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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The prescribed fire resulted in Hg losses 
from the uppermost soil layers. 

• Mineral soil layers are long-term reser-
voirs of Hg despite the prescribed fire. 

• The well-decomposed SOM leads to 
higher Hg levels in the finest soil 
aggregates. 

• The easy mobilization of Hg-enriched 
aggregates into water bodies is of 
concern. 

• Soil Hg before and after the prescribed 
fire was linked to specific families of 
SOM.  
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A B S T R A C T   

Soils constitute the major reservoir of mercury (Hg) in terrestrial ecosystems, whose stability may be threatened 
by wildfires. This research attempts to look at the effect of prescribed fire on the presence of Hg in a shrubland 
ecosystem from NE Portugal, delving into its relationship with soil aggregate size and the molecular composition 
of soil organic matter (SOM). During the prescribed fire, on average 347 mg Hg ha− 1 were lost from the burnt 
aboveground biomass of shrubs and 263 mg Hg ha− 1 from the combustion of the soil organic horizon. Overall, 
Hg concentration and pools in the mineral soil did not show significant changes due to burning, which highlights 
their role as long-term Hg reservoirs. The higher Hg concentrations found in smaller aggregates (<0.2 mm) 
compared to coarser ones (0.5–2 mm) are favored by the higher degree of organic matter decomposition (low C/ 
N ratio), rather than by greater total organic C contents. The Hg-enriched finest fraction of soil (<0.2 mm) could 
be more prone to be mobilized by erosion, whose potential arrival to water bodies increases the environmental 
concern for the Hg present in fire-affected soils. The SOM quality (molecular composition) and the main organic 
families, analyzed by Fourier-transform infrared spectroscopy in combination with multivariate statistical 
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analysis, significantly conditioned the retention/emission of Hg in the uppermost soil layers. Thus, before the 
fire, Hg was strongly linked to lipid and protein fractions, while Hg appeared to be linked to aromatic-like 
compounds in fire-affected SOM.   

1. Introduction 

Mercury is recognized as a pollutant of environmental and public 
health concern worldwide (Clarkson and Magos, 2006), being soil its 
largest reservoir in terrestrial environments (Grigal, 2003). Mercury 
distribution through the soil profile is highly heterogeneous. Generally, 
the upper organic horizon shows the greatest Hg concentration, whose 
accumulation is favored by its high affinity for soil organic matter (SOM; 
Meili, 1991; Grigal, 2003; Skyllberg, 2010). Among the diverse chemical 
components of SOM, thiols are recognized as the preferred functional 
group for Hg binding (Skyllberg et al., 2003; Ravichandran, 2004). 
Organic horizons of forest soils usually behave as a source of Hg to the 
uppermost layers of the mineral soil, where Hg concentration usually 
decreases with increasing soil depth (Obrist et al., 2012; Navrátil et al., 
2016; Gruba et al., 2019). Although the mineral soil tends to show lower 
Hg concentrations than the organic horizon, the Hg accumulated in deep 
mineral soil layers is protected against the effect of external distur-
bances, acting as stable and long-lasting Hg reservoirs (Obrist et al., 
2014). Contrarily, the upper organic horizons are highly vulnerable to 
external changes (i.e. global warming, land use change and forest har-
vesting) that affect Hg and organic matter dynamics, by either 
enhancing or worsening their ability to accumulate Hg (Mazur et al., 
2014; Wang et al., 2019a, 2019b; Li et al., 2022). 

Wildfires constitute a serious environmental problem that causes 
direct and indirect damage to terrestrial ecosystems. Prescribed fires, 
commonly of low to moderate severity, are widely used to reduce the 
effects of the projected increase in wildfire frequency and severity due to 
global warming, land abandonment and afforestation with flammable 
species (IPCC, 2013; Moreira et al., 2011). However, there is evidence 
that both wildfires and prescribed burnings can release Hg from the 
combustion of vegetation and surface soil (Engle et al., 2006; Biswas 
et al., 2007; Melendez-Perez et al., 2014; Kolka et al., 2017). Once 
released into the atmosphere, Hg can suffer long-range transport (Sigler 
et al., 2003) or local deposition near the wildfire (Witt et al., 2009; 
Jensen et al., 2017). Hg emissions due to wildfires are expected to in-
crease by almost 30 % by 2050 (Kumar et al., 2018). Post-fire effects 
were also observed in field experiments, such as the mobilization of Hg- 
containing surface ash and soil particles through erosion at local scales. 
Such particles may be mobilized towards aquatic ecosystems, where 
biogeochemical conditions are favorable for Hg transformation into 
methyl-Hg, which is more toxic and bioaccumulative (Jensen et al., 
2017; Abraham et al., 2018). 

Soils affected by wildfires are expected to show a considerable drop 
in SOM content, particularly in the upper centimeters (Badía-Villas 
et al., 2014; Girona-García et al., 2018a). However, several authors re-
ported inputs of organic matter from the deposition of the burnt over-
lying vegetation on the forest floor (Johnson and Curtis, 2001; González- 
Pérez et al., 2004; Knicker et al., 2005). The migration of fine charred 
plant debris (<2 mm) from the litter layer to the underlying mineral soil 
results in increased C concentrations (González-Pérez et al., 2004; 
Knicker et al., 2005; Jiménez-Morillo et al., 2016). Wildfire-induced 
changes are not limited to the content but to the quality of SOM. The 
exposition of SOM to thermal treatments resulted in lower solubility and 
available functional groups (Almendros et al., 1990; Jiménez-Morillo 
et al., 2018), which in turn affects its capacity to adsorb and retain 
nutrients and trace elements (i.e., Hg). Given the well-known relation-
ship existing between Hg and SOM, and particularly with thiol func-
tional groups (Meili, 1991; Skyllberg, 2010), fire-induced changes in 
SOM are commonly accompanied by variations in Hg dynamics (Grigal, 
2003). However, little is known about the impact of SOM quality 

(molecular composition) alteration on Hg distribution among different 
particle size fractions. The molecular alteration of SOM by fire was re-
ported to be significantly driven by the particle size fraction of soil 
(Jiménez-Morillo et al., 2018, 2020, 2022). Some researchers have re-
ported that smaller particle size fractions of soil contain greater Hg 
concentrations than coarser particles (Grigal, 2003; Béliveau et al., 
2009; Burke et al., 2010; Qin et al., 2014; Gómez-Armesto et al., 2020). 
Moreover, the finest particles are responsible for most of the Hg- 
containing sediment transport to watersheds (Zheng et al., 2016), 
where serious toxicity risks are favored. Burke et al. (2010) emphasized 
the need for further study on the effect of fire on Hg dynamics within 
different soil particle size fractions as a function of fire-induced changes 
to SOM. 

Against this background, we hypothesized that prescribed fires, 
although less severe than wildfires, may disturb Hg cycling in the 
ecosystem. It was also hypothesized that fire-induced changes in the 
presence of Hg in the soil might depend on the variations in SOM dy-
namics. Hence, the present study aims to assess changes in SOM and Hg 
concentrations and pools induced by a prescribed fire performed for 
forest management purposes in a shrubland in NE Portugal. The effect of 
the controlled burning on such parameters was evaluated in the organic 
horizon and at different depths of the mineral soil (up to 20 cm), making 
a more detailed description in the first 10 cm, being the most influenced 
by the high temperatures reached during burning. In addition, as initial 
exploratory research, the study tried to establish links between the 
concentration of Hg and the composition of SOM in different aggregate 
size fractions from the uppermost soil layers before and after burning. 
This is an attempt to understand whether the distribution of Hg in the 
upper soil layers after fire is linked to the molecular alteration of SOM, 
and to which biogenic family Hg is preferentially associated with. 

2. Material and methods 

2.1. Study area 

The study was conducted in a shrubland area that was subjected to a 
prescribed burn to protect a coniferous forest whose extent has been 
considerably reduced in the past due to several wildfires. The study area 
belongs to the Montesinho Natural Park, which spreads over a 750 km2 

surface in NE Portugal and whose management plan includes prescribed 
fire to control shrub expansion in degraded areas. The burnt area was 
predominantly covered by species typical of shrubland communities of 
Mediterranean climates, such as Cistus sp., Genista sp., Erica sp. and 
Lavandula sp. The study area (41◦54′0” N, 6◦40′52.6” W) is 800 m a.s.l., 
with mean annual temperature and rainfall of 12 ◦C and 800–1000 mm, 
respectively, which give rise to a temperate climate with extreme sum-
mer heat and drought conditions. The geomorphology of the area is 
characterized by a plateau incised by deep valleys where small streams 
flow. The dominant rock type of the area is schist, which is covered by 
shallow and stony soils, mainly Epileptic Umbrisol (Loamic, Eutric) 
according to IUSS Working Group WRB (2022). 

The controlled burning was conducted in March 2021 over 5 ha of 
shrubland bordering a small group of pine trees (Fig. S1). The temper-
ature reached by flames was monitored with infrared imaging technol-
ogy and fire severity was classified as low to moderate (Parsons et al., 
2010). Moreover, the first sight after the prescribed fire indicated a large 
spatial variability in fire severity affecting vegetation or soil to different 
extents, as also reflected by the different temperatures reported during 
burning (between 100 and > 670 ◦C; Fig. S2). 
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2.2. Sample collection and preparation 

In order to estimate Hg losses during the prescribed fire, both 
vegetation and soil samples (up to 20 cm, n = 110) were collected one 
week before (BF) and one day after (AF) the prescribed fire at 11 fixed 
locations of the studied area (Fig. S1). 

Vegetation sampling was conducted within a 100 × 100 cm area at 
each of the 11 locations before the prescribed fire. In the square, the 
whole aboveground biomass was collected distinguishing species of the 
dominant genus (Genista, Erica and Cistus), which described an inter-
leaved distribution through the study area. The quantification of the 
total aboveground biomass by species per surface area was made by on- 
site weighing, from which a representative aliquot of each species at 
each location has been taken to the laboratory for Hg analysis. Imme-
diately after the prescribed fire, the remaining biomass was estimated by 
field observations establishing combustion factors for each dominant 
species (Fonseca et al., 2022). 

Soil sampling was done by differentiating the organic horizon from 
the mineral soil. Organic horizon samples were collected in duplicate 
(before and after the prescribed fire) at the 11 fixed locations (n = 22) 
within a square area of 70 × 70 cm, taking into account their thickness 
to later determine the bulk density as a function of the total dry mass of 
soil collected. At the same 11 locations, mineral soil samples were also 
collected before and after fire and at different depth intervals: 0–3, 3–6, 
6–10, 10–20 cm (n = 88). At each interval, a soil core (100 cm3) was 
carefully collected for bulk density estimation, corrected considering 
dry mass at the constant weight (105 ◦C). In addition, samples of fresh 
parent rock (schist and quartz) were collected to evaluate baseline 
geogenic Hg levels. 

Sample preparation before chemical analyses started with the oven- 
drying of vegetation (separated by species) and soil (organic and min-
eral) samples at 40 ◦C. After drying, vegetation and organic horizon 
samples were weighed and ground to <4 mm, whereas mineral soil 
samples were sieved to <2 mm. An aliquot of each sieved/ground 
sample of vegetation and soil was powdered in an automated agate 
mortar for subsequent analyses. 

The organic horizon and the upper mineral soil layer would experi-
ence the highest temperatures during burning and would likely undergo 
the greatest variations in Hg and SOM. Therefore, samples of the organic 
horizon and mineral topsoil (0–3 cm) from two representative locations 
of the study area (2 and 10) before and after the prescribed fire (n = 8) 
were selected for further analyses. Before analyses, an aliquot of the fine 
earth fraction (<2 mm) of the selected samples was separated and the 
rest of the sample was sieved by physical methods (stainless steel sieves) 
to different size intervals: <0.2 mm, 0.2–0.5 mm, and 0.5–2 mm, which 
were weighed and powdered, resulting in 24 soil samples of different 
size. These samples were analyzed to determine the concentration of 
total Hg, total C, total N and identify the composition of soil organic 
matter (SOM) by Fourier Transform-Infrared Spectroscopy (FT-IR). All 
equipment used during sample preparation was cleaned with diluted 
acid and deionized water to minimize cross-contamination. 

2.3. Chemical analyses and calculations 

For the analysis of Hg concentration in powdered vegetation and soil 
samples, a Milestone tri-cell Direct Mercury Analyzer (DMA-80) was 
used by applying thermal decomposition, amalgamation and atomic 
absorption spectroscopy (EPA Method 7473). Total Hg concentration 
was measured in two replicates of each sample and the average con-
centration was calculated. Additional replicates were analyzed if the 
coefficient of variation (CV) was above 10 %. For quality assurance and 
control (QA/QC), several standard reference materials (SRM) were 
analyzed, obtaining percent recoveries of 106 and 116 % for BCR 142 R 
(sandy soil, Hg certified at 67 ± 11 μg kg− 1) and NIST 1547 (peach 
leaves, Hg certified at 31 ± 7 μg kg− 1), respectively. 

Total concentrations of organic carbon (C) and nitrogen (N) of the 

powdered soil samples were analyzed using a Thermo-Finnigan 1112 
Series NC elemental analyzer and using the SRM NCS 33840026 for QA/ 
QC purposes. 

The concentration of total Hg (Hgconc.), the bulk density (BD), and 
the thickness (THI) of the organic horizons and mineral soil layers at 
different depth intervals were used to calculate the Hg pool (Hgpool) 
before (BF) and after (AF) the prescribed fire by applying Eq. (1). The 
same procedure was followed to calculate C pools, but taking into ac-
count the C concentration. 

Hgpool = Hgconc. x BD x THI (1) 

The Hg pool BF in the main shrub species present in the study area 
was estimated considering the Hg concentration and dry mass of each 
species per surface area. The Hg pool in vegetation AF was estimated by 
applying the combustion factor to the Hg pool determined for each 
species BF. Therefore, we assumed that all the Hg present in vegetation 
BF was lost together with the burnt biomass, either being deposited as 
ash on the soil surface or being volatilized to air. The loss of Hg from 
vegetation and soils during burning was estimated as the difference 
between the corresponding Hg pools BF and immediately AF. 

The molecular composition of different size fractions of bulk soil 
samples was measured by Fourier Transform-Infrared Spectroscopy (FT- 
IR) technique (Coradeschi et al., 2023). Fourier Transform Mid-Infrared 
spectra were obtained using an Alpha-R™ Spectrometer (Bruker Op-
tics®, Germany), with Attenuated Total Reflectance (ATR) module 
(Platinum-ATR-sampling module, Bruker, Germany), at a wavelength 
range of 4000–400 cm− 1 and a resolution of 2 cm− 1. To improve the 
signal to noise ratio, 60 spectra were co-added and averaged for each 
recorded spectrum. Spectral data were background corrected to a 
reference spectrum obtained before every measurement, and some 
spurious absorptions, such as peaks from atmospheric CO2, could be 
removed. 

2.4. Statistical analyses 

Statistical verifications were made using IBM SPSS Statistics 25. The 
effect of the prescribed fire and different soil layers on Hg concentration 
and pools and some parameters related to soil organic matter was 
assessed by applying the non-parametrical Mann-Whitney (U) tests. The 
data were tested with Spearman’s rank test (rs) to look for the statistical 
significance of correlations between the variables studied. These sta-
tistical tests were performed by differentiating organic and mineral soil 
layers, different particle size intervals and the situation relative to the 
prescribed burning (before or after fire). Statistical significance was 
considered when p < 0.05, unless otherwise specified. 

Partial Least Squares (PLS) regression models were generated using 
the ParLeS software (Viscarra Rossel, 2008) and employed to acquire 
predictive models of Hg concentration from the FT-IR spectral in-
tensities in the range 4000–800 cm− 1 (independent variables, 600 data 
points). The spectral pre-processing treatments consisted of a light 
scatter and baseline correction by Standard Noise Variate (SNV), a de- 
noising by using a median filter, and a mean centering (De la Rosa 
et al., 2019; Jiménez-González et al., 2019; Coradeschi et al., 2023). The 
Root Mean Squared Error (RMSE) and the Akaike’s Information Crite-
rion (AIC) were used, to prevent overfitting and to determine the best 
number of factors (latent variables) for each model. Lastly, the diag-
nostic spectral regions of the FT-IR spectra were studied by the combi-
nation plot of the Variable Importance for Projection (VIP) values in the 
studied spectral range. The VIP traces can be useful to identify the in-
dependent variables (spectral peaks), that may be linked to the depen-
dent variable (Hg concentration). Spurious forecast models due to 
overfitting were discarded after comparing PLS models calculated with 
the randomized data of Hg concentration (dependent variable). 
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3. Results 

3.1. Fire-induced changes in plant and soil Hg concentrations and pools 

Pre-fire (BF) and after fire (AF) averages of Hg concentration and Hg 
pools in the aboveground biomass of the dominant shrub species in the 
study area are summarized in Table 1. The total Hg concentration varied 
between 10.3 and 27.0 μg kg− 1, with the highest mean values observed 
in individuals of the genus Erica. Regarding the pool of Hg in the 
aboveground plant biomass, the values were in the ranges 32–425 mg 
ha− 1 and 7–85 mg ha− 1 before and after the prescribed fire, respectively, 
with Erica sp. showing the highest mean Hg pool (Table 1). 

The mean concentration and pool of Hg in soils before and after the 
prescribed fire are depicted in Fig. 1. In general terms and under un-
disturbed conditions (i.e. before the prescribed fire), the mean concen-
tration of total Hg was lower in the organic horizon (53 μg kg− 1) than in 
the underlying mineral soil layers (54–68 μg kg− 1), although without 
significant differences (p > 0.05). In the mineral soil layers, the con-
centration of Hg slightly decreased with soil depth (Fig. 1), resulting in a 
reduction of 19 % in the deepest layer (10–20 cm) compared to the value 
observed in the 0–3 cm layer. Regarding the pool of Hg, the mean value 
of the organic horizon before the prescribed fire was 0.04 mg m− 2, two 
orders of magnitude lower than the range of values found in the mineral 
soil layers (1.5–5.4 mg m− 2), where the Hg pool increased with soil 
depth. This resulted in significant differences among the pool of Hg in 
the organic layer compared to the mineral soil before the fire (U =
25.929; p = 0.000; n = 55). Contrarily to Hg concentration, the pool of 
Hg in the mineral soil layers increased with soil depth (Fig. 1). 

The prescribed fire resulted, on average, in a reduction of total Hg 
concentration in the organic (O) horizon (from 53 to 42 μg kg− 1 BF and 
AF, respectively; Fig. 1), being significantly lower than that observed 
before burning (U = 26.000; p < 0.05; n = 22). The reduction of total Hg 
in the O-horizon occurred in 9 of the 11 locations, being highly variable 
(3–70 %), while in the other two locations, Hg concentration increased 
considerably after burning (53 and 132 %) (Fig. S3). 

In the mineral soil layers, Hg concentration did not vary significantly 
(p > 0.05) before and after the prescribed burning. The mean concen-
tration of Hg in the soil layer immediately underlying the organic ho-
rizon, i.e. 0–3 cm, decreased after burning from 68 to 64 μg kg− 1 (Fig. 1). 
However, the effect of fire on Hg concentrations at the 0–3 cm layer was 
highly variable among locations, resulting in Hg losses or enrichments 
up to 49 and 59 %, respectively. In the 3–6 cm and 6–10 cm soil layers, 
the prescribed fire resulted in a mean Hg loss of <2 %, although showing 
high variability in Hg concentrations among the 11 locations (Fig. S3). 
In the deepest mineral soil layer (10–20 cm) there was also variability in 
Hg concentrations before and after fire although, contrarily to the 
overlying layers, the mean Hg concentration showed a slight increase 
after burning (5 %). 

Regarding the pool of Hg in the organic horizon, a considerable but 
not significant (p > 0.05) reduction was observed in its mean value after 
the fire, declining from 0.04 to 0.02 mg m− 2 (Fig. 1), which represents 
on average a 59 % Hg loss. In further detail, 8 of the 11 locations showed 
a considerable drop (31–90 %) in the Hg pool (Fig. S4). Contrarily, the 
organic horizon in the other 3 locations showed notable increases in Hg 
pools, two of them coinciding with those that showed rising Hg 

concentrations after burning. 
Mercury pools in the mineral layers were slightly higher after the 

prescribed fire (Fig. 1), although without statistical significance (p >
0.05). Thus, percent increases in the Hg pool varied between 7 and 15 % 
in the 6–10 cm and 3–6 cm soil layers, respectively. Like Hg concen-
tration, there was great variability in Hg pool changes induced by fire in 
the mineral soil among locations (Fig. S4). 

3.2. Fire-induced changes related to SOM 

Due to the close relationships between Hg and organic C cycles in 
terrestrial ecosystems (Skyllberg, 2010; Smith-Downey et al., 2010), 
changes in Hg concentrations and pools due to prescribed fire effects are 
expected to be linked, in part, to variations in soil organic matter (SOM). 
Therefore, the results obtained for some parameters related to SOM 
before (BF) and after (AF) the prescribed fire are described in this section 
(Fig. 2; Table S1). 

Before the prescribed fire, total organic C (TOC) concentration in the 
organic horizon was on average 5–8 times greater than in the mineral 
soil, where TOC decreased with depth from 84 g kg− 1 (0–3 cm) to 50 g 
kg− 1 (10–20 cm) (Fig. 2). The mean concentration of total N ranged from 
2.7 to 11.6 g kg− 1, showing greater values in the O-horizon and 
decreasing with mineral soil depth (Fig. 2). The highest mean C/N ratio 
occurred in the organic horizon (38), varying between 19 and 21 in the 
mineral soil (Fig. 2). The mean C pool was higher in the mineral soil 
layers (2.4–2.8 kg m− 2) than in the organic horizon (0.3 kg m− 2). 

After the prescribed fire, TOC was reduced by about 7 % in the 
organic horizon (at 7 locations) and in the 0–3 cm layer (at 6 locations), 
with a low reduction (<3 g kg− 1) below 3 cm depth (Fig. 2). Mean values 
of total N increased slightly after the fire (5–8 %) at all depths, except in 
the 0–3 cm layer where it was reduced by 2 %. A slight decrease in the C/ 
N ratio was observed for all soil layers after the prescribed fire, being 
more evident in the organic horizon (14 %) than in the mineral soil (3–7 
%). The C/N ratio before and after the prescribed fire was significantly 
different in the O-horizon (U = 21.000; p < 0.01; n = 22) and in the 0–3 
cm layer (U = 26.000; p < 0.05; n = 22). Regarding the C pool, there was 
a considerable reduction in the organic horizon (46 %) after burning, 
while it increased slightly (2–3 %) in the 3–6 and 6–10 cm layers, and 
strongly (31 %) in the 10–20 cm layer. 

3.3. Fire-induced changes in Hg and SOM in different size fractions 

Before the prescribed fire, higher Hg concentrations were found in 
the smaller aggregate size fractions (hereinafter referred to as fractions) 
from both the organic horizon and the 0–3 cm mineral layer (Table 2). 
Thus, mean values of Hg concentration followed the sequence: 94 μg 
kg− 1 (<0.2 mm) > 66 μg kg− 1 (0.2–0.5 mm) > 39 μg kg− 1 (0.5–2 mm) in 
the organic horizon and 85 μg kg− 1 (<0.2 mm) > 70 μg kg− 1 (0.2–0.5 
mm) > 36 μg kg− 1 (0.5–2 mm) in the 0–3 cm mineral layer. The con-
centration of total C (66–468 g kg− 1) and the C/N ratio (21–46) 
increased with greater aggregate size, showing higher values in the 
organic horizon than in the 0–3 cm mineral layer. The concentration of 
total N ranged from 2.7 to 12.7 g kg− 1, showing higher values in the 
organic horizon than in the 0–3 cm layer (Table 2). 

After the prescribed fire there was a reduction of Hg concentrations 
in the different fractions of the organic horizon, showing Hg losses of 49 
% (<0.2 mm), 21 % (0.2–0.5 mm) and 22 % (0.5–2 mm). In contrast, the 
concentration of Hg in the 0–3 cm mineral layer increased in <0.2 mm, 
0.2–0.5 mm, and 0.5–2 mm fractions at 3, 7 and 26 %, respectively. TOC 
and the C/N ratio described the same trend as for Hg concentration, 
showing a considerable loss in the organic horizon and a slight increase 
in the 0–3 cm layer after burning (Table 2). Total N concentration did 
not suffer notable variations after burning, except in the <0.2 mm 
fraction of the O-horizon (Table 2). 

The average IR and 2nd derived spectra of SOM in bulk soil samples 
(i.e. the fine earth fraction; <2 mm) of the O-horizon and the 0–3 cm 

Table 1 
Average and standard deviation of Hg concentration and pools in the above-
ground biomass of three dominant shrub species before (BF) and after (AF) the 
prescribed fire.  

Species N Hg conc. BF Hg pool BF Hg pool AF 

μg kg− 1 mg ha− 1 

Cistus sp.  5 16.0 ± 5.1 53 ± 24 26 ± 12 
Genista sp.  11 16.6 ± 2.8 182 ± 122 36 ± 24 
Erica sp.  6 24.7 ± 2.3 220 ± 141 44 ± 28  
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depth before (blue) and after (red) the prescribed fire (Fig. 3) exhibit 
some differences. The bulk soil samples are dominated by the band at 
1000 cm− 1, which corresponds to lignin-derived compounds and some 
ester and alcohol molecules (McCarthy and Rice, 1985; Miralles et al., 
2007). Additional significant bands include those at 520 and 450 cm− 1, 
together with those at 780 and 680 cm− 1, which are assigned to quartz 
and silicates, i.e., the mineral component of soils (Ojima, 2003). The 
band at 1160 cm− 1 is connected with hydroxyl groups (Hasan and 
Masoud, 2014), whereas the band at 1100 cm− 1 is associated with the 
deformation of OH groups, specifically the hydroxyl group of methox-
yphenols (Miralles et al., 2007; Jiménez-González et al., 2019; Cor-
adeschi et al., 2023). The band at 1640 cm− 1, which relates to unspecific 
aromatic vibrations (Dupuis and Jambu, 1969), was also detected in all 
samples. 

However, there are some differences among unburned and burned 
samples, as well as among soil layers. Within the O-horizon, there is a 
remarkable elimination of the band at 2900 cm− 1 after the prescribed 
fire. This band corresponds to alkyl compounds (2900–2920 cm− 1; 
Miralles et al., 2007). In addition, there is a removing of the bands 
located between 1900 and 1300 cm− 1 (see the 2nd derived spectra, 
Fig. 3). This cluster of IR bands is associated to amine groups and aro-
matic compounds (Zhou et al., 2014). Finally, bands around 900 cm− 1 

experimented a noticeable alteration, since in SOM of unburned sam-
ples, the first band (960 cm− 1) is higher than the second one (910 cm− 1), 
but in burned samples there is change of the band intensity (960 cm− 1 

band is higher than 910 cm− 1 band). The band at 910 cm− 1 is assigned to 
either aromatic or oleophilic C–H out-of-plane deformations (Miralles 
et al., 2007; Coradeschi et al., 2023), while, C––C bending of alkene 

corresponds to the band at 960 cm− 1. Concerning the 0–3 cm layer, 
there are not remarkable differences between FT-IR spectra. Only the 
2nd derived spectra show a little alteration in the region 1900–1300 
cm− 1. Concerning molecular differences among soil layers (O-horizon 
and 0–3 cm depth), the upper soil layer (O-horizon) before fire shows 
some bands that are not observed in the 0–3 cm layer, such as 2900 
cm− 1, as well as 1490 cm− 1 (amide II group; Tarantilis et al., 2012). 
Observing the 2nd derived spectra of the 0–3 cm layer and O-horizon, 
the alteration in the relative intensity of bands located between 960 and 
910 cm− 1 is also detected. 

We also investigated the molecular composition of organic matter 
held in different particle size fractions, in the O-horizon (Fig. S5) and in 
the 0–3 cm layer (Fig. S6). When the fractions analyzed in the O-horizon 
(Fig. S5) are considered, it is clear that they display similar spectral 
patterns to the average in bulk soil samples (Fig. 3), as well as equivalent 
alterations generated by the prescribed fire. However, a significant 
difference is shown in the finest particle size fraction (<0.2 mm), where 
a clear spectrum disturbance appears between 1900 cm− 1 and 1300 
cm− 1, as well as changes at 960 and 910 cm− 1. Surprisingly, the typical 
band associated with aliphatic chemicals at 2900 cm− 1 (Miralles et al., 
2007) is lacking within this fraction. In contrast, only a modest change 
in the 1900–1300 cm− 1 spectral area is found inside the smallest particle 
size fraction (<0.2 mm) within the aggregate fractions from the soil 
layer between 0 and 3 cm in depth (Fig. S6). 

Fig. 1. Box and whisker plot of total Hg concentration and pool in the organic horizon and at different depth intervals of the mineral soil. The box shows the 
interquartile range (from 25th to 75th percentiles), the solid line in the box represents the median value (50th percentile) and the dashed line represents the average 
value. The whiskers extend from the minimum to the maximum value. The points outside the box are outliers. * means significant differences before and after the fire 
(p < 0.05) according to the Mann-Whitney test. 
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3.4. FT-IR spectroscopy and PLS analysis of Hg concentration in different 
soil layers 

The cross-validation plots (predicted vs. observed values) for the Hg 
concentration of unaffected and burned soils at different depth layers 
(O-horizon and 0–3 cm) are depicted in fig. S7. The PLS models, using 
exclusively the information contained in a discrete infrared spectra 
range (4000–800 cm− 1, 600 data points), successfully predicted the Hg 
concentration of soil samples before and after the prescribed fire. To 
avoid the impact of the mineral fraction of soil samples, the IR-bands 

between 800 and 400 cm− 1 have been discarded. Comparison with an 
alternative model derived from the fully randomized dependent variable 
(Hg concentration) that had no connection (p > 0.05) with infrared data 
validated the model’s accuracy (data not shown). Each of the Hg con-
centration forecast models generated from the average infrared spectra 
of soil samples before (O-horizon: r2 = 0.994, p = 0.0001; 0–3 cm: r2 =

0.904, p = 0.0003) and after (O-horizon: r2 = 0.935, p = 0.0007; 0–3 cm 
depth: r2 = 0.924, p = 0.0002) prescribed burning, indicate substantial 
significance. The RMSE and AIC values in all situations advised that four 
factors can be used for both scenarios (data not shown). 

Fig. 2. Box and whisker plots of different parameters related to SOM in the organic horizon and at different depth intervals of the mineral soil. The box shows the 
interquartile range (from 25th to 75th percentiles), the solid line in the box represents the median value (50th percentile) and the dashed line represents the average 
value. The whiskers extend from the minimum to the maximum value. The points outside the box are outliers. * means significant differences before and after the fire 
(p < 0.05) according to the Mann-Whitney test. 
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Fig. 4 shows the VIP values of FT-IR spectra for the unburned and 
burned SOM preserved in the O-horizon and 0–3 cm depth layer, which 
was used to obtain the different PLS models. The superposition of the 
average infrared spectrum of SOM with the VIP trace indicates the best 
diagnostic bands to predict the Hg concentration for each scenario. The 
most significant FT-IR bands to predict the Hg concentration for unaf-
fected and fire-affected SOM in the O-horizon are those positioned at 
2900, 1640, 1490, 1160 and 1000, and 1640, 1100 and 910 cm− 1, 
respectively. In contrast, for the 0–3 cm depth, the unburned SOM 

infrared spectrum is dominated by the bands at 1490, 1100, 1000 and 
910 cm− 1, while bands at 1100 and 910 cm− 1 are the most important 
ones in burned organic matter within 0–3 cm soil depth. The VIPs 
observed between 2300 and 1800 cm− 1 were not considered in the 
model generation because they are associated with the presence of CO2, 
just as the VIPs observed between 4000 and 3000 cm− 1 are associated 
with the presence of H2O molecules in the sample. 

The models developed to forecast Hg concentration in various cir-
cumstances regarding burning and different depths were validated by 

Table 2 
Average and standard deviation of Hg, C and N concentrations and C/N ratio in different fractions of the organic horizon and the 0–3 cm mineral soil layer before (BF) 
and after (AF) the application of the prescribed fire. Two samples were analyzed for each combination of soil layer, aggregate size and time relative to fire.  

Soil layer <0.2 mm 0.2–0.5 mm 0.5–2 mm 

BF AF BF AF BF AF 

Hg concentration (μg kg− 1) 

O-horizon 94 ± 6 47 ± 17 66 ± 14 52 ± 11 39 ± 3 30 ± 8 
0–3 cm 85 ± 27 88 ± 40 70 ± 15 75 ± 35 36 ± 2 46 ± 26  

C concentration (g kg− 1) 

O-horizon 343 ± 82 135 ± 17 461 ± 36 263 ± 12 468 ± 41 296 ± 16 
0–3 cm 90 ± 12 96 ± 39 123 ± 5 128 ± 52 66 ± 8 77 ± 34  

N concentration (g kg− 1) 

O-horizon 12.7 ± 3.8 6.5 ± 0.2 12.7 ± 2.7 10.9 ± 1.2 10.3 ± 2.1 10.3 ± 0.8 
0–3 cm 4.3 ± 0.1 4.4 ± 1.3 5.0 ± 0.3 5.0 ± 1.8 2.7 ± 0.3 3.0 ± 1.3  

C/N ratio 

O-horizon 27 ± 2 21 ± 2 37 ± 5 24 ± 1 46 ± 5 29 ± 1 
0–3 cm 21 ± 2 21 ± 3 25 ± 1 25 ± 1 25 ± 1 25 ± 0  

Fig. 3. Average FT-IR spectra (4000–400 cm− 1) and 2nd derived spectra (4000–400 cm− 1) of SOM in bulk soil samples (i.e., fine earth fraction, <2 mm) of the O- 
horizon and 0–3 cm depth before (blue) and after (red) the prescribed fire. The colored squares in 2nd derived spectra are indicative of the remarkable molecu-
lar changes. 
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adding the infrared spectra of bulk soil samples (<2 mm) to the fore-
casting models and comparing the predicted findings with those ob-
tained by elemental analysis (Fig. 5). In all cases, the predicted Hg 
concentration values did not differ significantly from the observed 
values, with the exception of the organic matter preserved in the fire- 
affected O-horizon. In this case, the Hg concentration values predicted 
were significantly higher than the values obtained straight from the 
analysis. It is also worth noting that the Hg content derived from models 
of unaffected organic matter, both in the O-horizon and the 0–3 cm 
layer, were closer to the measured levels (Fig. 5). 

4. Discussion 

4.1. Fire-induced changes in plant and soil Hg concentrations and pools 

The Hg concentration found in the aboveground biomass of scrubs 
before the fire was in the range (10–40 μg kg− 1) reported in shrublands 

from different regions of the world (Zhou et al., 2021). The total Hg flux 
lost due to the combustion of the aboveground biomass was 347 mg 
ha− 1, with 26, 145 and 176 mg ha− 1 corresponding to Cistus sp., Genista 
sp. and Erica sp., respectively. Genista and Erica species showed a greater 
reduction in Hg pools (Table 1) than species of the genus Cistus, due to 
higher combustion factors in the former, as reported Fonseca et al. 
(2022). Variations in the combustion degree among different species 
could be related to the variable composition of natural fibers (Dorez 
et al., 2014). The Hg lost from the burned vegetation would mostly be 
released to the atmosphere or deposited on the soil associated with burnt 
plant debris and ash that may still contain Hg despite burning (Homann 
et al., 2015; Witt et al., 2009). 

Under undisturbed conditions, the concentration of Hg in the organic 
horizon (37–77 μg kg− 1) was lower than that reported in O-horizons 
(65–170 μg kg− 1) from coniferous and deciduous forests located close to 
the study area (Méndez-López et al., 2022). In the mineral soil, total Hg 
concentration was 2–3 times greater than the mean (10–20 μg kg− 1) 

Fig. 4. Superposition of Variable Importance for Projection (VIP) of spectral points and average infrared spectra of SOM from O-horizon and 0–3 cm depth layer 
before (blue) and after (red) the prescribed fire. 
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reported by Olson et al. (2022) in shrublands from the North American 
deserts. The extreme climatic conditions in this region of the US could 
result in reduced biomass growth by the dominant shrub species, orig-
inating SOM-poor sandy soils that would not favor Hg retention in the 
mineral layers. The progressive diminution of Hg concentration and 
TOC with depth, typical of forest soils (Obrist et al., 2012; Navrátil et al., 
2014, 2016; Gruba et al., 2019; Vieira et al., 2022), points out the strong 
affinity between them (Meili, 1991; Grigal, 2003; Skyllberg, 2010), 
which were positively correlated in the mineral soil (rs = 0.598; p =
0.000; n = 44; Fig. 6). The low Hg concentration in the parent material 
(2–4 μg kg− 1) excludes a significant contribution of geogenic sources to 
Hg present in the mineral soil. 

The effect of wildfires on Hg pools in terrestrial ecosystems is highly 
dependent on fire severity (Biswas et al., 2007; Kolka et al., 2017), being 
prescribed fires an example of low to moderate fire severity. In the 
present study, the significant (p < 0.05) reduction in soil Hg concen-
tration in the organic horizons after burning evidences that the appli-
cation of prescribed fires of low severity can produce considerable Hg 
losses, as previously reported (Obrist et al., 2009; Melendez-Perez et al., 
2014; Kolka et al., 2017; Abraham et al., 2018). Thus, the organic ho-
rizon lost 21 % of its total Hg concentration, comparable to the 27 % 
total Hg removal reported after a prescribed fire applied to bushy 
vegetation in Australia (Abraham et al., 2018). Variable Hg losses from 
organic horizons could result from the combined effect of several factors 
related to fire (severity, intensity), environmental conditions (humidity, 
wind speed, air temperature) and vegetation and soil (horizon thickness, 
pre-fire Hg levels, species and fuel load) (Biswas et al., 2007, 2008; 
Homann et al., 2015). These factors were reported to vary in very short 
distances influencing the effect of prescribed fires (Alcañiz et al., 2018). 
In the present study, some locations showed total Hg concentration in-
creases in the uppermost soil layers after the prescribed fire (Fig. S3). For 
instance, at location 11, the increase of Hg concentration in the organic 
horizon was accompanied by a decline in total Hg (up to 50 %) in the 
underlying mineral soil layer (0–3 cm). In this case, the Hg lost from the 
0–3 cm layer could be volatilized and trapped by charred organic matter 
in the O-horizon. At location 6, the increase of total Hg concentration in 
the O-horizon and in the underlying 0–3 cm layer (Fig. S3) after burning 
can be justified by a lower effect of fire at this sampling site and by the 
deposition of partially burned plant debris containing Hg, which agrees 
with the increase in total C (23 %) observed at that location (Table S2). 

The prescribed fire resulted in <5 % Hg loss in the mineral soil, and 
the lack of significant differences between Hg concentrations BF and AF 
(Fig. 1) suggests a scarce effect of fire at those depths. In fact, the tem-
perature reported at 2 cm below the mineral soil surface during a pre-
scribed fire in shrubland from NW Spain (Fernández et al., 2008) was 

well below that required for Hg volatilization (above 100 ◦C, Biester and 
Scholz, 1997). The increase in Hg concentration after fire at the 0–3 cm 
mineral layer in some locations (Fig. S3) could result from the mobili-
zation of ash towards the mineral soil (Campos et al., 2015), which were 
recognized as effective Hg adsorbents (Burke et al., 2010). Accordingly, 
we can hypothesize that the total Hg increase observed in all the mineral 
soil layers at locations 3 and 10 (Fig. S3) may be due to its mobilization 
with ash up to 20 cm depth, which would be supported by the increase in 
total C after burning in the mineral soil at these locations (Table S2). 
However, the short time elapsed between the fire and the collection of 
burned samples reduces the consistency in the mobilization of ash- 
associated Hg down to 20 cm depth. Another possibility is that the 
spatial variation could explain the differences observed in Hg concen-
trations before and after fire at different depths among the 11 locations. 

Before fire, the considerably lower Hg pool in organic horizons than 
in mineral layers is consistent with the reduced bulk density, thickness 
(0.9–1.9 cm) and Hg concentrations in the former (Fig. 1, Table S1), a 
relationship that has been reported in other studies (Obrist et al., 2012; 
Gruba et al., 2019). The spatial variability observed in Hg pools among 
the 11 locations after the prescribed fire could result from fire-induced 
changes in Hg concentrations and soil bulk density. On one hand, the 
overall reduction in soil Hg pools after fire at most locations (Fig. S4) 
would be mostly due to the decreased Hg concentration after fire, which 
was accompanied by a generalized reduction in total C concentrations 
AF (Fig. 2). On the other hand, raising Hg pools in mineral layers at 
locations 3 and 10 AF (Fig. S4) would be favored not only by the increase 
in total Hg and C concentrations due to fire, but to the increase in bulk 
density at these locations AF. Contrarily, Hg pool in mineral soil layers at 
location 7 (Fig. S4) showed little or no change despite the considerable 
reduction in Hg and C concentrations (Fig. S3; Table S2). These Hg and C 
losses could be offset by the notable increase in soil bulk density at this 
location after fire (data not shown), which would help to keep the Hg 
pools unchanged. 

Due to the direct exposition of the O-horizons to fire, differences in 
the Hg lost between organic and mineral soil layers are expected. In 
addition, as Hg volatilization is highly dependent on temperature 
(Biester et al., 2002), less Hg loss is expected in the mineral soil, as 
temperature during fire declines rapidly with soil depth (Fernández 
et al., 2008; Mataix-Solera et al., 2011; Melendez-Perez et al., 2014). 
Therefore, during the prescribed fire in the study area, Hg was mainly 
lost from the organic horizon and vegetation rather than from the 
mineral soil. Similar findings were evidenced by Engle et al. (2006), 
whereas other studies reported small or negligible Hg losses after 
burning (Biswas et al., 2008; Melendez-Perez et al., 2014; Kolka et al., 
2014, 2017; Campos et al., 2015). 

The reduction of Hg pools in many of the organic horizons after the 
prescribed fire reflects another consequence of fire (Homann et al., 
2015; Kolka et al., 2017). The difference between the average Hg pool 
before and after burning is commonly used to estimate the flux of Hg 
released into the atmosphere (Harden et al., 2004; Engle et al., 2006; 
Biswas et al., 2007; Melendez-Perez et al., 2014). Following this 
approach, the flux of Hg released from soils to air during the prescribed 
fire was 0.3 g Hg ha− 1, which was three and ten times lower than that 
reported for litter burning by wildfires in forested areas from the western 
US (Obrist et al., 2009) and the Amazonian rainforest (Melendez-Perez 
et al., 2014), respectively. These notable differences may be attributed 
to species-specific features of shrublands and tree-covered forests that 
determine pre-fire Hg pools (Biswas et al., 2007; Obrist et al., 2016) and 
the burning temperatures reached during the fire. In addition to their 
lower efficiency in removing atmospheric Hg compared to tree species, 
shrubs also transfer less Hg to the soil surface through litterfall due to 
their smaller aboveground biomass. Consequently, shrubland soils have 
a lower Hg pool available to be released after a wildfire, which justifies 
the low estimates of Hg loss obtained in the present study. 

The total flux of Hg lost due to prescribed fire was 0.61 g ha− 1, 
resulting from the sum of the Hg released from the burning of organic 

Fig. 5. Comparison of analyzed Hg concentration vs. predicted Hg concentra-
tions in different layers (O-horizon and 0–3 cm) between before (BF) and after 
(AF) fire from the forecasting FT-IR models. * indicates significant differences 
(p < 0.05). 
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horizons and shrubs, as there were no significant losses in the Hg pool of 
mineral soil layers. This value was of the same order of magnitude as 
that (0.36 g ha− 1) obtained after a wildfire that affected vegetation and 
litter in a sagebrush area (Engle et al., 2006). 

4.2. Fire-induced changes in SOM: biogenic elements (C, N) 

The total organic C (TOC) content in unburned O-horizons was quite 
similar to the average (450 g kg− 1) found in organic layers of shrubland 
soils from NW Spain (Fontúrbel et al., 2016). In the mineral soil, the 
concentration and vertical pattern of TOC were comparable to those 
found in mineral soils from shrublands in the northern Iberian Peninsula 
(Fontúrbel et al., 2016; Rial et al., 2016; Calvo de Anta et al., 2020; 
Fonseca et al., 2022). The averages of total N and C/N ratio in 

undisturbed organic horizons were similar to those found by Fontúrbel 
et al. (2016). Higher C pools in mineral soil layers than in organic ho-
rizons are justified by a greater bulk density in the former (0.7–1.0 g 
cm− 3) compared to that of the organic horizons (0.04–0.05 g cm− 3) 
(Table S1), as well as to the low mean thickness in O-horizons (average 
1.4 cm). 

The diminution of organic C due to fire, confined to occur in the 
organic horizons and in the 0–3 mineral soil layer, was expected 
considering a lower effect of temperature with increasing soil depth 
(Fernández et al., 2008; Mataix-Solera et al., 2011). Moreover, part of 
the SOM in the uppermost layers of shrubland soils constitutes the un-
protected free particulate organic matter fraction, whose low density 
may accelerate its combustion (Merino et al., 2021). The combination of 
a lower influence of fire temperature and a more physically protected 

Fig. 6. Regression between Hg and total organic carbon (TOC) concentrations for the different soil layers (O-horizon and several depth intervals of the mineral soil) 
before and after fire. 
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OM may explain the absence of a significant reduction of TOC in deeper 
soil layers. In addition, the heterogeneous distribution of fuel load, the 
spatial variation of fire temperature and its residence time may also 
explain why the loss of TOC did not occur throughout all the study area 
(Santana et al., 2011; Table S2). 

The response of TOC to fire in the uppermost mineral soil layers is 
highly variable, with some studies showing no effects (Fontúrbel et al., 
2016; Girona-García et al., 2019), and others evidencing reductions or 
gains (Úbeda et al., 2005; Girona-García et al., 2018a, 2018c; Fonseca 
et al., 2022). Soil sampling procedure and the dominant plant species 
were pointed out to justify variations of TOC in the uppermost mineral 
soil layers of shrublands (Badía et al., 2017). 

The mean loss of TOC after the prescribed fire in the organic horizons 
and the 0–3 cm mineral soil layer (1–5 %) was low compared to the 38 % 
reported for similar layers in shrubland soils (Girona-García et al., 
2018b, 2019; Merino et al., 2019, 2021). The time in which the pre-
scribed fire took place, its intensity, severity and duration, soil moisture, 
plant species and cover and the physical protection of SOM were sug-
gested as factors influencing the variation of TOC losses (Girona-García 
et al., 2018a; Merino et al., 2021). 

The slight increase in total N after a fire in many of the studied lo-
cations agrees with similar findings on the effects of prescribed fires on 
shrubland soils (Gómez-Rey et al., 2013; Alcañiz et al., 2016; Fontúrbel 
et al., 2016; Girona-García et al., 2018a, 2018c, 2019). According to 
Úbeda et al. (2005), N-rich ash derived from low combustion tempera-
tures in the forest floor may account for total N gains. 

The slight decrease in the C/N ratio after the fire, both in organic 
horizons and mineral soils, coincides with the findings observed in 
shrubland soils from the Iberian Peninsula (Fontúrbel et al., 2016; Me-
rino et al., 2021). Several factors may explain changes in the C/N ratio, 
such as the quickest loss of C upon N after the fire (Merino et al., 2021), 
the immobilization of N in recalcitrant forms favored by fire (González- 
Pérez et al., 2004) or fire-induced changes in soil microbial parameters 
(Fontúrbel et al., 2012; Barreiro et al., 2015). 

The considerable diminution of the C pool observed in organic ho-
rizons after the fire (46 %) was similar to that reported by Vega et al. 
(2005) in NW Spain during a light burn affecting the forest floor of 
shrubland. Greater losses of organic C pool (>65 %) were previously 
reported in the same area (Fonseca et al., 2022) as well as after a pre-
scribed burn in Mediterranean shrubland (Merino et al., 2019). The 
minor changes in the C pool in the uppermost mineral soil layers can be 
explained by the isolation effect that organic horizons exert on the 
mineral soil against fire effects (Kolka et al., 2017; Merino et al., 2019). 
The increase of C pools at the deepest mineral soil layer (10–20 cm) after 
fire may be explained by the increase in C concentrations at several of 
the 11 locations, so the incorporation of charred particles from overlying 
organic horizons cannot be ruled out (Dai et al., 2006; Merino et al., 
2019, 2021; Fonseca et al., 2022). 

4.3. Fire-induced changes in Hg and SOM in different size fractions 

Mercury distribution in soil aggregates of different sizes before and 
after the prescribed fire provides some insights about the potential co- 
mobilization of Hg and soil particles due to erosion. Soil erosion is one 
of the most concerning consequences of the alteration of soil physical 
properties due to prescribed fires (Alcañiz et al., 2018). Therefore, soil 
erosion can be considered a vector for Hg mobilization in burned 
catchments (Nelson et al., 2007; Burke et al., 2010). 

The increasing trend of Hg concentrations with decreasing aggregate 
size in the unburnt soil samples (O-horizon and 0–3 cm layer) is 
consistent with findings reported in previous studies (Grigal, 2003; 
Béliveau et al., 2009; Burke et al., 2010; Qin et al., 2014; Gómez- 
Armesto et al., 2020). This trend in Hg levels is attributed to the larger 
specific surface area of the smaller aggregates that favors Hg retention 
(Fernández-Martínez et al., 2005; Garcia Bravo et al., 2011). Moreover, 
differences in the chemical composition of SOM among different size 

fractions may also explain variable Hg levels among them. 
The smaller fraction (<0.2 mm) of the organic horizons before fire 

showed the highest Hg concentration (94 μg kg− 1) and the lowest C 
content (343 g kg− 1) together with reduced C/N ratios (27). This sug-
gests that Hg would be more readily retained in aggregates with well- 
decomposed SOM than in those with higher TOC contents, which is 
supported by the negative correlations observed for Hg with total C 
concentration (rs = − 0.943; p < 0.01; n = 6) and the C/N ratio (rs =

− 0.829; p < 0.05; n = 6) in different fractions of unburnt organic ho-
rizons (Fig. S8). An inversely proportional correlation between Hg and 
parameters related to SOM (i.e. TOC and C/N) is commonly reported in 
forest soils (Obrist et al., 2012; Blackwell and Driscoll, 2015; Navrátil 
et al., 2016; Méndez-López et al., 2022). 

In the unburnt 0–3 cm mineral soil layer, Hg levels also increased as 
aggregate size decreased (from 36 to 85 μg kg− 1, Table 2), but no cor-
relations between Hg and TOC or C/N ratio were found. This suggests 
that Hg could be influenced by inorganic soil compounds such as clay 
minerals and metal (Fe, Al) oxy-hydroxides that were reported to favor 
the accumulation of Hg in the mineral soil (Fiorentino et al., 2011; 
Guedron et al., 2009; Navrátil et al., 2016), influencing the distribution 
of total Hg among soil aggregates of different size (Do Valle et al., 2005; 
Xu et al., 2014; Gómez-Armesto et al., 2018). 

After the prescribed fire, total Hg and TOC concentrations dimin-
ished in all size fractions from the organic horizons (Table 2), as pre-
viously reported in shrubland soils affected by moderate-severity 
wildfires (Girona-García et al., 2018c; Merino et al., 2021). Contrary to 
unburned samples, Hg concentration did not increase with decreasing 
aggregate size in O-horizons after the prescribed fire. On the other hand, 
few changes were observed in total N levels after the fire in the O-ho-
rizons and the 0–3 cm soil layer, which can be attributed to a redistri-
bution of N forms among smaller and larger aggregate size fractions 
(Martí-Roura et al., 2014). 

It is noteworthy that, in the organic horizon, the greatest diminution 
of total Hg (49 %) after the prescribed fire occurred in the smallest 
fraction assessed (<0.2 mm), which also suffered the greatest TOC 
diminution (61 %). This contrasts with previous findings reporting 
preferential combustion of coarse aggregates due to a higher presence of 
oxygen in their macropores (Jordán et al., 2011). In any case, regardless 
of aggregate size, the loss of Hg in the burned organic horizons was a 
direct consequence of organic matter combustion during the fire. This is 
supported by the fact that the mobilization of Hg bound to organic 
matter starts at 250 ◦C (Biester et al., 2002), a temperature widely 
exceeded in the O-horizon during the prescribed fire (Fig. S2). More-
over, the considerable diminution of Hg in the smallest fraction of O- 
horizons during fire could be explained by their higher sensitivity to fire 
compared to coarser aggregates. In this regard, Girona-García et al. 
(2018c) indicated that organic C levels in finer fractions (<0.25 mm) 
were strongly influenced by fire compared to coarser fractions. In 
addition, TOC loss was also related to the breakdown of soil aggregates 
(Merino et al., 2021) and to the effect of soil water repellency (Jiménez- 
Morillo et al., 2016, 2017, 2022) that increases soil erodibility (Mataix- 
Solera et al., 2011). These facts reinforce the threat of Hg mobilization 
after the fire. Due to the great erosion potential of burned sites, Hg could 
be mobilized to surface waters bound to organic or particulate matter 
(Burke et al., 2010). In fact, Jensen et al. (2017) found great concen-
trations of particulate Hg in water samples from burned areas after high- 
flow events and Burton et al. (2016) attributed the higher Hg levels in 
stormflow water samples to leaching of soil particles during runoff from 
burned areas. 

Contrary to the organic horizons, all size fractions from the 0–3 cm 
mineral soil layer showed higher Hg concentrations after the fire, being 
consistent with the increase of total C concentrations. Thus, debris of 
total or partially burned material of the organic horizons can explain the 
increase in total C (Jiménez-Morillo et al., 2016; Badía et al., 2017). 
These debris would increase Hg concentrations in the uppermost min-
eral soil layers after fire, as in locations 3, 6 and 10 (Fig. S3), by 
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replenishing the mass of Hg not volatilized during the fire. Such increase 
in Hg concentration in mineral topsoil aggregates following fire also 
occurred in burned areas where bare soil is susceptible to erosion 
transferring Hg to freshwater ecosystems where its potential toxicity 
increases (Woodruff and Cannon, 2010). The lack of significant varia-
tions between before and after the fire in the C/N ratio of the fractions 
assessed in the 0–3 cm mineral soil layer suggests a secondary role of 
organic matter quality influencing Hg increases at such depth. Similarly, 
minor changes in the C/N ratios due to burning in different size fractions 
of shrubland soil affected by fire were also observed by Martí-Roura 
et al. (2014). 

4.4. Hg related to SOM molecular composition in different soil layers and 
size fractions 

In summary, the results obtained suggest that the variable quality of 
SOM among different aggregate size fractions in different soil layers 
leads to variable capacity for Hg retention. This fact together with the 
changes induced by fire in SOM and Hg contents showed the need for 
further research on organic matter composition and how this parameter 
may affect the presence and retention of Hg depending on soil aggregate 
size. 

The preliminary molecular study done by FT-IR spectroscopy showed 
specific differences among soil layers, particle size fractions and times 
relative to the prescribed fire (Figs. 3, S5 and S6). The FT-IR spectra of 
unaffected SOM in a specific soil layer and its different particle size 
fractions depicted the same infrared profile. These samples showed a 
band at 2900 cm− 1

, characteristic of the alkylic compounds (Miralles 
et al., 2007), which is unique in non-affected samples. The presence of 
these lipid-like compounds may come from i) epicuticular waxes (fresh 
biomass deposition), ii) microbial degradation of plant biomass, or iii) 
microbial cells (Jiménez-Morillo et al., 2016, 2017, 2018). The absence 
of this band in SOM at different soil layers and particle size fractions 
after the prescribed fire may indicate the thermal destruction of the 
lipidic fraction of soil, which has been observed by Jiménez-Morillo 
et al. (2017, 2020). Another important result was the higher intensity of 
the band corresponding to the amide II group (at 1490 cm− 1), only in the 
finest soil fraction (<0.2 mm) after the fire. This change may indicate an 
accumulation of protein-derived compounds (peptides) generated by the 
denaturalization of proteins or the destruction of membrane cells by fire 
(González-Pérez et al., 2004; Jiménez-Morillo et al., 2018). These mo-
lecular differences may be correlated to the significant differences in the 
VIP FT-IR bands used by the generation of the forecasting Hg concen-
tration models (Fig. 4). A detailed examination of the VIP values for each 
PLS models showed that the Hg concentration in O-horizon before fire 
was significantly linked to lipid-like compounds (2900 cm− 1), aromatic- 
derived (1640 cm− 1), protein-derived (1490 cm− 1), lignin-like com-
pounds (1160 cm− 1) and some ester and alcohol molecules (1000 cm− 1). 
In contrast, fire-affected O-horizon were dominated by bands at 1640, 
1100, and 910 cm− 1 (aromatics and lignin-like compounds, respec-
tively). In the case of 0–3 cm depth layer, the dominant VIP bands of 
unburned SOM were assigned to protein-derived (1490 cm− 1), and 
lignin (1100, 1000 and 910 cm− 1) compounds, while for fire-affected 
SOM the significant biogenic families were lignin-like (1100 and 910 
cm− 1) compounds. These results may confirm that the quality (molec-
ular composition) of SOM before and after prescribed fires is a signifi-
cant and remarkable variable to assess and predict the alteration of Hg 
concentration after wildfires and prescribed burnings. The use of IR 
spectra from burned and unburned bulk soil samples from different 
layers allowed the validation of predictive Hg models (Fig. 5). Thus, 
there were no significant variations in the different scenarios (BF and 
AF) and layers (O-horizon and 0–3 cm) assessed, with the exception of 
the burned O-horizon. This validation of the model suggests that it is 
suitable for use with real samples; nevertheless, as it is a preliminary 
model, it is required to increase the number of “control” and “training” 
samples to cover a wider range of scenarios. Therefore, despite being a 

preliminary work, we can conclude that the application of FT-IR spec-
troscopy and chemometric analysis is an appropriate approach not only 
for predicting changes in Hg content but also for evaluating the chemical 
groups that can form linkages with Hg. The evaluation of the correlation 
between the main individual chemical families with Hg concentration 
will be the main focus of the next work, in which we will try to combine 
ultra-high resolution analytical pyrolysis (Py-GC/Q-TOF) with chemo-
metrics. This work has allowed us to verify our hypothesis that SOM 
quality may be considered an important factor in the biogeochemical 
cycle of Hg. 

5. Conclusions 

Low-severity fires are able to destabilize Hg in soils, leading to its 
redistribution in the environment, as expected due to the significant 
changes detected in the organic horizon. The higher Hg levels found in 
the smallest aggregates in the uppermost soil layers are of particular 
concern because of their readiness to mobilize during erosion and the 
potential to reach watercourses, where Hg is more susceptible to convert 
into methylmercury. Mineral soils are reinforced as long-term Hg res-
ervoirs where Hg is shielded from external disturbances since no sig-
nificant changes due to burning were observed. However, large 
uncertainties in regional and global estimates of Hg loading by wildfires 
are suspected due to the large variability in post-fire Hg losses and gains 
at a local scale in the uppermost soil layers. 

The molecular characterization of SOM in combination with multi-
variate statistical analysis showed the significant impact of SOM quality 
on the retention/emission of Hg, as well as the main organic families to 
which Hg is attached under different scenarios (before and after the 
prescribed fire). The forecasted Hg values obtained by the models 
generated in this study will aid as a starting point for future research into 
the dynamics of Hg biogeochemical cycling in terrestrial ecosystems and 
how it is affected by natural and anthropogenic disturbances. 
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tion. Juan Carlos Nóvoa-Muñoz: Conceptualization, Formal analysis, 
Visualization, Resources, Writing – original draft, Supervision, Writing – 
review & editing, Funding acquisition, Project administration. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was supported by the Interreg V-A Spain-Portugal pro-
gram (POCTEP) 2014–2020 (Project 0701_TERRAMATER_1_E) funded 
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