affected by the atmospheric
deposition of mercury. Thus, the forest floor is a direct receptor of at-
mospheric Hg, which arrives to coastal areas bound to sea salt aerosols
and deposits through precipitation and fog. For this reason, together
with the coastal humidity that promotes vegetative growth, there were
higher concentrations of Hg in the uppermost layers of soils from pine
forests close to the coast. The variation in climatic features (precipita-
tion and temperature) and the altitude and orography of the territory
could indirectly affect Hg concentrations and pools in the uppermost soil
layers by controlling organic matter mineralization.
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