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A B S T R A C T

Atmospheric mercury (Hg) uptake by vegetation and subsequent deposition via litterfall constitutes a major 
pathway in the global Hg cycle. However, the temporal dynamics of litterfall Hg deposition and its environ
mental controls remain poorly understood. Here, we present a detailed assessment of Hg concentrations and 
deposition fluxes for individual litter components in a Swedish boreal forest from 1987 to 2000. Atmospheric Hg 
concentrations declined 41 % during this period. Correspondingly, Hg concentrations in Scots pine and Norway 
spruce needles decreased significantly (~22 % and ~26 %, respectively). However, the total litterfall Hg 
deposition flux remained stable at 11.7 ± 1.8 μg m− 2 yr− 1, showing no clear temporal trend. Foliar litter 
(needles) contributed 44 % of total Hg deposition, while non-foliar litter (twigs, residual material, and cones) 
accounted for the remaining 56 % (32 %, 22 %, and 2 %, respectively). The importance of this non-foliar 
component in modulating litterfall Hg deposition is often overlooked. Litterfall Hg deposition was 1.7 times 
higher in the non-growing season than in the growing season, primarily due to greater litterfall biomass. The 
weak response of litterfall Hg deposition to declining atmospheric Hg concentrations highlights the importance 
of biological factors (e.g., litterfall compositions and productivity) in regulating Hg inputs to boreal forest. Our 
findings also underscore the need for long-term assessments of Hg deposition dynamics via different litterfall 
components for assessing the effectiveness of the Minamata Convention on Mercury.

1. Introduction

Mercury (Hg) is a pollutant of global concern due to its long-range 
transport in the atmosphere, high toxicity in the form of methylmer
cury (MeHg), and strong biomagnification in the food chain (Obrist 
et al., 2018; Selin, 2009). International efforts, notably the Minamata 
Convention on Mercury — ratified by over 140 countries — aim to reduce 
Hg emissions and mitigate its environmental impact (Selin and Selin, 
2022). Gaseous elemental mercury (Hg0, GEM) is the dominant atmo
spheric Hg species (>95 %), with an atmospheric residence time of 

0.3–1.5 years (Horowitz et al., 2017; Obrist et al., 2018). Global Hg 
emissions are estimated at 6000–8000 Mg yr− 1 (Horowitz et al., 2014; 
Outridge et al., 2018; Selin, 2009; Zhu et al., 2016), with 1000–2400 Mg 
yr− 1 deposited annually in forest ecosystems, representing the largest 
GEM sink (Wang et al., 2021). Understanding how Hg deposition to 
forests responds to emission controls and identifying the key factors 
regulating Hg sequestration in forest ecosystems is critical for assessing 
the effectiveness of Hg mitigation strategies.

Foliar uptake of GEM through stomata is the primary pathway for Hg 
sequestration in forests (Arnold et al., 2018; Fu et al., 2016; Liu et al., 
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2021; Obrist et al., 2021; Peckham et al., 2019; Zhou et al., 2021). Lit
terfall deposition serves as the dominant sink for atmospheric Hg in 
forest ecosystems, accounting for up to 80 % of total Hg deposition 
fluxes (Bishop et al., 2020; Jiskra et al., 2015; Wang et al., 2016; Yuan 
et al., 2023). Litterfall Hg deposition in temperate and tropical forests 
generally exceeds that in high-latitude coniferous forests, primarily due 
to greater litterfall biomass production (Navrátil et al., 2019; Wright 
et al., 2016; Xu et al., 2022; Yuan et al., 2023). Litterfall in tropical and 
temperate forests is often dominated by broadleaf foliage with relatively 
lower contributions from woody components (Tang et al., 2010). 
However, the relative contributions to litterfall Hg deposition by 
different litterfall components in boreal forests − such as leaves, nee
dles, twigs, bark, and trunk wood − vary significantly due to differences 
in biomass production and Hg concentrations (Huang et al., 2023; 
Navrátil et al., 2019; Wright et al., 2016).

Records of Hg accumulation rates in lake sediments (Rydberg et al., 
2008), peat deposits (Enrico et al., 2017; Li et al., 2023; Roos-Barra
clough et al., 2002), as well as Hg concentrations in ice cores (Faïn et al., 
2009) and tree rings (Navrátil et al., 2018; Peng et al., 2024) from 
Europe and North America indicate a decline in atmospheric GEM 
concentration between 1980 and 2000. In-situ monitoring of atmo
spheric GEM at Europe’s regional background and remote stations 
suggest a decline from ~3.5 ng m− 3 in 1980s to ~1.5 ng m− 3 in 2000s 
(Tørseth et al., 2012). This decline was primarily driven by reduced 
anthropogenic emissions in Europe and North America (Zhang et al., 
2016). Forest biomass, including foliage (broad leaves and needles), 
lichen, and tree rings, has proven to be an effective biomonitor of at
mospheric Hg contamination (Assad et al., 2016; Grangeon et al., 2012; 
Gustin et al., 2022; Matin et al., 2016; McLagan et al., 2022; Peng et al., 
2024). Therefore, we expect that reducing anthropogenic Hg emissions 
will result in a reduction of Hg litterfall deposition in remote ecosystems, 
benefiting both wildlife and human populations. A pioneering study in 
North America demonstrated that litterfall Hg deposition in a remote, 
deciduous tree-dominated mountain forest decreased by approximately 
40 % from 2004 to 2015, corresponding to a roughly 25 % decline in 
atmospheric GEM (Gerson and Driscoll, 2016). In contrast, a recent 
study examining a quarter-century of Hg concentrations in litterfall from 
an anthropogenically impacted coniferous forest in central Europe 
revealed that bark beetle infestations and droughts controlled interan
nual Hg deposition fluxes (Navrátil et al., 2024). Additionally, an 
assessment of Hg trends in litterfall from 16 sites in the US Atmospheric 
Deposition Program revealed no significant changes in litterfall Hg 
deposition from 2013 to 2021, except at sites influenced by local Hg 
sources (Gustin et al., 2025). These findings highlight the complex in
teractions of environmental controls on temporal trends in Hg deposi
tion across different forest ecosystems. To improve our understanding, it 
is crucial to differentiate the effects of litterfall biomass from Hg con
centrations on Hg deposition fluxes, potentially by categorizing specific 
components of litter that may respond to atmospheric Hg concentrations 
in distinct ways, particularly in boreal forests.

The boreal forest, predominantly composed of coniferous species 
such as spruce (e.g., Picea abies), pine (e.g., Pinus sylvestris), and larch (e. 
g., Larix decidua), is the Earth’s second-largest terrestrial biome, 
covering approximately one-third of the global forest area (Bradshaw 
and Warkentin, 2015; Gauthier et al., 2015). Previous estimates suggest 
boreal and temperate forests contribute more than 30 % of the global 
forest litterfall Hg deposition (Wang et al., 2016). Although Hg depo
sition on boreal forests is relatively low compared to low-latitude for
ests, the widespread distribution of boreal forests makes their Hg 
litterfall deposition of interest. These boreal forests are highly suscep
tible to climate change and anthropogenic disturbances (Bradshaw and 
Warkentin, 2015; Gauthier et al., 2015; Vanhala et al., 2016). The boreal 
forest landscape also contains extensive surface waters, making litterfall 
Hg deposition a factor in the risk for Hg bioaccumulation in aquatic 
ecosystems.

Too little is known about how atmospheric Hg deposition to 

terrestrial landscapes responds to changes in atmospheric Hg concen
trations. This issue is critical to the assessment of the environmental 
effectiveness of Hg emission control measures, such as those imple
mented under the Minamata Convention on Mercury. In this study, we 
investigated decadal-scale Hg deposition fluxes via individual litterfall 
components (needles, twigs, cones and residual unidentified material) in 
a remote boreal forest in northern Sweden. The objective was to quan
titatively assess Hg deposition to boreal forest during a period of rapid 
atmospheric Hg decline (1987–2000) driven by anthropogenic emission 
control in Europe. To achieve this, we determined Hg concentrations in 
individual litterfall components and quantified seasonal to decadal lit
terfall Hg deposition fluxes over that 14-year period. Our findings 
contribute to the pressing need for knowledge to assess the global 
environmental effectiveness of the Minamata Convention on Mercury.

2. Materials and methods

2.1. Site descriptions

Seasonal litterfall sampling was conducted at the Svartberget 
Experimental Forest (SVB, 64◦14′N, 19◦46′E, average elevation 267 m a. 
sl., Fig. 1a and b), approximately 70 km northwest of Umeå, northern 
Sweden (Laudon et al., 2013; Lee et al., 2000). The climate at SVB is 
classified as cold temperate humid, with a 30-year (1986–2015) mean 
annual precipitation of 619 mm and an average air temperature of 
2.1 ◦C. The bedrock in the Krycklan catchment is predominantly 
composed of Svecofennian metasediments/metagraywacke (~94 %), 
with minor contributions from acidic and intermediate metavolcanic 
(~4 %) and basic metavolcanic (~3 %) rocks. The soils primarily consist 
of Quaternary deposits, dominated by till (~51 %) and sorted sediments 
(~30 %). The growing season at SVB typically extends from early May to 
late October, with the remainder of the year characterized by frozen 
conditions and snow cover. In this study, we define the growing season 
as May to October and the non-growing season as November to April. 
The SVB spans approximately 1520 ha and is primarily composed of 
coniferous species, with Scots pine (Pinus sylvestris) and Norway spruce 
(Picea abies) accounting for ~63 % and ~26 % of the forest, respectively. 
The remaining ~11 % consists of deciduous species, including birch 
Betula spp. (Chi et al., 2020; Peichl et al., 2023). The average tree height 
at SVB is 19 m. Although needles are shed seasonally by pine and spruce 
canopies, pine trees generally retain their needles for 2–3 years, whereas 
spruce trees can retain them for 3–7 years (Reich et al., 1996).

2.2. Sample collection

Twenty-eight rectangular litterfall traps (0.5 × 0.5 m, 60 cm above 
ground) were randomly deployed across the SVB, where the dominant 
tree stands are approximately 130 years old in the 2000s (Peichl et al., 
2023). The forest consists of two distinct topographic regions: hillslopes 
dominated by Scots pine (Pinus sylvestris) and lowlands dominated by 
Norway spruce (Picea abies). To account for the relative land cover of 
each species, litter traps were placed in spruce-dominated stands (18 
traps) and pine-dominated stands (10 traps), with the two stands located 
nearby (within 1 km) of each other. From 1987 to 2000, the litter was 
collected biannually in May (after snowmelt) and October (before 
freezing), representing non-growing and growing season samples, 
respectively. During the non-growing seasons of 1987 and 1988, one and 
seven traps, respectively, were damaged due to heavy snow. Litterfall 
biomass production for these seasons was estimated without data from 
the affected traps, and new traps were subsequently installed at the same 
locations to maintain continuous sampling. Collected litter samples were 
dried immediately at 65 ◦C in the laboratory (~24–48 h) (Wohlgemuth 
et al., 2020) and sorted into seven categories: pine needles (PN), spruce 
needles (SN), pine twigs (PT), spruce twigs (ST), pine cones (PC), spruce 
cones (SC), and residual unidentified fragments (including lichens, bark, 
flower buds, bud scales, deciduous leaves, insects, conifer seeds, etc.). 
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This latter category is hereafter referred to as “other-material”. The 
dried samples from each category, collected within the same season and 
year, were homogenized before determining their respective weights for 
biomass estimation. Three aliquots (~3–5 g each) were taken from the 
homogenized samples and finely milled (IKA Tube Mill) for subsequent 
chemical analysis.

2.3. Hg analysis and ancillary measurements

Total Hg concentrations in all litterfall fractions were determined 
using a Direct Mercury Analyzer (DMA-80 Tricell, Milestone Srl, Italy). 
Each sample was analyzed in duplicate, with variations typically 
remaining below 10 %. If the variation between replicates exceeded 10 
%, a third measurement was performed. Samples were weighed and 
placed in clean nickel boats for analysis. Prior to use, nickel boats were 
cleaned and combusted in a muffle furnace at 550 ◦C for 2 h. For quality 
control, daily measurements began with three blanks (empty nickel 
boats) followed by three measurements of a certified reference material 
(apple leaves, NIST 1515). The recovery of NIST 1515 remained 
consistently within 90–110 %. During sample analysis, a primary 
certified reference material (pine needles, NIST 1575a) and a blank were 
analyzed every 10 measurements. The measured Hg concentration of the 
NIST 1575a was 39.1 ± 0.3 ng g− 1 (±SD, n = 92), closely matching the 
certified value of 39.9 ± 0.7 ng g− 1, confirming the accuracy of total Hg 
recovery in biomass samples (Peng et al., 2024). A total of 266 samples 
were analyzed for Hg concentrations, including 46 SN, 36 PN, 38 SC, 34 
PC, 38 ST, 36 PT, and 38 samples of other-material. Hg deposition flux in 
litterfall (i, representing a specific litter component or the total) was 
calculated by integrating Hg concentrations (μg kg− 1) with biomass 
production (kg m− 2 yr− 1). 

Hg depositioni =
∑

i
Hg concentrationi × biomassi (1) 

Meteorological data were obtained from the SVB reference climate 
monitoring station (225 m a.s.l.) (Laudon et al., 2013; Noumonvi et al., 
2023). In brief, air temperature was measured at 1.7 m above ground 
using a sensor housed in a ventilated radiation shield. Precipitation was 
measured manually using a standard SMHI gauge positioned at 1.3 m 
above ground. Wind speed was measured with a RM Young propeller 
anemometer installed at a height of 38 m. Annual mean atmospheric 
GEM concentrations at background sites across Europe (Fig. 1c) were 
obtained from the European Monitoring and Evaluation Program 
(EMEP) (Tørseth et al., 2012) and have been reported in previous studies 
(Enrico et al., 2017; Peng et al., 2024).

2.4. Statistical methods

All statistical analyses were conducted using MATLAB software 
(R2020b, The MathWorks, Inc.). A paired-sample t-test (the ‘ttest’ 
function in MATLAB) was performed to assess whether Hg concentra
tions and deposition fluxes differed significantly (p < 0.05) between the 
growing and non-growing seasons. Principal component analysis (PCA) 
was conducted using the ‘pca’ function in MATLAB, with all data 
normalized via the ‘zscore’ function prior to analysis. Correlation co
efficients between different data groups, along with their corresponding 
p-values, were computed using the ‘corrcoef’ function."

Fig. 1. (a) Map showing the location of Svartberget Experimental Forest (SVB) in northern Sweden. (b) Zoomed in map of the SVB site (green line edge), note the 
background map is from Lantmäteriet. (c) annual-average atmospheric GEM concentration at background sites across Europe (black circle points and red line) and 
larch tree-ring Hg concentrations at SVB (blue rectangular points and blue line) (Enrico et al., 2017; Peng et al., 2024; Tørseth et al., 2012). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussions

3.1. Hg concentrations in litterfall components

The Hg concentrations in litterfall components of Norway spruce 
were generally higher than those of Scots pine (Fig. 2a). Among all lit
terfall components, twigs exhibited the highest Hg concentrations, while 
cones showed the lowest. Specifically, Hg concentrations in spruce twigs 
(ST) ranged from 172.0 to 244.8 μg kg− 1, with a mean of 204.9 ± 20.6 
μg kg− 1 (mean ± 1SD, dry weight), making them the component with 
the highest Hg concentration. The mean Hg concentrations in other 
litterfall components were 106.4 ± 32.9 μg kg− 1 for pine twigs (PT), 
62.8 ± 7.9 μg kg− 1 for spruce needles (SN), 38.3 ± 5.1 μg kg− 1 for pine 
needles (PN), 23.7 ± 7.0 μg kg− 1 for spruce cones (SC), and 13.6 ± 9.4 
μg kg− 1 for pine cones (PC). The non-growing season residual material in 
litterfall (categorized as “other-material”, Fig. 2a) showed the greatest 
variability in Hg concentration, ranging from 43.4 to 214.6 μg kg− 1, 
with a mean of 130.5 ± 49.5 μg kg− 1. No significant seasonal differences 
in mean Hg concentrations were observed for needles, cones, or twigs. 
However, the mean Hg concentration in the "other-material" category 
was significantly higher during the non-growing season compared to the 
growing season (130.5 ± 49.5 μg kg− 1 vs. 103.3 ± 38.7 μg kg− 1, t-test, p 
< 0.05).

The substantial variation in Hg concentrations among litter compo
nents in the SVB boreal forest (Figs. 2a and 3) aligns with findings from 
subalpine and temperate coniferous forests (Huang et al., 2023; Navrátil 
et al., 2019). The markedly higher Hg concentrations in twigs and 
other-material compared to needles and cones may result from the 
translocation and assimilation of Hg, as well as the physiological and 
biological stabilization of Hg compounds in plant tissues. Mercury enters 
the tree mainly through stomatal GEM uptake (Gustin et al., 2022; 
Peckham et al., 2019; Wang et al., 2021; Yuan et al., 2023), whereas the 
translocation of the Hg accumulated from foliar to other tree tissues and 
their subsequent stabilization remains to be constrained. Our results 
show that twigs and other-material litter have substantially higher Hg 
concentrations than needles and cones (Fig. 2a), suggesting a greater 
capacity for Hg assimilation in the former. Since trunk wood Hg con
centration (mean = ~1.5 ng g− 1) (Peng et al., 2024) is substantially 
lower than that in needles and bark by 1-2 orders of magnitudes 
(Navrátil et al., 2019; Yang et al., 2018), the higher Hg concentration in 
twigs and other-material litter are largely due to the elevated Hg content 
in bark and lichen material. Similarly, lichen has been identified as a 

primary contributor to Hg deposition in a Swiss subalpine forest (Huang 
et al., 2023).

On regional spatial scales, the spruce needle Hg concentrations from 
the northern Sweden forest (62.8 μg kg− 1) were lower than those in 
temperate spruce forests in the Czech Republic (79–97 μg kg− 1) 
(Navrátil et al., 2019; Navrátil et al., 2025) but higher than those in an 
alpine spruce forest in Switzerland (49.9 μg kg− 1) (Huang et al., 2023). 
This pattern broadly aligns with the atmospheric Hg concentrations at 
the respective sites (Chen et al., 2023; Peng et al., 2024). Needle Hg 
concentrations in the remote northern Swedish boreal forest are similar 
to the global average litterfall Hg concentration (54 μg kg− 1) (Wang 
et al., 2016) and the nationwide mean litterfall reported for China (52.0 
μg kg− 1) (Xu et al., 2022), but slightly higher than those in the eastern 
USA (40.6 μg kg− 1) (Risch et al., 2017). However, it should be noted that 
these comparisons are based on reported mean values, and substantial 
variability may exist within litterfall samples from each region. Addi
tionally, differences in species composition, canopy structure, and the 
age distribution of litterfall from various regions can contribute to 
variability in Hg concentrations. Foliar Hg concentration increases 
throughout the growing season (Siwik et al., 2009) and continues to 
accumulate over multiple seasons in evergreen coniferous needles, such 
as spruce and pine needles (Wohlgemuth et al., 2020). On seasonal 
timescales, our results showed no significant difference in mean Hg 
concentrations between the growing and non-growing seasons in nee
dles, cones, and twigs (Fig. 2a), suggesting minimal or slow Hg uptake 
during the non-growing season. This, however, may be obscured by 
interannual and among-sample variability. In addition, GEM can also be 
assimilated by trees through non-stomatal pathways, such as surface 
adsorption via e.g., bark, foliage and twigs (Chiarantini et al., 2016; 
Stamenkovic and Gustin, 2009). Due to the longer residence time of 
non-foliar litter components – such as twigs, which may remain on trees 
for up to several decades – compared to needles (typically less than five 
years) and cones (Muukkonen and Lehtonen, 2004), the substantially 
higher Hg concentrations in twigs and other-material are largely 
attributed to prolonged surface adsorption from the atmosphere. Addi
tionally, tree species composition plays a crucial role in Hg deposition, 
influencing the Hg concentrations of individual litterfall components 
(Barquero et al., 2019; Wohlgemuth et al., 2022). In this study, litterfall 
(needles, cones, and twigs) from spruce trees exhibited significantly 
higher Hg concentrations than those from pine trees (Fig. 2a), suggesting 
a greater Hg assimilation capacity in spruce.

Fig. 2. Boxplots of (a) litterfall Hg concentrations, (b) litterfall biomass, and (C) litterfall Hg deposition flux of all individual components [spruce needles (SN), pine 
needles (PN), spruce cones (SC), pine cones (PC), spruce twigs (ST), pine twigs (PT), and other residual unidentified material (other)] during the growing season 
(green) and non-growing season (orange). The box boundaries represent the 25th and 75th percentiles and the red solid horizontal line in the box represents the 
median value. Black cross hatches indicate the 5th and 95th percentiles. The black solid dots are the individual measurements, and the red cross denotes the outlier. 
The symbols *** denote significant difference of mean values between two groups (t-test, p < 0.05), while * denotes they are insignificance differences (t-test, p >
0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Litterfall biomass and Hg deposition

The total mean annual litter biomass deposition from 1987 to 2000 
was 156 ± 19.6 g m− 2 yr− 1, with the highest and lowest litterfall 
biomass of 131 (1991) and 181 (1997) g m− 2 yr− 1, respectively 
(Fig. 2b). The relative contribution of needles, twigs, cones, and other- 
material fractions to total litter biomass was 62.1 ± 5.4 %, 15.0 ± 5.4 
%, 9.3 ± 3.7 %, and 13.5 ± 3.1 %, respectively. In contrast to the sim
ilarity of Hg concentrations in litterfall components (needles, cones, and 
twigs) between growing and non-growing seasons (Fig. 2a), litterfall 
biomass deposition showed significant seasonal differences (Fig. 2b).

During the fourteen years of this study, 1987–2000, the average 
annual litterfall Hg deposition flux was 11.7 ± 1.8 μg m− 2 yr− 1 (±1SD, 
Fig. 4). Seasonal patterns of litterfall Hg deposition showed significantly 
lower fluxes in SN, ST, and PT during the growing season compared to 
the non-growing season, whereas PN and PC exhibited higher fluxes 
during the growing season (Figs. 2c and 4). This characteristic seasonal 
trend aligns with the biomass production of respective litterfall com
ponents (Fig. 2b), emphasizing the role of biomass production in 

regulating litterfall Hg deposition in the boreal forest. Our observed 
litterfall Hg deposition flux in the northern Swedish boreal forest (11.7 
± 1.8 μg m− 2 yr− 1) is similar to that in deciduous, mixed, and coniferous 
forests of the eastern USA (median = 11.7 μg m− 2 yr− 1, range: 2.2–23.4 
μg m− 2 yr− 1) (Risch et al., 2017; Zhou et al., 2023). However, this flux is 
on the lower end of global forests litterfall Hg deposition (median =
15.3 μg m− 2 yr− 1, range: 2.7–220 μg m− 2 yr− 1, n = 90) (Wang et al., 
2016), accounting for only half of the national average in China (25.9 ±
12.5 μg m− 2 yr− 1) (Xu et al., 2022), and substantially lower than values 
reported for forests in central Europe (23–73 μg m− 2 yr− 1) (Huang et al., 
2023; Navrátil et al., 2025).

In contrast to the dominance of foliar biomass in litterfall Hg depo
sition in deciduous and evergreen forests (Wang et al., 2021), coniferous 
forest litterfall composition is more diverse, with substantial contribu
tions from non-foliar biomass. At SVB, foliar (needles) and non-foliar 
(twigs, cones, and other-material) litter accounted for 62 % and 38 % 
of the total biomass, respectively (Fig. 2a). However, Hg deposition flux 
from needles (44 %) was lower than that from non-foliar components 
(56 %), driven by the significantly higher Hg concentrations in twigs and 

Fig. 3. Time series of individual litterfall components’ Hg concentrations (a–g), atmospheric GEM concentrations (h), air temperature (i), and precipitation (j). Error 
bars represent ±1SD.
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other-material litter (Fig. 2c). Litterfall components, needles, twigs, 
cones, and other-material, on average contributed 5.1 ± 0.8, 3.8 ± 1.5, 
0.3 ± 0.1, and 2.5 ± 1.2 μg m− 2 yr− 1 Hg deposition flux, which accounts 
for 44 ± 8.7 %, 32 ± 9.0 %, 2 ± 1.2 %, and 22 ± 8.8 % of the total flux, 
respectively. Similar diverse patterns of litterfall Hg deposition have 
been observed in other coniferous forests (Huang et al., 2023; Navrátil 
et al., 2019). The contribution of needles and cones to annual Hg 
deposition at SVB aligns with findings from temperate spruce forests in 
the central Europe, where needles and cones account for 45.5 ± 3.5 % 
and 3.5 ± 0.5 % of total deposition, respectively (Navrátil et al., 2019). 
Similar patterns were observed in an alpine spruce forest in central 
Europe, with contributions of 40 ± 2.2 % (needles) and 4.0 ± 0.3 % 
(cones) (Huang et al., 2023). In contrast, twigs contributed only 16 ±
2.5 % to total litterfall Hg deposition in the alpine spruce forest. Notably, 
lichen and other fine litter accounted for 40.0 ± 1.4 % in the alpine 
spruce forest, substantially higher than in temperate spruce forest (5 ±
2 %) and the other-material category in the boreal forest of our study (22 
± 8.8 %). The large site-specific differences in the contribution of 
various litterfall components to total Hg deposition in coniferous forests 

are driven by the combined effects of climate-related litter production 
and the Hg uptake capacity of each component. Our findings highlight 
the importance of carefully categorizing individual litter components to 
ensure high-quality forest Hg deposition datasets, given the substantial 
spatial and temporal variations in Hg concentrations and biomass 
productivity.

A previous study on foliar Hg uptake during the 2018 growing season 
modelled an average uptake rate of 11 ± 1 μg Hg m− 2 and 4 ± 1 μg m− 2 

for spruce and pine trees for ten sites across Europe, and a lower uptake 
of 7.1 ± 3.8 μg Hg m− 2 and 4.9 ± 0.9 μg m− 2 for spruce and pine trees 
for SVB site (Wohlgemuth et al., 2020). However, our litterfall mea
surements indicate that the decadal average (1987–2000) annual Hg 
deposition flux was 3.6 ± 0.5 μg Hg m− 2 yr− 1 for spruce needles and 1.5 
± 0.5 μg Hg m− 2 yr− 1 for pine needles at SVB site in this study. The 
discrepancy between our observed needle Hg deposition flux 
(1987–2000) and model estimates for 2018 may stem from uncertainties 
in biomass productivity estimates and interannual variability. In 
temperate and alpine spruce forests of central Europe, elevated Hg 
deposition fluxes of 15–34 μg Hg m− 2 yr− 1 (Navrátil et al., 2019; 

Fig. 4. Temporal evolution of growing season (green) and non-growing season (orange) litterfall Hg deposition flux: individual litterfall components (a–g), and total 
litterfall deposition flux (h). Error bars represent ± 1SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.)
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Navrátil et al., 2025) and 10 μg Hg m− 2 yr− 1 (Huang et al., 2023) have 
been observed in spruce needles. Coniferous trees growing in the colder 
high latitude regions have longer needle life span (Reich et al., 2014), 
which may prolong the GEM uptake by needles in boreal forest. Given 
that needle Hg concentrations in these forests varied by less than a factor 
of two (50–97 μg kg− 1, Section 3.1), the 3–10 times higher needle Hg 
deposition flux (3.6 vs. 10–34 μg Hg m− 2 yr− 1 in boreal and central 
Europe, respectively) is primarily driven by enhanced needle biomass 
production in central European forests.

3.3. Temporal trends and drivers of litterfall Hg concentrations

Peng et al. (2024) reconstructed historical atmospheric GEM at SVB 
using tree-ring archives (three years intervals) and in-situ atmospheric 
monitoring. Combined with previous studies on peat archives and 
varved lake sediments from nearby sites (Li et al., 2023; Rydberg et al., 
2008), these results indicate a steep decline in atmospheric GEM at SVB 
from the 1970s to the 2000s. Between 1987 and 2000, larch tree-ring Hg 
concentrations decreased by 35 %, from 1.16 μg kg− 1 to 0.82 μg kg− 1 

(Fig. 1c), corresponding to a 41 % decline in atmospheric GEM, from 2.7 
ng m− 3 to 1.6 ng m− 3 (Peng et al., 2024). This trend closely aligns with 
compiled atmospheric GEM concentrations at remote sites across Europe 
(Fig. 1c), as reported by EMEP (Tørseth et al., 2012). Therefore, we 
adopt the annual average atmospheric GEM concentrations from Euro
pean remote sites (Figs. 1c and 3h) for factor analysis to disentangle the 

drivers of temporal trends in litterfall Hg concentrations (Section 3.3) 
and deposition fluxes (Section 3.4).

Temporally, pine needle Hg concentrations exhibited a significant 
decreasing trend (r2 = 0.51, p < 0.05, Fig. 3b and Fig. S1), with a decline 
rate of 0.7 μg kg− 1 yr− 1, resulting in an overall reduction of ~22 % 
during the period of 1987–2000. In contrast, the decline in spruce needle 
Hg concentrations was weaker and statistically insignificant when all 
data were included (r2 = 0.28, p = 0.14), primarily due to an abrupt 
increase in the year 2000. When excluding the year 2000 data, the 
spruce needle Hg concentration exhibited a significant decline (r2 =

0.75, p < 0.01, Fig. 3a and Fig. S1) at a rate of 1.9 μg kg− 1 yr− 1, with a 
total decrease of ~26 % from 1987 to 1997. However, this exclusion 
should be interpreted with caution. The elevated spruce needle Hg 
concentration in the year 2000 may reflect anomalous conditions, such 
as variation in needle retention time or a biological pulse year, rather 
than a reversal of the long-term trend. Despite this variability, the 
observed decline over the 13 year period prior to 2000 (1987–1999) is 
consistent with decreasing atmospheric Hg concentrations. This 
response is further supported by significant correlations between at
mospheric GEM concentrations and Hg levels in both spruce and pine 
needles (Fig. S2). Given that the needles are growing for multiple years, 
the determined litterfall needle Hg concentrations are not fully inde
pendent for each specific year. This is evidenced by autocorrelation 
analysis of spruce and pine needle Hg concentrations time-series data, 
which yielded a Durbin-Watson statistic <2. While this does not negate 

Fig. 5. PCA loading plots of individual litterfall component Hg concentrations, air temperature (Tair), litterfall biomass (BM), GEM concentration (GEM), and 
precipitation amount (P) during the growing season (a) and non-growing season (b). PCA loading plot (c) of annual total (Tot), Spruce (Sp.), Pine, and other-material 
litterfall Hg deposition; growing season air temperature (Tgrow), precipitation (Pgrow), wind speed (Wgrow); and non-growing season air temperature (Tnon), pre
cipitation (Pnon), wind speed (Wnon). Pearson correlation matrix of the growing season (d) and non-growing season (e) litterfall Hg concentrations, and (f) annual 
total Hg deposition with environmental variables. Values in the correlation matrix are the correlation coefficients (r) with red fonts showing significant correlations 
(p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the observed declining trend, it idicates that the linear regression may 
underestimate the associated uncertainty. Future work using expanded 
datasets and time series regression models could better quantify trend 
significance under autocorrelated conditions. Nevertheless, these results 
suggest that spruce and pine needles reliably captured the decadal 
decline in atmospheric GEM concentration (41 %), supporting previous 
findings that conifer needles are good biomonitors of changes in atmo
spheric Hg concentrations (Navrátil et al., 2019; Navrátil et al., 2024).

In contrast to the 41 % decline in atmospheric GEM concentrations 
and the significant reductions in Hg concentrations of spruce and pine 
needles (~22 % and ~26 %, respectively) between 1987 and 2000, 
linear regression analysis revealed no statistically significant temporal 
trends (p > 0.05) in total Hg concentrations for cones, twigs and other- 
material litter components during either growing or non-growing sea
sons (Fig. 3c–g). Principle component analysis (PCA, Fig. 5a–b, d-e, 
Tables S1–S2) assessing the relationships between Hg concentrations in 
litterfall components and environmental variables, including atmo
spheric GEM concentrations (Fig. 3h), air temperature (Fig. 3i), pre
cipitation (Fig. 3j), and litterfall biomass, indicated a positive but 
statistically insignificant (p > 0.05) correlation between atmospheric 
GEM concentrations and Hg concentrations in growing season twigs and 
non-growing season cones. The weaker influence of atmospheric GEM 
on Hg concentrations in non-foliar litter (twigs, cones, and other- 
material components) may be related to the following factors: (1) non- 
foliar litter, such as twigs, bark and lichen, has a longer residence 
time − up to decades − providing prolonged opportunities for Hg 
accumulation, which may obscure the effects of changing atmospheric 
Hg levels on a decadal scale. (2) The mechanisms governing Hg accu
mulation in non-foliar litter are more complex than those in needles, 
involving in vivo Hg transport following atmospheric uptake by foliage. 
Interestingly, precipitation was positively correlated with growing sea
son needle Hg concentrations (Fig. 5d) but showed no association with 
non-foliar litter. This may be explained by the stimulation of needle 
stomatal conductance by increased precipitation, which in turn facili
tates stomatal GEM uptake (Blackwell et al., 2014; Méndez-López et al., 
2023; Wohlgemuth et al., 2020).

3.4. Temporal trends and drivers of litterfall Hg deposition

From 1987 to 2000, litterfall Hg deposition flux remained constant 
(mean = 11.7 ± 1.8 μg m− 2 yr− 1, ± 1SD) with no significant temporal 
trend (r2 = 0.05, p = 0.55, Fig. 4h and Fig. S3) at SVB, ranging between 
9.4 μg m− 2 yr− 1 (1991) and 15.1 μg m− 2 yr− 1 (1993), despite a gradual 
~41 % decline in atmospheric GEM (Section 3.3). Despite missing data 
for five individual years spread among the 14 years covered in the study, 
the available measurements still span the full period. PCA and correla
tion analyses of annual total litterfall Hg deposition flux against relevant 
biological (total biomass deposition, spruce and pine litterfall Hg 
deposition flux) and environmental variables (atmospheric GEM, tem
perature, precipitation, and wind speed) revealed no statistically sig
nificant relationships for any examined factor (p > 0.05, Fig. 5c and f, 
Table S3). Although atmospheric GEM is the predominant source of Hg 
in aboveground biomass (Wang et al., 2021), the PCA results suggest 
that no single factor can be identified as the primary control on litterfall 
Hg deposition in boreal forests.

Temporal trend analyses were conducted for the deposition flux of all 
litter components (needles, cones, twigs and other-material, Fig. 4a–g), 
revealing no significant trends (p > 0.05, regression not shown). The 
contrasting temporal patterns of Hg concentrations in spruce and pine 
needles (i.e., significant declines) versus Hg deposition fluxes (i.e., no 
significant trends) underscore the critical role of needle biomass depo
sition flux in modulating the temporal trends of Hg deposition flux. 
Correlations between litterfall component Hg deposition flux and 
respective Hg concentrations (Fig. S4) or litterfall biomass (Fig. S5) 
indicate that Hg deposition within each litterfall component is primarily 
governed by its biomass deposition. This is further confirmed by 

performing partial correlation analysis of litterfall component Hg 
deposition flux versus biomass through controlling the variable litterfall 
Hg concentrations (p < 0.05, not shown). Our finding aligns with ob
servations from deciduous and mixed forests in eastern USA (Gustin 
et al., 2025; Risch et al., 2017). However, total litterfall biomass depo
sition flux and the biomass deposition flux of individual components 
exhibited no significant temporal trends over the decadal study period 
(Fig. S6). Although total needle biomass accounted for ~62 % of total 
litterfall biomass and its Hg concentration declined by 22.4 %–26.1 %, 
the moderate interannual variability of total needles biomass (ranging 
from 71.2 to 117 g m− 2 yr− 1, with a coefficient of variance of 16.6 %, 
Fig. S6) resulted in no significant trend in total needle Hg deposition 
flux. Additionally, regression analyses of total litterfall Hg deposition 
flux against foliar (needle) Hg deposition flux (Fig. S7a) and non-foliar 
(cones, twigs, and other-material) Hg deposition flux (Fig. S7b) 
demonstrate that non-foliar litterfall Hg deposition flux (ranging from 
4.3 to 11.1 μg m− 2 yr− 1, with a coefficient of variance of 30.2 %) ex
plains 80 % of the interannual variability in total litterfall Hg deposition 
flux. These results highlight the vital role of non-foliar litterfall in 
regulating the temporal trends of Hg deposition, as Hg concentrations in 
non-foliar litter components are less responsive to atmospheric GEM 
concentrations changes. The relatively stable litterfall Hg deposition 
flux (mean = 11.7 ± 1.8 μg m− 2 yr− 1, ± 1SD) at our boreal forest site 
can be attributed to two key factors: (1) the effect of declining needle Hg 
concentrations on needle Hg deposition flux was offset by the moderate 
interannual variability of needle biomass deposition, (2) non-foliar lit
terfall Hg deposition flux, which constituted 56 % of the total litterfall 
Hg deposition flux, exhibited substantial interannual variability, 
thereby exerting primary control over the temporal characteristics of 
total litterfall Hg deposition flux.

Environmental variables, including temperature, precipitation and 
wind speeds, generally exhibited weak correlations with the litterfall Hg 
and biomass deposition fluxes (Fig. 5f). However, a significant positive 
correlation was observed between growing-season precipitation and 
spruce tree litterfall Hg deposition flux, while no such relationship was 
found for pine trees. This may be attributed to the higher sensitivity of 
spruce stomatal conductance to water deficits (Lagergren and Lindroth, 
2002). This regulates the exchange of GEM between the atmosphere and 
needles. Forest vegetation type may therefore influence the climate 
sensitivity of site-specific temporal patterns in the litterfall Hg deposi
tion of boreal forests. In addition, extreme climate conditions, such as 
drought or excessive precipitation, can alter seasonal and annual lit
terfall biomass deposition in boreal forest (Frisko et al., 2024), and 
therefore potentially affect litterfall Hg deposition. Future studies 
should explore these interactions under changing climate conditions.

4. Conclusions and implications

In this study, we analyzed the Hg concentrations and deposition of 
individual litterfall components (needles, cones, twigs, and other- 
material) in a boreal forest in northern Sweden from 1987 to 2000. 
Our results show that pine and spruce needle Hg concentrations 
exhibited a general decadal decline (22 %–26 %) over 14 years, tracking 
the 41 % reduction in atmospheric GEM. In contrast, non-foliar litter 
component Hg concentrations (twigs, cones, and other-material) 
showed no significant trend. Importantly, total litterfall Hg deposition 
fluxes remained stable (11.7 ± 1.8 μg m− 2 yr− 1), indicating that decadal 
atmospheric GEM declines did not translate into reduced ecosystem Hg 
inputs to the soil via litterfall. The individual component contributions 
of needles, cones, twigs, and other-material litter to the annual total 
litterfall Hg deposition fluxes were 44 ± 8.7 %, 2 ± 1.2 %, 32 ± 9.0 %, 
and 22 ± 8.8 %, respectively. Non-foliar litter, contributing 55 % of total 
Hg deposition despite lower biomass, played a dominant role in Hg 
cycling via litterfall. This underscores the influence of biological factors, 
such as litter composition and tree productivity, on Hg deposition in 
boreal forests. These findings have important implications for 
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evaluating the environmental effectiveness of the Minamata Convention 
on Mercury. The observed stability in litterfall Hg deposition, despite 
significant atmospheric Hg reductions, suggests potential lags in 
ecosystem deposition recovery and underscores the need to integrate 
biological pathways into monitoring frameworks. We recommend that 
future assessments of Hg deposition trends include long-term moni
toring of individual litter components, especially non-foliar litter, to 
more accurately track ecosystem responses to emission controls under 
changing climate conditions.
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