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A B S T R A C T   

Vegetation and climate are critical in the biogeochemical cycle of Hg in forest ecosystems. The study assesses the 
influence of needle age and precipitation on the accumulation of Hg in needle biomass and its deposition by 
litterfall in thirty-one pine plantations spread throughout two biogeographical regions in SW Europe. Well- 
developed branches of Pinus pinaster were sampled and pine needles were classified according to 4 age classes 
(y0, y1, y2, y3). The concentration of total Hg (THg) was analyzed in the samples and Hg content in needle 
biomass and its deposition by litterfall were estimated. The concentration of total Hg (THg) increased with 
needle age ranging from 9.1 to 32.7 μg Hg kg− 1 in the youngest and oldest needles, respectively. The rate of Hg 
uptake (HgR) three years after needle sprouting was 10.2 ± 2.3 μg Hg kg− 1 yr− 1, but it decreased with needle age 
probably due to a diminution in photosynthetic activity as needles get older. The average total Hg stored in 
needle biomass (HgWt) ranged from 5.6 to 87.8 mg Hg ha− 1, with intermediate needle age classes (y1 and y2) 
accounting for 70% of the total Hg stored in the whole needle biomass. The average deposition flux of Hg 
through needle litterfall (HgLt) was 1.5 μg Hg m− 2 yr− 1, with the y2 and y3 needles contributing most to the total 
Hg flux. The spatial variation of THg, HgWt and HgLt decreased from coastal pine stands, characterized by an 
oceanic climate, to inland pine stands, a feature closely related to the dominant precipitation regime in the study 
area. Climatic conditions and needle age are the main factors affecting Hg accumulation in tree foliage, and 
should be considered for an accurate assessment of forest Hg pools at a regional scale and their potential con-
sequences in the functioning of terrestrial ecosystems.   

1. Introduction 

Mercury is a global pollutant derived from both natural and 
anthropogenic sources (Driscoll et al., 2013), whose progressive accu-
mulation in different compartments of the biosphere during the last 
decades have triggered impacts on wildlife and human health (UN 
Environment, 2018; Zhang et al., 2021). 

Trees are considered the largest Hg pool in forest ecosystems after 

soils (Yang et al., 2018), with foliage being responsible for the uptake of 
49% of the global total Hg assimilated by vegetation (Zhou and Obrist, 
2021). Tree foliage uptakes mostly gaseous elemental Hg, Hg(0), by 
stomata (Laacouri et al., 2013) and non-stomata routes (Arnold et al., 
2018), and it is afterward accumulated in leaves/needles along their 
lifetime to be finally transferred to soil surface through litterfall as a 
result of foliage shedding (Wang et al., 2019a; Zhou and Obrist, 2021; 
Zhou et al., 2021). Litterfall was proved to be the main pathway of Hg 
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deposition to soils in forest ecosystems (Juillerat et al., 2012; Wang 
et al., 2016a; Wright et al., 2016; Gerson et al., 2017; Zhou et al., 2020), 
although recent findings showed that the direct deposition of gaseous 
elemental Hg can triple the amount of Hg deposited through litterfall in 
forested areas (Obrist et al., 2021). 

Needles of coniferous species had been widely used to monitor at-
mospheric contaminants such as Hg due to their scavenging properties, 
longer lifespan and a greater surface area per volume of foliage than 
broadleaf deciduous species (Witt et al., 2009; Obrist et al., 2012; Juil-
lerat et al., 2012; Hutnik et al., 2014). Thus, Hg is progressively accu-
mulated in needle/leaf tissues as the exposure period and/or foliar age 
increase (Lyapina, 2018; Turkyilmaz et al., 2018; Wohlgemuth et al., 
2020; Woś et al., 2021). Since Hg accumulated in needles is finally 
transferred to soil surface through litterfall, an estimate of the amount of 
Hg stored in foliage can be used to assess how much Hg can potentially 
reach the soil surface (Zhou and Obrist, 2021). 

Besides vegetation, climate characteristics have been reported to be a 
powerful driver of Hg storage in forest soils (Wang et al., 2019a). Thus, it 
has been shown that in coastal areas, common events of occult deposi-
tion (fog and dew), rainfall and maritime winds contribute to the 
transport of Hg (Hg2+ bound to sea salt aerosols) from the ocean to 
nearshore forests which are potential sinks for Hg (Coale et al., 2018; 
Peckham et al., 2019). In addition, climate may affect Hg fate in forest 
ecosystems by modifying soil organic C dynamics (Hararuk et al., 2013), 
promoting the succession of different tree species (Richardson and 
Friedland, 2015), or altering Hg deposition pathways (Blackwell et al., 
2014; Yang et al., 2019). 

In southern Europe, forests are extremely vulnerable to disturbances 
due to climate change (Forzieri et al., 2021). Considering the worst 
scenario, an increase of 4–6 ◦C in the mean annual temperature and a 
15–20% decrease in mean annual precipitation is expected for 2080 
(EEA, 2017). Depending on the extent of these predictions, the ability of 

foliar tree biomass to accumulate atmospheric Hg could be strongly 
modified at different spatial scales. Recently, foliar Hg uptake fluxes 
were quantified in several tree species from central to northern Europe 
(Wohlgemuth et al., 2020). Unfortunately, Hg data in vegetation from 
southern European regions, where direct and indirect impacts of climate 
change are expected to be more pronounced, are scarce. 

As mentioned above, the influence of leaf age of different tree species 
and climate conditions on the presence of Hg in forest ecosystems were 
assessed separately. Although scarce, there are also studies on the effect 
of fog and precipitation on the transport of Hg to coastal areas. However, 
one of the new contributions of this work is to address these factors 
(needle age and climate conditions) simultaneously. Also as novelty, the 
present study goes further than assessing how these factors affect to Hg 
concentration in pine needles, extending its assessment to estimate Hg 
accumulated in total needle biomass and Hg deposition to the soil sur-
face by needle litterfall. For this purpose, several stands of maritime pine 
(Pinus pinaster, Aiton) spread across Galicia (NW Iberian Peninsula), a 
transition area among the Eurosiberian and the Mediterranean biogeo-
graphic regions in southwest Europe, were selected. The variation of Hg 
concentration and storage in needles, and Hg deposition through lit-
terfall was geographically modeled as a function of precipitation. The 
results obtained would contribute to new insights into the fate of Hg in 
forest ecosystems from background areas of SW Europe, where empirical 
data are scarce and the predictions of the European Monitoring and 
Evaluation Programme (EMEP) have a high degree of uncertainty. 

2. Material and methods 

2.1. Study area, sampling sites and needle collection 

The study was carried out in Galicia, a territory of about 30.000 km2 

located in the western corner of the Iberian Peninsula (Fig. 1). Galicia is 

Fig. 1. Location of the study area (Galicia, NW Iberian Peninsula) in southwest Europe including the main cities and the coal-fired power plants (right). Distribution 
of the 31 Pinus pinaster forest stands (red labels) and the weather stations considered (blue labels) throughout the study area (left). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.) 
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divided into the Eurosiberian and the Mediterranean biogeographic 
regions with a marked transition of climatic characteristics from the 
west to the east. The northern and western area (the Eurosiberian) is a 
coastal zone strongly influenced by oceanic cold fronts resulting in total 
annual rainfall up to 2300 mm, whereas the inland area (the Mediter-
ranean) is characterized by a lesser maritime influence and rainfall 
ranging from 700 to 1500 mm yr− 1 (Souto et al., 2003). The mean 
annual temperature is about 12 ◦C, although it varies slightly between 
coastal and inland areas. The climax vegetation in the study area is 
deciduous broadleaf forest dominated by Quercus robur (L.). However, 
coniferous maritime pine (Pinus pinaster, (Ait.)) has progressively spread 
as a result of the afforestation process carried out in the study area, until 
occupying over 200.000 ha (Picos and Rodríguez-Soalleiro, 2019). In 
the pine forest stands, the understory is shrubs (Ulex sp., Erica sp., Cal-
luna vulgaris), fern (Pteridium aquilinum), creeping ivy (Hedera helix), 
wild blackberry (Rubus ulmifolius) and different annual and biannual 
herbaceous species. 

Thirty-one maritime pine forest stands composed of individuals of 
similar age (11–13 years old) were selected throughout Galicia for this 
study (Fig. 1), covering an altitude range from 80 to 900 m a.s.l 
(Table S1). The pine stands were classified as inland or coastal stands 
according to the biogeographic region they come from (Mediterranean 
vs Eurosiberian), but also factors such as the distance to the coastline, 
mean annual precipitation as well as stands location with regard to the 
prevailing winds throughout the year were considered. Pine stands 
characterization, pine needles sampling (performed in October 2009) 
and needle age class assignment were described in detail elsewhere 
(Eimil-Fraga et al., 2015a, b). Briefly, in each stand, three dominant pine 
trees were selected and a well-developed branch oriented in the direc-
tion of the prevailing winds (mainly from the SW) was removed from the 
upper third of the crown of each tree. From each branch, all the needles 
were collected and classified by age classes as follows: 0 year-old needles 
(y0; sprouted during the sampling year, 2009), 1 year-old needles (y1; 
sprouted during 2008), 2 year-old needles (y2; sprouted during 2007) 
and 3 year-old needles (y3; sprouted in 2006). The sampling was carried 
out at the end of the growing season in order to ensure that needles of 
each age class showed the maximum Hg content (Demers et al., 2013). 

The sampling procedure resulted in 294 needle batches corre-
sponding to a combination of stands (31), trees (3 per stand), branches 
(1 per tree) and age classes (from 2 to 4 depending on the tree branch 
and stand). All needle batches were identified in the field, stored in 
polyethylene zip bags and transported to the laboratory in a portable 
refrigerator (4 ◦C). Each needle batch was separated into 3 subsamples 
for different purposes. The first set of subsamples set was oven-dried to a 
constant weight (65 ◦C for 48 h) to average the dry weight of a single 
needle. A second set was air-dried to determine the main morphological 
needle characteristics by each age class such as length, thickness, width, 
leaf area, etc. (Eimil-Fraga et al., 2015a). The third set of subsamples 
was freeze-dried, ground in a grinder using a mesh diameter of 0.5 mm 
(POLYMIX PX-MFC) and milled in a mechanical agate mortar (Retsch 
RM200) followed by analysis for total Hg. During needle collection and 
their preparation for Hg analysis, polyvinyl gloves were used to avoid 
sample contamination whereas the grinder and the mortar were cleaned 
with diluted HCl and distilled water to minimize cross-contamination 
among samples. 

2.2. Total Hg determination 

The determination of the total Hg (THg) content in the milled needle 
samples was conducted using a Milestone tri-cell Direct Mercury 
Analyzer (DMA-80). The analytical method is based on thermal com-
bustion, amalgamation and atomic absorption spectroscopy (U.S. EPA, 
method 7473). All the samples were measured twice, weighing about 
100 mg and repeating the measurement when the coefficient of varia-
tion among duplicates exceeded 10%. In terms of quality assurance and 
control purposes (QA/QC), the accuracy of Hg determination was 

assessed using the standard reference material NIST 1547 (peach leaves) 
with Hg certified values of 31 ± 7 μg kg− 1. Standard reference material 
was measured at the beginning of each analytical run and every twenty 
sample measurements, obtaining a recovery percentage of 98.6% 
(average 30.6 ± 0.5 μg kg− 1; n = 40). The detection limit of the method 
was 0.43 μg kg− 1 considering three times the standard deviation of the 
mean blank concentrations and an average sample mass of 0.100 g. 

2.3. Calculations 

2.3.1. Mercury accumulation rate in needles 
Mercury accumulation rate (HgR) was assumed as the slope of the 

linear regression fit (least square method) of Hg concentrations in nee-
dles with exposure time. Values of HgR were calculated for each stand 
and needle age interval. Assuming that at the beginning of needle sprout 
THg is negligible, regression was forced to zero and HgR for y0 needles 
resulted from the representation of THg concentrations in the sampling 
year (y0). Estimation of HgR in y1 needles was calculated representing 
their THg in the present (y1) and the preceding growing year (y0) 
without forcing the regression to zero. The same procedure was followed 
for y2 and y3 needles (if they were present). A total Hg accumulation rate 
(HgRt) was also calculated for each stand taking into account THg con-
centrations in y0, y1 and y2 needles, and forcing the regression through 
zero. 

2.3.2. Mercury stored in needle biomass 
Before estimating the amount of Hg stored in the needle biomass, 

total needle biomass (Wtn), in Mg ha− 1, was calculated for each stand 
using equation (1) (Hevia et al., 2017). 

Wtn = 0.015⋅d2.574⋅CR2.617 (1) 

This approach is based on tree diameter at breast height (d) and 
crown ratio (CR) and is adapted to the species (Pinus pinaster) and area 
under study. Both parameters (d and CR) were measured in all the trees 
present within a representative plot of 20 × 30 m established in each of 
the 31 studied stands. 

The distribution of needle biomass by age class (Wx, in Mg ha− 1), 
where the subscript x represents the needle age class, was estimated 
considering the dry weight percentage of each needle age class with 
regard to total needle biomass (Wtn). The results were averaged per 
stand based on the three sampled branches (Online Data Resource). 

Mercury accumulated in the biomass of each needle age class (HgWx, 
in mg Hg ha− 1), with x ranging from 0 to 3, was calculated by multi-
plying the Hg concentration by the needle biomass of the corresponding 
age class (Online Data Resource). For each stand and needle age class, 
HgWx was averaged from the results obtained in needles from the three 
branches collected. The sum of the averages of HgWx (i.e., HgW0 + HgW1 
+ HgW2 + HgW3) represents the Hg accumulated in the total needle 
biomass for each pine stand (HgWt). 

2.3.3. Mercury deposition through litterfall 
The annual flux of litterfall (Lx) was estimated, on an areal basis, 

considering needle survival rate (Sx) and needle biomass (Wx) for each 
age class as indicated in equation (2) (Eimil-Fraga et al., 2015b). 

Lx =
Wx

Sx
⋅ (Sx− 1 − Sx) (2)  

where Lx is the flux of litterfall comprised by needles of the age class x (in 
Mg ha− 1 yr− 1), Wx is the needle biomass of the age class x, Sx is the 
needle survival rate of age class x and Sx-1 is the survival rate of the 
previous age class. Values for needle survival (S in eq. (2)) are expressed 
as ratios of unity, assuming that S0 (the survival rate of needles sprouted 
in the sampling year, y0) is 1 which represents 100% of needle survival. 
Total litterfall flux for each stand (Lt) was calculated considering the sum 
of the averaged values of Lx obtained for each needle age class (i.e., L0 +
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L1 + L2 + L3). Details of this calculation are shown in Online Data 
Resource. 

Mercury deposition through litterfall was estimated for each needle 
age class (HgLx) by multiplying the Hg concentration in needles of age x 
by the litterfall flux of needles with the same age, with x varying from 
0 to 3 (Online Data Resource). For a given stand, Hg deposition through 
the litterfall of each needle age class was averaged with the values ob-
tained in the samples collected from the three branches selected per tree. 
For an individual stand, total Hg deposited through litterfall (HgLt) was 
considered the sum of the averaged values of HgLx obtained for each 
needle age class (i.e., HgL0 + HgL1 + HgL2 + HgL3). 

2.4. Meteorological data and mapping 

Meteorological data were obtained from Meteogalicia (Meteogalicia. 
gal, 2021), a public Agency dependent on the Autonomous Government 
of Galicia for the regional weather forecast. This Agency collects and 
provides meteorological parameters, on a monthly basis, from different 
georeferenced weather stations (Fig. 1). For this study, total annual 
rainfall (L m− 2) was calculated as the sum of the monthly precipitation 
registered from 35, 52, 79 and 81 weather stations for the years 2006, 
2007, 2008 and 2009, respectively. In the abovementioned years, total 
rainfall was also calculated for winter (January–March), spring 
(April–June), summer (July–September) and autumn (October–De-
cember) (see Online Data Resource for additional details). 

The spatial variation of Hg descriptors (total Hg concentration in 
needles, Hg accumulated in needle biomass and Hg deposited through 
litterfall) was modeled using QGIS Geographic Information System 
(QGIS.org, 2021) by applying the inverse distance weighting (IDW) 
method. In addition, precipitation and mean annual temperature in the 
sampling stands were also estimated by IDW. During the interpolation, 
sampling points are weighted and their influence over unknown points 
decreases as the distance among them increases. For proper IDW 
application, sampling points must be representative of the area studied 
as IDW assumes that nearby locations are more likely to have similar 
values (Fortin and Dale, 2005; Olaya, 2012) and estimated values will be 
within the measured concentration range. Weather stations and forest 
stands that are shown in Fig. 1 were assumed to be representative of the 
study area. 

2.5. Statistical analyses 

Descriptive and statistical analyses were carried out using IBM SPSS 
Statistics 25 for Windows. Non-parametrical statistical tests were used as 
most of the variables measured and calculated do not follow a normal 

distribution. A Kruskal-Wallis test (H) was performed to assess needle 
age class as an influencing factor on Hg concentration, Hg accumulation 
in needle biomass and Hg deposition through litterfall, whereas a Mann- 
Whitney test (U) was applied to ascertain if the inland or coastal location 
of stands influenced in the parameters related to Hg. Finally, Spearman 
correlations (ρ) were used to explore relationships among different pa-
rameters. For all tests, statistical significance was considered when p <
0.05. 

3. Results 

3.1. Total Hg in needles: concentrations and accumulation rates 

The mean concentration of total Hg (THg) for Pinus pinaster needles 
in all stands was 21 ± 11 μg kg− 1, with the range 4.3–50.6 μg kg− 1 (n =
294). Total Hg in needles showed a clear increase with age (Table 1) 
confirmed by a Kruskal-Wallis test assessing needle age class as a factor 
(H = 214.1; p = 0.000; n = 294). The lower mean THg concentration 
corresponded to the needles sprouted during the sampling year (y0) with 
9.1 ± 2.8 μg kg− 1, varying between 4.9 μg kg− 1 (stand 24) and 15.0 μg 
kg− 1 (stand 11). Table S2 shows mean values for THg by needle age class 
and stand. Mean THg concentrations for y1 needles (22.1 ± 5.8 μg kg− 1) 
were more than twice those for y0, ranging from 12.1 μg kg− 1 (stand 13) 
to 34.8 μg kg− 1 (stand 11). For y2 needles, the average THg increased up 
to 29.9 ± 6.0 μg kg− 1, ranging between 19.5 and 43.3 μg kg− 1 in stands 
13 and 26, respectively. Although y3 needles (sprouted in 2006) were 
present in few stands, they showed the highest mean concentration of 
THg with 32.7 ± 8.4 μg kg− 1 as well as the widest range of THg among 
stands, varying from 20.9 to 47.5 μg kg− 1 in stands 15 and 9, respec-
tively (Table S2). 

Total Hg in pine needles also showed noticeable differences among 
stands for each age class assessed (Table S2), resulting in a spatial 
variation of THg depicted in Fig. 2. For the same age class, THg in 
needles decreased from stands close to the coast (at the west and north of 
Galicia) to inland areas. This diminution of THg in pine needles along a 
coastal-inland gradient becomes more evident in older needles. For 
example, y3 needles had the highest values (above 35 μg kg− 1) in the 
southwest and far north of the study area (Fig. 2). 

Mean values for Hg accumulation rates (HgR) in pine needles, 
considered as a net uptake of atmospheric Hg(0), were 9.1, 13.0, 8.1 and 
4.1 μg Hg kg− 1 yr− 1 for y0, y1, y2 and y3 needles, respectively (Table S3). 
The Kruskal-Wallis test indicated that values of HgR differed signifi-
cantly with needle age class (H = 27.7; p = 0.000; n = 92) with the 
younger needles (y0 and y1) showing the highest Hg accumulation rates. 
According to the distribution of HgR among the different needle age 

Table 1 
Mean ± standard deviation and range (between brackets) of total Hg concentration and storage in needles, Hg flux through litterfall and Hg accumulation rates in 
coastal (n = 18) and inland (n = 13) pine stands according to age classes y0, y1, y2 and y3 (the sprouting year of each needle age class is presented in brackets).  

Location Needle age class 

y0 (2009) y1 (2008) y2 (2007) y3 (2006) 

Total Hg concentration (μg kg− 1) Coastal 10.6 ± 2.7 24.7 ± 5.6 29.9 ± 6.0 32.7 ± 8.4 
(5.6–15.0) (16.6–34.8) (19.5–43.3) (20.9–47.5) 

Inland 7.1 ± 1.4 18.5 ± 4.0 27.6 ± 5.6 27.0 ± 5.8 
(4.9–9.5) (12.1–25.4) (19.5–40.2) (20.9–36.8) 

Hg stored in needle biomass (mg ha− 1) Coastal 7.4 ± 4.9 19.6 ± 12.1 14.4 ± 9.7 7.5 ± 3.1 
(2.1–18.5) (4.2–41.8) (0.5–35.8) (1.9–10.9) 

Inland 2.0 ± 1.5 7.2 ± 4.6 6.4 ± 6.9 2.8 ± 2.2 
(0.8–5.9) (3.4–19.1) (1.0–27.7) (0.2–6.1) 

Hg deposited through litterfall (μg m− 2) Coastal 0.04 ± 0.08 0.25 ± 0.23 1.36 ± 1.83 1.63 ± 1.18 
(0.00–0.24) (0.02–0.82) (0.00–7.27) (0.16–3.20) 

Inland 0.00 ± 0.00 0.09 ± 0.09 0.30 ± 0.19 0.40 ± 0.64 
(0.00–0.02) (0.01–0.29) (0.06–0.67) (0.00–1.81) 

Hg accumulation rate (μg kg− 1 yr− 1) Coastal 10.6 ± 2.7 14.1 ± 4.0 7.3 ± 2.0 6.7 ± 2.6 
(5.6–15.0) (7.0–22.4) (3.7–10.4) (3.0–10.4) 

Inland 7.1 ± 1.4 11.4 ± 3.0 9.1 ± 3.1 1.2 ± 3.2 
(4.9–9.5) (6.3–16.3) (5.6–14.7) (-4.2-5.8)  
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Fig. 2. Spatial variation of the total Hg concentration in Pinus pinaster needles depending on age class (y0, y1, y2 and y3) across Galicia (NW Iberian Peninsula).  

Fig. 3. Spatial variation of total Hg stored in Pinus pinaster needles (HgW) depending on age class (y0, y1, y2 and y3) across Galicia (NW Iberian Peninsula).  
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classes and with respect to the final Hg concentration (i.e. mean THg 
registered in y3 needles), y0 needles accumulated 28% of the final THg, 
while y1 needles accumulated 40% of the final THg. The percentage of 
Hg accumulated by y2 and y3 needles diminished to 24 and 8%, 
respectively. The Hg accumulation rate estimated considering jointly y0, 
y1 and y2 needle age classes (total Hg accumulation rate, HgRt) resulted 
in a mean value of 10.2 ± 2.3 μg Hg kg− 1 yr− 1 (range 6.3–15.1). In 
agreement with THg in needles, a Mann-Whitney test revealed that HgRt 
was significantly higher in coastal than in inland stands (U = 49.5; p =
0.007; n = 31). 

3.2. Total Hg stored in needle biomass 

The average of Hg stored in the needle biomass per ground area 
(HgWx) ranged from 5.2 mg Hg ha− 1 in y0 and y3 needles to 14.4 mg Hg 
ha− 1 in y1 needles (Table S4), with y2 needles showing an intermediate 
value of 10.9 mg Hg ha− 1. Needle age class was a significant factor of 
variation for Hg stored in needle biomass (H = 50.7; p = 0.000; n =
294), although there was not a linear relationship between needle age 
and Hg stored in its biomass. The mean biomass of y1 needles in the 
studied stands (0.62 Mg ha− 1) was only 20% higher than that of y0 
needles, however y1 needles stored in their biomass, on average, 45% of 
the Hg present in the total needle biomass per stand (HgWt). The younger 
(y0) and the older (y3) needles accounted for only 16 and 14% of the Hg 
stored in total needle biomass, respectively. 

At the stand scale (i.e., considering the total needle biomass per 
stand), HgWt varied between 5.6 and 87.8 mg Hg ha− 1 with a mean value 
of 32.5 mg Hg ha− 1 (Table S4). The spatial distribution of pine stands in 
the study area was a significant factor of variation for HgWt (H = 150.8; 
p = 0.000; n = 294), showing higher HgWt values the closer the stands 
are to the coastline (U = 39; p = 0.001; n = 31). In agreement, stands 2, 
4 and 9 had the highest values of HgWt (>70 mg Hg ha− 1) whereas the 
lowest values were found in stands 14, 21 and 24 (HgWt < 7 mg Hg 

ha− 1). The spatial variation of HgWx (Fig. 3) showed a greater accu-
mulation of Hg in the biomass of y1 and y2 needles of stands close to 
coast (Table 1). The highest values of HgW (>30 mg Hg ha− 1) were 
expected for y1 needles in areas at the middle of the west coast and the 
far north. 

3.3. Estimation of Hg deposition fluxes through needle litterfall 

The mean value of the estimated total litterfall flux per stand (Lt) was 
0.50 Mg ha− 1 yr− 1 (ranging from 0.06 to 2.51 Mg ha− 1 yr− 1; Online Data 
Resource). Considering the Lt values, the average estimated Hg deposi-
tion flux through litterfall per stand (HgLt) was 1.54 μg m− 2 yr− 1, with a 
wide range of variation from 0.18 μg m− 2 yr− 1 in the stand 21 to 7.81 μg 
m− 2 yr− 1 in the stand 4 (Table S5). As for THg and HgWt, the values of 
HgLt were significantly higher in the stands closer to coastal areas (U =
67.000; p = 0.045; n = 31), being observed the highest HgLt in stands 3 
and 4 (Table S5). 

As expected, the estimated fluxes of Hg deposition through litterfall 
differed significantly depending on needle age class (H = 156.803; p =
0.000; n = 294). As needles get older, HgLx (in μg Hg m− 2 yr− 1) 
increased following the sequence: y0 (mean 0.03; range 0.00–0.24) > y1 
(mean 0.18; range 0.01–0.82) > y2 (mean 0.90; range 0.00–7.27) > y3 
(mean 1.01; range 0.00–3.20). The abscission of the oldest needles (y2 
and y3) contributed up to 95% of the total Hg deposition flux through 
litterfall (57 and 38% for y2 and y3 needles, respectively). 

The spatial variation of HgLx showed a certain homogeneity 
throughout the territory in the case of younger needles (y0 and y1), with 
a Hg deposition mostly below 0.15 μg Hg m− 2 yr− 1 (Fig. 4). The per-
centage of needle survival for these age classes is >88% (Online Data 
Resource), so y0 and y1 needles scarcely contributed to Hg deposition 
through litterfall. For y2 needles, the higher values of HgLt occurred 
along a strip that runs parallel to the western coast of Galicia, including a 
‘hot spot’ with an estimated deposition of Hg > 5 μg Hg m− 2 yr− 1 

Fig. 4. Spatial variation of annual Hg deposition through litterfall in Pinus pinaster needles (HgLt) depending on needle age class (y0, y1, y2 and y3) across Galicia (NW 
Iberian Peninsula). 
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(Fig. 4). A spatial gradient in Hg deposition by litterfall between coastal 
and inland areas appears more clearly for y3 needles, although no in-
crease in Hg deposition occurs compared to y2 needles. In fact, values of 
HgL for y2 and y3 needle age classes did not differ significantly (U =
922.500; p = 0.302; n = 108). 

4. Discussion 

4.1. Variations in pine needle Hg concentration 

The average of THg in needles of Pinus pinaster in the thirty-one 
stands assessed in this study (21 μg kg− 1) is similar to that reported 
for evergreen needleleaf species (27 μg kg− 1) in background locations 
worldwide (Zhou and Obrist, 2021), suggesting that the study area is not 
influenced by anthropogenic point sources of Hg emission. However, 
comparisons of THg in foliage (leaves or needles) should be done with 
caution, as they may vary among tree species in temperate forests 
(Obrist et al., 2012; Richardson and Friedland, 2015; Blackwell and 
Driscoll, 2015b; Navrátil et al., 2016). 

In SW Europe, Barghigiani et al. (1991) reported a higher mean value 
of THg (103 μg kg− 1) in P. pinaster y1 needles compared to our data, 
although their samples were collected in an urban environment. In 
contrast, Aboal et al. (2004) reported lower THg values in P. pinaster 
needles (mean 12 μg kg− 1, range 6–32 μg kg− 1) in a study conducted in 
Galicia (NW Iberian Peninsula), maybe due to the collection of newly 
sprouted needles as well as their washing before Hg determination. In 
general, our THg values in needles of the P. pinaster (range 3–57 μg kg− 1) 
are comparable to those obtained worldwide in species belonging to the 
genus Pinus (Table 2). However, THg values above 60 μg kg− 1 were 
reported in needles of Pinus species when the sampling was carried out 
close to Hg emission point sources such as Hg mines, coal-fired power 
plants or chlor-alkali factories (Table 2). 

The increase of THg with needle age in P. pinaster is consistent with 
the influence of the length of the period of needle exposure to air masses, 
which was also reported for other coniferous species (Hutnik et al., 
2014; Blackwell and Driscoll, 2015a; Navrátil et al., 2017, 2019; Tur-
kyilmaz et al., 2018; Kang et al., 2019; Wohlgemuth et al., 2020). The 
doubling of THg values in y1 needles compared to y0 needles may have 
been due to the increase of physiological activity just after needle 
sprouting (Mediavilla and Escudero, 2003), a characteristic observed in 
other coniferous species (Hutnik et al., 2014; Blackwell and Driscoll, 
2015a, b; Wohlgemuth et al., 2020). In addition, greater mean values of 
leaf area index (LAI) in y0 and y1 needles than in y2 and y3 ones (Online 
Data Resource) would justify the higher Hg accumulation rates (HgR) 
observed in the younger needles, which is related to more efficient up-
take of atmospheric Hg(0) (Blackwell et al., 2014; Wohlgemuth et al., 
2020). 

The levelling off of THg with needle age, as shown in y2 and y3 
needles, is in agreement with the diminution of their HgR (Table 1) and 
in turn, with the decline in the photosynthetic rate with needle ageing 
(Warren, 2006; Wohlgemuth et al., 2020). The link between the 
photosynthetic rate and needle age may explain why P. pinaster needles 
uptake, during the first two growing seasons, is about 66% of the THg 
accumulated at the end of their lifespan. 

Mean Hg accumulation rate (HgRt) in needles from y0 to y2 was 10.2 
± 2.3 μg Hg kg− 1 yr− 1, which is in the range 4–15 μg Hg kg− 1 yr− 1 re-
ported in needles of different coniferous species in Europe and the US 
(Blackwell and Driscoll, 2015a; Navrátil et al., 2019). These similarities 
in HgRt may be justified by a certain homogeneity in atmospheric Hg(0) 
levels at a hemispheric scale (Navrátil et al., 2019). 

Regarding the representation of the spatial variation of THg (Fig. 2), 
a significant negative correlation was found between THg in pine nee-
dles and the distance separating pine stands and the Atlantic Ocean coast 
(ρ = − 0.718; p = 0.000; n = 31 for y0 needles; ρ = − 0.644; p = 0.013; n 

Table 2 
Comparison of total Hg concentrations in needles of different age from species of genus Pinus in this study and in other regions worldwide.  

Country Species Age classesa Mean Hg Range Hg Reference 

(yr− 1) (μg kg− 1) (μg kg− 1) 

Spain P. pinaster y0, y1, y2, y3 21 ± 11 4.3–50.6 this study 
P. pinaster n.d. 12 ± 6 6.0–32.0 Aboal et al. (2004) 

Switzerland P. sp. y0, y1 7 ± 1, 13 ± 3 6.5–13.2 Wohlgemuth et al. (2020) 
Poland P. sylvestris y1 11 ± 3 3.2–18.0 Woś et al. (2021) 
Russia P. sylvestris n.d.  6.0–19.0 Afanasieva et al. (2007) 

P. sylvestris y0, y1, y2, y3, y4 14 8.0–15.0 Lyapina (2018) 
Czech Republic P. sylvestris y0, y1, y2  19.2–40.9 Navrátil et al. (2017) 

P. sylvestris y0 16 ± 6 12.1–20.6 Navrátil et al. (2014) 
Norway P. sp. y0, y1 16, 31  Larssen et al. (2008) 
Turkey P. sylvestris y0, y1, y2 48 ± 9 39.5–56.6 Turkyilmaz et al. (2018) 
China P. tabuliformis n.d. 45 ± 4  Zhou et al. (2017) 
USA P. sp. n.d. 13  Tabatchnick et al. (2012) 

P. resinosa y0, y1 18 ± 7 8.3–28.3 Fleck et al. (1999) 
P. nigra y0, y1, y2  42.4–121  
P. nigra y0, y1, y2 19 ± 7 9.3–28.8 Hutnik et al. (2014) 
P. resinosa y0, y1 5 ± 2, 18 ± 3  Blackwell and Driscoll (2015a, 2015b) 
P. strobus y0, y1 6 ± 1, 23 ± 4   
P. jeffreyi n.d. 23 ± 6 19.0–30.0 Obrist et al. (2011) 
P. jeffreyi n.d. 15 ± 4 11.2–18.9 Obrist et al. (2009) 
P. strobus n.d.  13.1–15.5 Yang et al. (2018) 

Canada P. banksiana n.d. 14.1  Hall and St Louis (2004) 
Spain P.sylvestris n.d. 60*  Nóvoa-Muñoz et al. (2008) 

P. pinea n.d. 332* 200-570* Barquero et al. (2019) 
Czech Republic P. sylvestris y0, y1  61.5–98.0* Navrátil et al. (2017) 
Italy P. pinaster y1 103*  Barghigiani et al. (1991) 

P. sylvestris y1 92* 
P. nigra y1 83* 
P. halepensis y1 63* 
P. pinea y1 56* 

China P. massoniana n.d. 98* 63-139* Du et al. (2019) 

*Mean values or ranges of Hg accompanied by this symbol mean that samples were collected in areas close to Hg emission point sources such as coal fired power plants, 
dense populated cities, mine areas, etc. 

a y0 means needles sprouted in the sampling year, whereas y1, y2 … correspond to subsequent years (n.d. means that needle age is not defined). 
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= 14 for y3 needles). In the study area, the increasing distance from the 
sea shoreline to inland areas is accompanied by a decrease in the mean 
annual precipitation, a fact linked to the general pattern of atmospheric 
circulation in southwest Atlantic Europe (De Uña Álvarez, 2001; Souto 
et al., 2003). In fact, mean annual precipitation accumulated over nee-
dle life accounted for 68% of the variance of THg in pine needles (Fig. 5), 
maintaining a very good agreement when the spatial variation of both 
parameters was represented (Fig. S1). As a result of the spatial variation 
of THg, we could identify several areas of environmental concern for 
their high Hg values along the west and far north coasts of Galicia, 
particularly for older needle classes (y2 and y3). A similar relationship 
between high precipitation, coastal areas and high THg in tree foliage 
was reported by Obrist et al. (2011). Marine areas are a natural source of 
Hg from where it is transported along with water vapor and cloud water 
deposition to the coastal areas, where it is captured by tree foliage 
(Peckham et al., 2019). 

4.2. Mercury storage in needle biomass 

Total Hg stored in the needle biomass (HgWt) is of great relevance in 
the biogeochemical cycling of Hg in forest ecosystems, as a substantial 
fraction will reach the forest floor by litterfall (Zheng et al., 2016; Wang 
et al., 2017). The mean value of HgWt obtained in P. pinaster stands from 
NW Iberian Peninsula (33 mg Hg ha− 1) is comparable to the range 
(40–50 mg Hg ha− 1) reported in coniferous species throughout Europe 
(Wohlgemuth et al., 2020) and the US (Yang et al., 2018). However, 
higher values of HgWt, ranging from 130 to 431 mg Hg ha− 1, were 
observed in other studies (Obrist et al., 2012; Richardson and Friedland, 
2015; Zhou et al., 2017). Such discrepancies in HgWt could be attributed 
to species-specific differences in morphological and physiological traits 
such as roughness, specific leaf area, leaf age or stomatal conductance 
(Obrist et al., 2012; Blackwell and Driscoll, 2015b; Wohlgemuth et al., 
2020) and to climatic conditions that determine foliage biomass pro-
duction (Wang et al., 2019a; Zhou and Obrist, 2021). 

Different factors influenced Hg storage in the needle biomass of each 
age class (HgW), including the amount of needle biomass and the length 
of needle exposure to air masses and precipitation. The latter factor, 
given its shortness, justified the low values of HgW found in y0 needles, 
while in the case of y3 needles, the low HgW was due to the scarcity of 
needles belonging to this age class, accounting on average for only 10% 
of the total needle biomass (Wt) in the studied stands (Online Data 
Resource). On the other hand, the higher values of HgW reported for y1 
and y2 needles resulted from the combination of long enough exposure 

time to uptake atmospheric Hg(0), as well as their substantial contri-
bution to total needle biomass (40 and 23% for y1 and y2 needles, 
respectively). The HgW variation observed in the present study among 
needle age classes confirms the relevance of needle age in obtaining an 
accurate estimation of the Hg pool in coniferous foliage (Blackwell and 
Driscoll, 2015a; Luo et al., 2016; Wohlgemuth et al., 2020). 

Higher HgWt values in stands closer to coastal areas agree with the 
significant higher total needle biomass (Wtn) reported in them (Online 
Data Resource), compared to inland stands (U = 45.0; p = 0.003; n =
31). Considering that Wtn and mean annual precipitation in the study 
area are strongly related (Álvarez-Álvarez et al., 2011; Eimil-Fraga et al., 
2015a), we hypothesize that the influence of rainfall in the production of 
biomass is reflected by higher values of HgWt in coastal stands. The link 
between HgW and the accumulated mean annual precipitation is clearly 
seen in the spatial representation of both parameters together, especially 
for y1 needles (Fig. S2). Recent findings have highlighted that precipi-
tation strongly influences the net primary production, favouring indi-
rectly a greater atmospheric Hg(0) uptake by plant tissues (Wang et al., 
2019a, b; Zhou and Obrist, 2021). 

4.3. Mercury deposition through pine needle litterfall 

Indirect estimations of Hg deposition through needle litterfall (HgLt), 
which ranged from 0.2 to 7.8 μg Hg m− 2 yr− 1, were lower than the 
empirical data (14.2–21.1 μg Hg m− 2 yr− 1) obtained in the study area for 
deciduous and coniferous stands (Gómez-Armesto et al., 2020; Paren-
te-Sendín, 2021). The EMEP predictions for total Hg deposition in 
coniferous forests in the NW of the Iberian Peninsula are in the range of 
10–20 μg Hg m− 2 yr− 1 (Strizhkina et al., 2021), also greater than HgLt 
values estimated in the present study. Compared to other areas world-
wide, our HgLt values are an order of magnitude lower than those re-
ported in coniferous forests from North America (3.0–25.8 μg Hg m− 2 

yr− 1) (Louis et al., 2001; Sheehan et al., 2006; Juillerat et al., 2012; 
Obrist et al., 2012; Richardson and Friedland, 2015; Risch et al., 2017; 
Gerson et al., 2017) and central and northern Europe (15–45 μg Hg m− 2 

yr− 1) (Lee et al., 1998; Schwesig and Matzner, 2000; Navrátil et al., 
2019). In summary, the low HgLt calculated in the current study could be 
underestimated due to their indirect quantification based on needle 
survival rate (S; see Online Data Resource). Moreover, several plant 
tissues other than needles may contribute to Hg deposition through 
litterfall (Navrátil et al., 2019; Gómez-Armesto et al., 2020). More ac-
curate estimations of HgLt in the study area could be obtained by con-
ducting an assessment based on the deployment of traditional litterfall 
collectors in the field and determining Hg in the fallen biomass. 

The flux of Hg deposition by needle litterfall (HgLt) was better 
correlated with litterfall biomass (Lt) (ρ = 0.991; p = 0.000; n = 294) 
than with total Hg concentration in needles (ρ = 0.782; p = 0.000; n =
294). Previous studies have already shown that Hg deposition fluxes by 
litterfall were more influenced by the biomass of litterfall than by the 
concentration of Hg (Zhou et al., 2013; Wang et al., 2016b; Risch et al., 
2017; Gómez-Armesto et al., 2020; Li et al., 2022). The greater values of 
HgLt in the stands closer to coastal areas coincides with those that pre-
sented higher total needle biomass (Wt) and, consequently, a greater 
amount of litterfall biomass (Lt). In addition, given the influence of 
rainfall on total needle biomass (Wt), a good agreement between accu-
mulated mean annual precipitation and HgLt was observed across the 
study area (Fig. S3). In this sense, a band is traced from the west and 
north coast of Galicia, where the highest levels of accumulated mean 
annual precipitation and HgLt were reported, with a better definition of 
the band as needles get older. A similar spatial correlation between HgLt 
and rainfall was attributed to the stimulating effect of precipitation on 
the production of foliar biomass and, consequently, its contribution to 
Hg deposition through litterfall (Zheng et al., 2016; Wang et al., 2019b; 
Li et al., 2022). 

The increase in HgLt with needle ageing is reasonable considering 
that y2 and y3 needles, which are more prone to fall due to their 

Fig. 5. Relationship between total Hg in pine needles by age class (y0, y1, y2, 
y3) and the accumulated mean annual precipitation (accMAP) along needle 
lifetime. Age class y0 corresponds to needles sprouted in the sampling year 
(2009), while needles y1, y2 and y3 sprouted in 2008, 2007 and 2006, 
respectively. 
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upcoming senescence, remain longer active in atmospheric Hg(0) up-
take. In this regard, y2 and y3 needles contributed between 3 and 14 
times more than younger needles (y0 and y1) to the total litterfall 
biomass (Lt) and in turn to the Hg deposition by litterfall. The lack of a 
spatial pattern in Hg deposition through litterfall for y0 needles is well 
justified given their scarce contribution to HgLt. In the case of y2 and y3 
needles, the observed spatial variation of HgLt could be related to the 
effects of strong rainy and windy events that typically occur in coastal 
areas of oceanic regions (such as Galicia), which would favor needles 
shedding. 

In a scenario in which climatic change would expand the extent of 
P. pinaster forests in Spain (Barrio-Anta et al., 2020), Hg deposition 
through litterfall is expected to increase in parallel with greater biomass 
production. In consequence, the ability of soils to retain Hg can be 
exceeded, threatening its role as Hg sink and triggering Hg toxicity risks 
to soil wildlife and freshwater ecosystems, as Hg exported in forest 
runoff comes mainly from foliar uptake of atmospheric Hg(0) (Jiskra 
et al., 2017). The present findings on spatial distribution and storage of 
THg in pine needles and its relationship with precipitation, will help to 
locate concerning areas where further studies (Hg deposition by 
throughfall, litterfall, atmospheric Hg(0) monitoring, etc.) should be 
conducted, both on a regional scale and along the Western European 
Atlantic coastal area. 

Furthermore, Pinus pinaster forests are a valuable economic resource 
in the study area (Álvarez-Álvarez et al., 2011), so management plans 
should include practices that minimize the risk of downstream mobili-
zation of Hg, which is often reported during logging (Kronberg et al., 
2016; Bishop et al., 2020). In addition, given the extremely high 
vulnerability of southwest Europe to forest fires (Turco et al., 2019), the 
accumulation of pine needles on the forest floor would be regarded as a 
source of Hg in the case of wildfire (Zhou et al., 2017), and these impacts 
on Hg cycling in forest ecosystems should be considered (Campos et al., 
2015; Kumar et al., 2018). 

5. Conclusions 

According to the mean total Hg concentration in Pinus pinaster nee-
dles (21 ± 11 μg Hg kg− 1), the NW of the Iberian Peninsula (Galicia, 
Spain) seems to be exempt from the effects of regional anthropogenic Hg 
emission point sources. The increase of THg in needles with age was 
consistent with the length of exposure time to air masses, whereas Hg 
accumulation rate decreased with needle age probably due to a lesser 
photosynthetic activity in older needles. The spatial variation of THg in 
pine needles across NW of the Iberian Peninsula agrees with regional 
climatic features such as humidity and precipitation, leading to the 
highest Hg concentrations in needles of coastal pine stands. Monitoring 
of Hg contents in maritime pine needles of different ages resulted in a 
useful tool to trace the atmospheric Hg pollution in the study area. 

Although Hg storage in P. pinaster needle biomass (HgWt) was similar 
to that reported for coniferous species worldwide, needle age and cli-
matic characteristics (accumulated mean annual precipitations) were 
shown as influencing factors in the estimation of HgWt, and its spatial 
variation. Thus, these factors should be taken into account in future 
studies evaluating Hg pools in the foliage of coniferous forests. 

Mercury deposition through litterfall (HgLt) resulted in low values, 
suggesting that its indirect estimation using the percentage of needle 
survival (S) could be underestimating the fluxes of Hg deposition. In 
addition, to the Hg deposition flux from needle fall, we should add the 
flux corresponding to other plant tissues that are also key in the transfer 
of Hg from vegetation to the forest soil. In spite of this fact, the obtained 
values of HgLt also showed differences depending on needle age class as 
well as climatic characteristics. Thus, frequent rainy and windy events in 
coastal areas would favor the fall of older needles increasing HgLt fluxes 
in the stands closer to the sea shoreline as it was observed in its spatial 
representation. 

The scavenging of atmospheric Hg(0) by pine needles, the dynamics 

of its storage in the biomass and transference to soil surface could be 
easily modified due to global warming and land use changes. These 
variations can affect the role of forest soils as Hg sink in terrestrial 
ecosystems, leading to concerning environmental consequences that 
should be addressed. 

The results of Hg concentration, accumulation and deposition in pine 
forests of the NW of the Iberian Peninsula would complete the scarce 
information provided by EMEP for this region of Europe, helping to 
improve national actions in accordance with the implementation of the 
Minamata Convention. 
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2016. Soil mercury distribution in adjacent coniferous and deciduous stands highly 
impacted by acid rain in the Ore Mountains, Czech Republic. Appl. Geochem. 75, 
63–75. 
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