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ABSTRACT
Foliage uptake of atmospheric elemental 
mercury (Hg0) and subsequent translocation 
by the phloem is the main pathway for Hg 
accumulation in tree rings. Tree rings have 
been used as the emerging natural archive 
to directly reconstruct centennial trends of 
atmospheric Hg0 level. The tree-ring Hg 
records in remote regions have successfully 
reconstructed the peak of anthropogenic Hg 
emissions in Europe and North America in 
1960s − 1970s and the distinct increase of Hg 
emissions in Asia since 1980s. Combining the 
Hg concentrations and isotopic signatures 
would provide historical atmospheric Hg 
trends and Hg emission source shifts. The 
mechanisms for Hg translocation, specifically 
the radial translocation and impacts of envi-
ronmental and tree physiological factors, are yet to be clarified to explain the nonlinear relation 
between atmospheric Hg0 concentration and Hg signals in tree rings. Thus, we recommend to trace 
Hg accumulation and translocation processes and their Hg isotopic fractionation in tree rings, and 
examine the relationship between tree-ring Hg profile and atmospheric pollution level in specific tree 
species. Finally, we suggest to develop more statistical models to quantify environmental and tree 
physiological impacts on Hg accumulation and translocation in tree rings.

KEYWORDS  Mercury; isotopes; tree rings; influencing factors; historical record

HANDLING EDITORS  Dan Tsang and Lena Q. Ma

1.  Introduction

Mercury (Hg) is a toxic metal and released into the atmosphere through various natural and 
anthropogenic processes (Beckers & Rinklebe, 2017; Horowitz et  al., 2014). A cumulative total 
of 470 Gg Hg has been directly emitted into the atmosphere from anthropogenic sources since 
1850s, 74% of which was in the form of elemental Hg (Streets et  al., 2017). Gaseous elemental 
Hg (Hg0) is the main form of Hg in the atmosphere with a 0.3- to 1.5- year atmospheric res-
idence time (Chen et  al., 2018; Lehnherr, 2014; Shah et  al., 2021). The distinct increase of Hg 
emissions since 1850s have resulted in a significant elevation of Hg accumulation in remote 
ecosystems (Chen et  al., 2014; Yu et  al., 2022). The deposited Hg can be transformed into the 
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more toxic form (i.e., methyl-Hg) in certain environments, posing distinct threat to environmental 
quality and human health (Evans et  al., 2013; Zhang et  al., 2014). To protect environment and 
human health from Hg pollution, the UN’s Minamata Convention on Hg has entered into force 
in August 2017 (UNEP, 2019). Reconstructing the historical atmospheric Hg trend is the foun-
dation to understand the Hg accumulation and transportation among the global Hg reservoirs 
(Cooke et  al., 2020; Sonke et  al., 2023).

Monitoring of atmospheric Hg0 concentration began only 30–40 years ago, and the absence 
of long-term observation data has limited our capacity in assessing historical atmospheric Hg 
pollution and verifying historical Hg emission inventories (Clackett et  al., 2018; Cooke et  al., 
2020). The natural archive yields a unique opportunity to provide long-term and large-scale 
information on atmospheric Hg concentration and deposition, thus directly linking the trend of 
current and past atmospheric Hg changes (Cooke et  al., 2020). Ice cores (Eyrikh et  al., 2017; 
Schuster et  al., 2002), peat bogs (Enrico et  al., 2017; Zuna et  al., 2012), and lake sediments 
(Engstrom et  al., 2014; Kang et  al., 2016) are readily available proxy to reconstruct past trends 
of atmospheric Hg deposition. However, these archives are mainly found under the specific 
climatic and geological conditions (Cooke et  al., 2020; Kang et  al., 2022; Novakova et  al., 2021), 
and rely on radioisotope dating methods (e.g., 14C, 137Cs and 210Pb), which have several shortages 
such as high sampling cost, multiple factor impacts, and low temporal resolution (e.g., 10- to 
50- year) (Clackett et  al., 2018; Cooke et  al., 2020).

Natural growth characteristics of trees enables tree rings to have several advantages for as 
archives of Hg deposition. These advantages include broad distribution, easy collection and 
replication, potential for centennial-length chronologies, and annual resolution based on the 
annual ring counting and cross-dating verification (Clackett et  al., 2018; Kang et  al., 2022; 
Novakova et  al., 2021). Additionally, compared to other natural archives recording atmospheric 
deposition, tree rings directly record the signal of atmospheric Hg concentration (Arnold et  al., 
2018). Given the aforementioned promising advantages, tree rings have been successful used to 
reconstruct historical variations of atmospheric Hg concentration in remote regions (Abreu et  al., 
2008; Clackett et  al., 2018; Eccles et  al., 2020; Ghotra et  al., 2020; Gustin et  al., 2022a; Kang 
et  al., 2022; Maillard et  al., 2016; Navrátil et  al., 2018; Peckham et  al., 2019a; Wright et  al., 2014).

The fundamental assumption of the Hg dendrochemistry is that Hg accumulated in tree rings 
is derived from atmospheric Hg sources, and a linear relationship between Hg in air and in 
tree rings exists (Wang et  al., 2021b). Thus, atmospheric Hg concentration can be estimated 
from tree-ring Hg profile as follows:

	 Hg Hg r
air t tr t( ) ( )= × 	 (1)

where Hgair(t) is the estimated atmospheric Hg concentration (ng m−3) for the specific period 
(t), Hgtr(t) is the simultaneous Hg concentration in a tree ring segment (ng g−1), and r is the 
atmospheric Hg accumulation rate factor. Noteworthy, the Hg dendrochemistry is still an emerg-
ing field of research with significant knowledge gaps on the reliability of tree-ring records, such 
as the specific source contribution, age effect, radial translocation (Chellman et  al., 2020; 
Novakova et  al., 2021; Wang et  al., 2021b). Specifically, the uncertainties of atmospheric Hg 
accumulation rate factor (r) reduce the reliability of tree-ring Hg records. Several studies esti-
mated r by assuming a linear correlation between Hg in air and in tree rings (Navrátil et  al., 
2018; Novakova et  al., 2022). However, other studies suggested a nonlinear Hg accumulation 
rate in tree rings due to interactions between trees and environmental factors as well as the 
influence of tree physiological factors on Hg uptake and translocation inside a tree (Gustin 
et  al., 2022a; 2022b; Kang et  al., 2022; Liu et  al., 2024; McLagan et  al., 2022; Wang et  al., 2021b).

The primary objective of this review is to systematically summarize the current progresses 
and challenges for tree rings as the atmospheric Hg archive. We synthesized mechanisms of Hg 
uptake, translocation and their isotopic fractionations in tree rings, and re-assessed tree-ring Hg 
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profile data across the globe based on the literatures published in the last decade, and finally 
provided future recommendations to improve the reliability of tree-ring Hg reconstruction.

2.  Pathways and mechanisms of Hg accumulation in tree rings

There are three potential sources for Hg accumulation in tree rings including atmospheric Hg 
uptake through foliage and then subsequent translocation by phloem, atmospheric Hg absorption 
by bark and then lateral transmission into tree rings, and soil Hg absorption by root then 
upward transportation by xylem (Navrátil et  al., 2018; Novakova et  al., 2022; Wang et  al., 2021b; 
Yuan et  al., 2022). Quantifying the contributions from these sources would significantly improve 
the accuracy of estimating atmospheric Hg concentration from tree-ring Hg records (Figure 1).

2.1.  Foliage uptake of atmospheric Hg0 and then translocation into tree rings

Measurements of air-foliage Hg exchange flux (Fleck et  al., 1999; Millhollen et  al., 2006) and 
stable Hg isotopic signatures (Graydon et  al., 2009; Mao et  al., 2013; Yuan et  al., 2019) have 
shown that approximately 90% of Hg in foliage was derived from atmospheric Hg0 uptake. There 
are two pathways for foliage assimilation of atmospheric Hg0 (Figure 1). One pathway is via 
stomatal uptake of atmospheric Hg0 (Assad et  al., 2016; Laacouri et  al., 2013; Stamenkovic & 
Gustin, 2009; Yuan et  al., 2019). Stomata are responsible for the exchange of CO2, O2 and H2O 
between air and foliage during respiration and photosynthesis, and also passively exchange var-
ious gaseous pollutants including Hg0 (Frescholtz et  al., 2003; Liu et  al., 2021a). The stomatal 
conductance significantly shapes the rate of foliar atmospheric Hg0 uptake during the daytime 
(Arnold et  al., 2018; Converse et  al., 2010; Stamenkovic & Gustin, 2009). The other pathway is 
the nonstomatal uptake, which is suggested dominant at night (Stamenkovic & Gustin, 2009; 
Zhang et  al., 2009). It is likely that foliage cuticles involve in the nonstomatal route (Arnold 
et  al., 2018; Laacouri et  al., 2013). Cuticles contain both polar and nonpolar routes, and enable 
to let both Hg0 (nonpolar) and Hg2+ (polar) pass through the cuticle (Arnold et  al., 2018; 
Stamenkovic & Gustin, 2009).

Figure 1. S chematic diagram of Hg accumulation in tree issues.
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After uptake by foliage, Hg0 undergoes oxidation inside foliage via a two-step single electron 
transfer process, involving Hg+ and Hg2+ formation mediated by nonenzymatic and enzymatic 
(e.g., catalase) reactions (Liu et  al., 2021b). Hg0 oxidation to Hg+ is demonstrated as a nonen-
zymatic reaction. Subsequently, the oxidated Hg2+ is incorporated in epidermal and stomatal cell 
walls, as well as in parenchyma cell nuclei or adsorbed to outer leaf surfaces (Laacouri et  al., 
2013; Stamenkovic & Gustin, 2009). Up to 96% of Hg is accumulated in the leaf tissue com-
partment, while 4-5% of Hg in cuticle compartments and leaf surface (Laacouri et  al., 2013). 
Hg complexes formed with the reduced sulfur functional groups (Hg-SR), bis-thiolate complex 
(Hg(SR)2) and Hg sulfide nanoparticles (β-HgS) have been identified as the dominant Hg species 
in foliage due to the high Hg affinities of the thiol functional group (-SH) and reduced sulfur 
functional groups (-SR) (Carrasco-Gil et  al., 2013; Liu et  al., 2021a; Manceau et  al., 2018).

The nutrient translocation incidentally moves metal-ligand complexes with low molecular 
compounds containing Hg from canopy to stem (Arnold et  al., 2018; Gustin et  al., 2022a; Navratil 
et  al., 2017). Stable Hg isotopic signatures (Wang et  al., 2020a) and results from the controlled 
dose-response experiment (Arnold et  al., 2018) and field control experiment (Peckham et  al., 
2019b) have shown that approximately 80% of Hg in tree rings derived from foliage uptake of 
atmospheric Hg0 and subsequent translocation by the phloem. Additionally, Hg concentrations 
in biomass of stem significantly increased along with the height of stem, which also reflected 
the Hg transport from canopy to woody biomass after foliage uptake of atmospheric Hg0 (Liu 
et  al., 2024; Yanai et  al., 2020).

2.2.  Bark absorption of Hg

Bark absorption of Hg may also contribute to the Hg accumulation in tree rings (Figure 1). 
Bark can effectively absorb airborne pollutants including Hg due to its porous morphology and 
lack of metabolic activity (Şen et  al., 2015). Particle-bound Hg and Hg0 are considered to be 
the original species deposited onto the barks by interaction with the surrounding atmosphere 
(Chiarantini et  al., 2017). Stable Hg isotopic evidences suggested that the foliage uptake of 
atmospheric Hg0, then internal translocation from phloem to inner bark also probably contribute 
to Hg accumulation in bark (McLagan et  al., 2022). The bark Hg concentration is usually one 
order of magnitude greater than concentration in tree rings (more details in Table S1) (Kang 
et  al., 2019; Novakova et  al., 2021; Rodriguez Martin et  al., 2013; Siwik et  al., 2010; Zhou & 
Obrist, 2021). The elevated Hg concentration in the outmost ring is speculated by Hg lateral 
translocation from tree bark to ring (Kang et  al., 2019; Novakova et  al., 2022). However, the 
rapid decrease of Hg concentration from outer-to-inner bark (Table S1) indicates the inefficiency 
of Hg passing through multiple layers of bark to enter into xylem (Chiarantini et  al., 2016; 
Novakova et  al., 2021).

2.3.  Root absorption of soil Hg

Hg2+ bound with lower molecular organic matter (such as cysteine) in a surrounding soil 
solution is suggested as the main source for Hg in roots (Wang et  al., 2012; Yuan et  al., 
2022). It has been well documented that up to 90% Hg in the root zone is tightly bound to 
membranes of roots and cell walls, and only a small amount of Hg in roots (<5%) can be 
translocated into the aboveground woody biomass (Cui et  al., 2014; Greger et  al., 2005; 
Millhollen et  al., 2006; Wang et  al., 2012; Yuan et  al., 2022) due to the low bioavailability 
of Hg and barrier block in roots (Bishop et  al., 1998; Boszke et  al., 2008; Wang et  al., 2012; 
Yuan et  al., 2022). The controlled experimental results showed that tree-ring Hg concentra-
tions of Pinus trees were primarily influenced by air Hg concentrations but not soil Hg 
concentrations (Arnold et  al., 2018; Peckham et  al., 2019b). Results from the Hg isotopic 
mixing models further indicated that atmospheric Hg0 accounted for 83-88% in bole wood 
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(Wang et  al., 2020a). Thus, the soil Hg absorption by root is not the main Hg source in 
tree rings.

3.  Tree physiological factors influencing tree-ring Hg records

Tree physiological processes control foliage uptake of atmospheric Hg0 and the subsequent 
translocation and accumulation in aboveground biomass, thus significantly influencing the Hg 
profile in tree rings (Figure 2). These physiological factors include but are not limited to the 
stomatal characteristic, epidermal composition, leaf area, xylem properties, transpiration rate and 
canopy dynamics (Arnold et  al., 2018; Chellman et  al., 2020; Laacouri et  al., 2013; Peckham 
et  al., 2019a; Schneider et  al., 2019). Currently, few studies have provided direct evidences to 
display impacts of tree physiological factors on tree-ring Hg accumulation. Herein, we mainly 
discussed tree species, tree age and radial translocation, which likely represent the comprehensive 
impacts of tree physiological factors on Hg accumulation in tree rings.

3.1.  Tree species

Compared to broadleaf tree species, coniferous tree species are more conducive to ring dating 
due to their clearer ring boundaries and fewer false rings and fractures (Gustin et  al., 2022a; 
Siwik et  al., 2010). Previous studies had different assessments on the suitability of using broadleaf 
tree rings as archives for atmospheric Hg pollution trends. For example, Siwik et  al. (2010) 
found insignificant temporal variations of tree-ring Hg profiles in broadleaf tree species, such 
as Red oak (Quercus rubra), Poplar (Populus deltoides) and Willow (Salix rubens); while Maillard 
et  al. (2016) proposed that tree-ring Hg profiles of Poplar and Willow could record historical 

Figure 2.  Factors affecting reconstruction of atmospheric Hg concentration by tree rings. The arrow indicates the effects of one 
factor on another.
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Hg emissions from past industrial activities. For coniferous tree species, number of studies have 
demonstrated that the tree-ring Hg profiles in coniferous tree species, such as Pinus spp. (Gustin 
et  al., 2022a; Peckham et  al., 2019a; Schneider et  al., 2019; Wright et  al., 2014), Picea spp. 
(Clackett et  al., 2018; Eccles et  al., 2020; Kang et  al., 2018) and European larch (Larix decidua 
Mill.) (Navrátil et  al., 2018; Novakova et  al., 2021), are preferential for Hg dendrochronology, 
specifically as a relevant proxy of anthropogenic Hg emissions in polluted areas.

Among the coniferous tree species, the evergreen pines possibly have the elevated tree-ring 
Hg concentration in contrast to the deciduous pines, as indicated by several field observations. 
The mean Hg concentration in tree-ring cores of Scots pine (90- to 220-year-old, Pinus sylvestris) 
at three background sites in Czech Republic was 1-2 times higher than that of mature European 
larch (80- to 130-year-old, Larix decidua Mill.) (Novakova et  al., 2021). Similarly, the Hg con-
centration in tree-ring cores of mature (about 200-year-old) Mongolian pine (1.98 ± 0.39 ng g−1, 
Pinus sylvestris var. mongolica) was higher than that in mature (about 150-year-old) Dahurian 
larch (1.51 ± 0.48 ng g−1, Larix gmelinii Rupr.) at the same sampling site (Kang et  al., 2022). 
Besides the differences in physiological processes, deciduous needles only grow in summertime, 
resulting in only 4-6 months of foliage exposure to atmospheric Hg0, in contrast to the whole 
year growth of evergreen needles (Kang et  al., 2022; Novakova et  al., 2021). Thus, the tree-ring 
Hg profile of deciduous pines possibly reflect the trend of summertime atmospheric Hg0 con-
centration, and Hg profile of evergreen needle trees may reflect the average atmospheric Hg0 
concentration across the whole year (Scanlon et  al., 2020).

Among the evergreen coniferous tree species, Hg concentrations in tree rings also seem to 
be species-specific. For example, Hg concentration of mature (more than 200-year-old) Huon 
pine (9.1 ± 5.1 ng g−1, Lagarostrobus franklinii) was higher than that of mature (more than 
200-year-old) Celery top pine (3.5 ± 1.7 ng g−1, Phyllocladus aspleniifolius) at the same sampling 
site in Tasmania, Australia (Schneider et  al., 2019). Such a difference can be attributed to the 
different stomatal position and epidermal properties between these tree species. Stomata in Huon 
pine are well disseminated over the outer (exposed) surface of the leaf, while those in Celery 
top pine are dominantly on the lower surface of the phyllodes (Schneider et  al., 2019). The 
waxy surface of celery top pine phyllodes also constrains Hg uptake by stomata (Schneider 
et  al., 2019).

3.2.  Tree age

Tree age is a straightforward parameter obtained from tree-ring counting, and is a valuable 
indicator to reflect the comprehensive impacts of canopy structure, tree height, stomatal 
conductance and epidermal properties (England & Attiwill, 2006;; Peckham et  al., 2019a; 
Stoffberg et  al., 2008). The tree-ring Hg concentrations of young trees might be higher than 
those of mature trees at the same location during the common growth period (Liu et  al., 
2024; Peckham et  al., 2019a; Wang et  al., 2021b). For example, Wang et  al. (2021b) reported 
that the tree-ring Hg concentrations of young Masson pine (Pinus massoniana) trees (40- to 
50-year-old) are 1–7 times higher than those of mature trees (more than 100-year-old) 
during the same growth period. There are several possible causes for such an age effect. 
The first one is because foliage of young trees has greater capacity of assimilating atmo-
spheric Hg due to its higher stomatal conductance and enzyme (e.g., catalase) activity 
compared to foliage of mature trees (Hubbard et  al., 1999; Peckham et  al., 2019a). The 
second cause could be the decreasing rate of cuticular Hg uptake with increasing tree age 
because the absorption sites in cuticles are opt to saturation in the aged tissues (Schneider 
et  al., 2019; Schreiber, 2005). Thirdly, the lower canopy heights of young trees than mature 
trees imply shorter distances for Hg translocation from canopy to the stem, thus causing 
the elevated Hg concentration in tree rings of young trees (Liu et  al., 2024; Wang et  al., 
2021a; Yanai et  al., 2020).
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3.3.  Radial translocation

Radial translocation of an element is defined as a change or lateral re-equilibrium in concen-
tration within growth rings previously formed because the element is moved or smeared across 
active growth rings (Arnold et  al., 2018; Cheng et  al., 2007; Hagemeyer & Schafer, 1995; Stewart, 
1966; Watmough & Hutchinson, 2002). Such a centripetal translocation of toxic substances via 
the rays into the heartwood was a possible detoxification mechanism of living tissues in the 
outer sapwood (Hagemeyer & Schafer, 1995; Lageard et  al., 2008). The radial translocation of 
Hg mainly occurs throughout the sapwood rings (Cutter & Guyette, 1993; Okada et  al., 2012) 
since the active and live ray cells in the sapwood rings that allow water and nutrients to move 
radially may possibly transport Hg inwards (Arnold et  al., 2018; Siwik et  al., 2010). The Hg 
radial translocation would severely alter the atmospheric Hg signal preserved in tree rings formed 
in previous years. For example, the tree-ring Hg profile in Masson pine even displayed an 
opposite trend in contrast to the trend of local anthropogenic Hg emissions (Liu et  al., 2024).

The impact of radial translocation on tree-ring Hg record is species-specific due to the het-
erogeneity of sapwood-heartwood distribution (Novakova et  al., 2021). The narrow sapwood and 
heartwood with low moisture and permeability would largely constrain the radial translocation, 
such as tree species of Larix spp. and Picea spp. (Clackett et  al., 2021;; Eccles et  al., 2020; Ghotra 
et  al., 2020; Kang et  al., 2018; Navrátil et  al., 2018; Novakova et  al., 2021). In contrast, Pinus 
spp. and Poplar spp. have a wide sapwood, which leading to a strong Hg radial translocation 
capability (Arnold et  al., 2018; Chellman et  al., 2020; Gustin et  al., 2022b; Liu et  al., 2024; 
Novakova et  al., 2021; Wang et  al., 2021b).

The advection-diffusion model (Chellman et  al., 2020; Liu et  al., 2024) provides a new way 
to quantify impacts of radial translocation on tree-ring Hg record although such a model has 
not been parameterized with a complete set of physiological processes. Results of advection-diffusion 
model suggested that the advection, i.e., the active transport of ray cells in the sapwood, is the 
main pathway for radial Hg translocation in tree rings (Chellman et  al., 2020; Liu et  al., 2024). 
Liu et  al. (2024) further pointed out that stronger Hg translocation occurs in young trees because 
of their higher abilities for translocations of nutrient and water by ray-cell compared to mature 
trees. Previous studies recommended to minimize impacts of radial translocation on Hg den-
drochemistry by choosing tree species with a low number of sapwood rings and a low heartwood 
moisture content (e.g., Larix spp. and Picea spp.), or reducing resolution (10- or 20- year) of 
tree rings or increasing the tree-ring cores (tree numbers ≥ 10) (Cutter & Guyette, 1993; Liu 
et  al., 2024; Novakova et  al., 2021).

4.  Environmental factors influencing tree-ring Hg records

4.1.  Meteorological factors

The environmental conditions including meteorological factors and geographical conditions can 
distinctly shape Hg migration and storage in tree rings by influencing atmospheric Hg cycling 
and tree physiological processes (Figure 2). Gustin et  al. (2022a) reported that meteorological 
factors, including dew point, temperature, vapor pressure deficit and relative humidity, were 
negatively correlated to tree-ring Hg concentrations (r ranging from −0.80 to −0.49, p < 0.01). 
The local meteorological factors can shape the trend of tree-ring Hg via influencing Hg emis-
sions from natural surfaces and atmospheric Hg cycling (Gustin et  al., 2022a; Liu et  al., 2024). 
Field observations showed that relative humidity (Zhang et  al., 2015) and wind speed (Fu et  al., 
2010) could have a negative correlation with atmospheric Hg concentration, thus influencing 
the air-foliage Hg exchange flux. Additionally, trees located downwind of pollution sources could 
capture elevated Hg in tree rings (Schneider et  al., 2019). Meteorological factors may also dis-
tinctly shape tree physiology, especially stomatal conductance, thus affecting the foliar uptake 
of atmospheric Hg0 and subsequent accumulation in tree rings (Liu et  al., 2024; Rutter et  al., 
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2011). Soil moisture and temperature can affect the efficiency of Hg uptake via influencing the 
foliage stomata open-close and translocation in tree phloem. Spruce under the low soil tem-
perature (< 8 − 10 °C) would actively reduce tree transpiration and photosynthesis, thus decreasing 
stomatal uptake of Hg0 (Schwarz et  al., 1997). In addition, trees grown in high moisture soil 
tend to have a large stomatal conductance and elevated atmospheric Hg assimilation, thus likely 
resulting in a high level of Hg translocated into tree rings (Eccles et  al., 2020; Wohlgemuth 
et  al., 2022).

4.2.  Geographical and geomorphological conditions

Geographical and geomorphological conditions have indirect effects on Hg accumulation and 
translocation in tree rings via their complicated roles in controlling local atmospheric circulation, 
Hg cycling and vegetation physiological processes. The observation in northwestern Canada 
depicted that the tree-ring Hg concentration of White spruce in the coastal regions can be 1-2 
times of that in the same tree species of inner land regions (2.96 ± 0.45 ng g−1 versus 1.22 ± 0.57 ng 
g−1) (Clackett et  al., 2018; Ghotra et  al., 2020). These tree-ring Hg gradients were caused by the 
intensive sea − land interaction induced Hg cycling. Additionally, elevation has complicated effects 
on tree-ring Hg profiles. Several observations displayed an elevation gradient of tree-ring Hg 
(Gustin et  al., 2022a; Kang et  al., 2018), while insignificant gradient in other montane regions 
(Peckham et  al., 2019a) due to distinct spatial heterogeneities and changes in the geographical 
environment. In Hg-enriched (e.g., permafrost) or polluted soils, the biological and abiotic soil 
factors (e.g., methylated micro-organisms, level of organic matter and etc.) have impacts on Hg 
accumulation in tree rings by controlling the Hg re-emission from soil, due to the soil emitted 
Hg then absorbed by foliage (Kang et  al., 2022; Maillard et  al., 2016).

5.  Tree-ring Hg concentration records across the globe

The published tree-ring Hg records at most sites have the potential to reflect the local and 
regional atmospheric Hg changes. The tree rings at high latitude and altitude areas may record 
the global background Hg change. It is noteworthy that the complicated impacts from various 
factors (e.g., physiological processes of tree species, meteorological factors, and geographical and 
geomorphological conditions) lead to tree-ring Hg records with substantial variabilities. Thus, 
caution should be taken and additional supporting evidence collected from other natural Hg 
archives (e.g., ice cores, peat cores) are needed when comparing tree-ring Hg records among 
different sites.

5.1.  Methodology of Hg dendrochemistry

Most studies have observed high variabilities of tree-ring Hg profiles among tree individuals 
(Clackett et  al., 2018, 2021;; Ghotra et  al., 2020; Liu et  al., 2024; Wang et  al., 2021b). Recent 
studies suggested that using ~10 or more tree ring cores can remarkedly reduce such tree-specific 
variabilities (Liu et  al., 2024; Peckham et  al., 2019a). It is important to ensure choosing basically 
consistent tree age and sampling height of tree cores during the sampling processes (Gustin 
et  al., 2022a; Peckham et  al., 2019a; Wright et  al., 2014). For analysis, the thermal decomposition, 
amalgamation and atomic absorption spectrometry are extensively applied to determine total Hg 
concentration in tree-ring cores (Clackett et  al., 2018; Gustin et  al., 2022a; Liu et  al., 2024; 
Peckham et  al., 2019a; Schneider et  al., 2019). Due to the extremely low concentrations of Hg 
in tree rings in remote regions (generally lower than 5.0 ng g−1), the low instrument blank must 
be ensured to reduce influences of background noise (Peckham et  al., 2019a). Most published 
tree-ring Hg records are developed at 5- or 10-year resolution (Chellman et  al., 2020; Clackett 
et  al., 2018; Eccles et  al., 2020; Gustin et  al., 2022a; Hojdová et  al., 2011; Kang et  al., 2018; 
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Navrátil et  al., 2018; Peckham et  al., 2019a; Wang et  al., 2021b), and several studies take full 
advantage of the annual resolution of the tree-ring record (Ahn et  al., 2020; Clackett et  al., 
2021; Jung & Ahn, 2017). Most studies compiled the mean tree-ring records by calculating the 
arithmetic averages of all the segment concentrations (Chellman et  al., 2020; Liu et  al., 2024; 
Navratil et  al., 2017; Novakova et  al., 2021, 2022; Wright et  al., 2014), while several studies 
(Eccles et  al., 2020; Kang et  al., 2022) calculated the Hg series using Tukey’s biweight robust 
mean, or tree-specific bias adjusted mean (Clackett et  al., 2018; Ghotra et  al., 2020). These 
adjusted mean-calculation methods are commonly applied in dendrochronological research and 
unaffected by outliers, and thus well suited to small sample size and non-normally distributed 
data sets (Cook et  al., 1990). In addition, the sparce principal component analysis (PCA) is also 
recommended due to it overcomes the particular disadvantage of ordinary PCA, being that the 
principal components are usually linear combinations of all input variables (Maillard et  al., 2016).

5.2.  Hg records in remote regions

Figures 3–5 synthesize the tree-ring Hg records across the globe. Existing studies reporting 
tree-ring Hg records are all from the Northern Hemisphere, including the United States (Chellman 
et  al., 2020; Gustin et  al., 2022b; Peckham et  al., 2019a; Wright et  al., 2014; Yanai et  al., 2020), 
Canada (Clackett et  al., 2018; Eccles et  al., 2020; Ghotra et  al., 2020), Czech Republic (Hojdová 
et  al., 2011; Navrátil et  al., 2018; Novakova et  al., 2021), Germany (McLagan et  al., 2022; 
Novakova et  al., 2022), China (Kang et  al., 2018; 2022; Liu et  al., 2024; Wang et  al., 2021b) and 
South Korea (Ahn et  al., 2020; Jung & Ahn, 2017), except one study in Australia inform the 
Southern Hemisphere (Schneider et  al., 2019). Tree rings in these studies are mainly focused 
on coniferous species including Pinus spp. and Picea spp., and some broadleaf species. Most 
tree-ring records cover 150-200 years of time. According to the peak of anthropogenic emissions 
(Streets et  al., 2017), the whole record was divided into four periods as discussed below.

The first period covers 1861–1920 (I). The beginning of the industrialization led to an increase 
of atmospheric Hg emissions in Europe and North America. The anthropogenic Hg emissions 

Figure 3. R ecords of tree-ring Hg profiles for different tree species in background regions. The abscissa presents the time covers 
and the ordinate displays variations of tree-ring Hg concentration (ng g−1). data sources: Ahn et  al., 2020; Chellman et  al., 2020; 
Clackett et  al., 2018; Eccles et  al., 2020; Ghotra et  al., 2020; Gustin et  al., 2022a; Jung & Ahn, 2017; Kang et  al., 2022; Kang et  al., 
2018; Novakova et  al., 2021; Wright et  al., 2014; Yanai et  al., 2020.
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Figure 4. R ecords of tree-ring Hg profiles for different tree species in polluted regions. The abscissa presents the time covers 
and the ordinate displays variations of tree-ring Hg concentration (ng g−1). data sources: Ahn et  al., 2020; Clackett et  al., 2021; 
Hojdová et  al., 2011; Jung & Ahn, 2017; Kang et  al., 2018; Liu et  al., 2024; McLagan et  al., 2022; Navrátil et  al., 2018; Novakova 
et  al., 2021; Novakova et  al., 2022; Schneider et  al., 2019; Wang et  al., 2021b; Wright et  al., 2014.

Figure 5. T emporospatial trends of anthropogenic Hg emissions and tree-ring Hg records. (a) is for anthropogenic Hg emissions 
from Streets et  al., 2017; (b)-(d) are coniferous tree-ring Hg records in background regions of different continents.
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reached a peak of 3100-3200 Mg yr−1 in 1890s due to the artisanal and small-scale gold and 
silver mining (ASGM) in North America (Streets et  al., 2011, 2017). However, most tree-ring 
Hg records in Canada and the United States are absence of such peak in tree-ring Hg records 
(Figure 3(a,e,g,i,k)). The tree-ring Hg profile at one site of California reconstructed this peak 
(Figure 3(j)). We proposed two possible causes to explain this phenomenon. One cause is that 
the anthropogenic emissions from ASGM may have been overestimated due to the great uncer-
tainties in the global use of Hg in the ASGM sector (Selin & Selin, 2022; Streets et  al., 2017). 
Indeed, there is a lack of reliable official statistics because a large amount of the ASGM activities 
is unacknowledged or unregulated in many regions (Pang et  al., 2022; Selin & Selin, 2022). 
Another cause is that Hg emissions from ASGM sector had slower release rate and weaker 
intensity, which might not lead to a distinct Hg rising across the globe when compared to 
emissions from urban-industrial activities (Guerrero, 2016).

The second period covers 1921–1950 (II). Chemicals manufacturing activities, such as 
chlor-alkali production, oil production, were the major Hg emission sources with a small peak 
(~2300 Mg yr−1) in the 1940s (Streets et  al., 2017). Currently, most tree-ring profiles are absence 
of such a peak possibly due to much smaller emission intensities than other historical peaks 
(Figure 3).

The third period covers 1951–1980 (III). Hg anthropogenic emissions reached another 
peak in the 1970s (~3000 Mg yr−1) due to substantial Hg emissions from metal smelting, 
coal combustion, chemicals manufacturing and artisanal and small-scale gold mining in 
Europe and North America (Streets et  al., 2017). Such a peak has been widely reconstructed 
in most tree-ring Hg records of White spruce in Canada (Figure 3(a)), some Pinus spp. 
and broad-leaved tree species in the United States (Figure 3(k,l)), and larch in the Czech 
Republic (Figure 3(b,c)).

The fourth period covers 1981–2020 (IV). Since the 1980s, the developed countries have 
strengthened the implementation of clean air strategies and regulations, thus largely reducing 
anthropogenic Hg emissions (Horowitz et  al., 2014). Most tree-ring Hg records in North 
America and Europe showed a significant downward trend (Figure 3(a,b,c,e,j,k,l)) during this 
period. However, the increasing industrialization (e.g., coal combustion and metal smelting) 
in Asian countries contributes to a sharp increase of anthropogenic Hg emissions (Kang et  al., 
2018; Wu et  al., 2016). The tree-ring Hg records in East Asia have confirmed this increasing 
trend (Figure 3(d,h)).

5.3.  Hg records at polluted sites

Due to complicated impacts of emission levels and pollutant types, the tree-ring Hg concen-
trations at polluted sites varied widely (1–2412 ng g−1), and these values are significantly higher 
than those in remote regions. Similar to traditional bioindicators (e.g., moss and lichen), Hg 
concentrations in tree rings decreased with increasing distance from the pollution sources 
(Jung & Ahn, 2017; Navratil et  al., 2017; Novakova et  al., 2022). At the temporal scale, the 
tree-ring Hg profiles are basically consistent with historical trends of Hg emissions from the 
nearby big-point Hg emission sources (Figure 4). For example, the larch tree-ring Hg profiles 
impacted by emissions of lead ore smelting and gold amalgamation processing in Czech 
Republic showed a distinctly increasing trend along with the increase of the amounts for 
mined ore and recovered gold in Figure 4(c) (Navrátil et  al., 2018). The tree-ring Hg con-
centration increased sharply since 1990 due to the increasing Hg emissions from cement 
production and coal-fired power plant of local regions in Figure 4(d) (Kang et  al., 2018). 
Similarly, the rapid increase of spruce tree-ring Hg from 1923 to 1930 due to the distinct Hg 
emissions from gold mining operations at Bear Creek camp in Figure 4(e) (Clackett et  al., 
2021). These results further confirmed that the suitability of tree rings to reconstruct historical 
atmospheric Hg levels at Hg polluted sites.
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6.  Tree-ring Hg isotopic signatures

Hg has seven stable isotopes (i.e., 196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg and 204Hg) in the 
environments (Blum & Bergquist, 2007). They undergo mixing and fractionation in the process 
of biogeochemistry reaction, which modifies the Hg isotope ratios in environmental samples 
(Kwon et  al., 2020). The Hg stable isotopes have three-unique dimensions of isotopic fraction-
ation which is quantified as the mass dependent fractionation (MDF, mainly represented by 
δ202Hg), odd mass independent fractionation (odd-MIF, reported as Δ199Hg and Δ201Hg), and 
even mass independent fractionation (even-MIF, reported as Δ200Hg and Δ204Hg) (Blum & 
Bergquist, 2007; Sonke & Blum, 2013). The Hg stable isotopes provide a new insight in tracing 
Hg sources and transformation processes in natural environments. Atomoshperic Hg0 in global 
background regions is generally characterized by positive δ202Hg values (mean of 0.59 ± 0.44) 
and negative Δ199Hg (mean of −0.18 ± 0.08‰); in contrast, air Hg0 collected from urban-industrial 
sites displays negative δ202Hg (mean of −0.62 ± 0.26‰) and near-zero Δ199Hg (mean: 0.04 ± 0.05‰) 
values (Demers et  al., 2013; Enrico et  al., 2016; Kwon et  al., 2020; Yuan et  al., 2019). Hg in 
background precipitation is characterized by negative δ202Hg (mean: −0.35 ± 0.58‰) and positive 
Δ199Hg (mean: 0.45 ± 0.37‰) values (Demers et  al., 2013; Enrico et  al., 2016; Zhang et  al., 2020; 
Zheng et  al., 2016). Therefore, the odd-mass MIF is particularly useful in distinguishing con-
tribution of precipitation sources characterized by positive values and atmospheric Hg0 sources 
characterized by negative signals (Fu et  al., 2021; Scanlon et  al., 2020). The δ202Hg of foliage 
(mean of −2.56 ± 0.48‰, ranging from −1.35 to −3.78‰) in remote forests is more negative 
than that of atmospheric Hg0 (Demers et  al., 2013; Guedron et  al., 2018; Lu et  al., 2021; Yuan 
et  al., 2019; Zheng et  al., 2016), due to a preferential uptake of lighter Hg isotopes from the 
atmosphere by foliage tissues (Gustin et  al., 2022b; Wang et  al., 2021b). The Hg odd-MIF char-
acteristics in foliage (Δ199Hg mean of −0.30 ± 0.09‰) is slightly altered by the Hg0 re-emission 
from foliage (Yuan et  al., 2019).

Several studies (McLagan et  al., 2022; Scanlon et  al., 2020; Wang et  al., 2021b) have reported 
Hg isotopic signatures in tree rings (Figure 6). Tree-ring Hg in the remote forest is characterized 
by negative δ202Hg (mean of −3.02 ± 0.78 ‰, ranging from −4.57 to −1.44 ‰) and negative 
Δ199Hg (mean of −0.19 ± 0.08 ‰, ranging from −0.39 to 0.01 ‰) that broadly similar to signa-
tures of background air Hg0. Tree ring Hg near the pollution sites has the negative δ202Hg 
signatures (mean of −3.83 ± 0.47 ‰, ranging from −4.61 to −2.72 ‰), while Δ199Hg values (mean 
of 0.00 ± 0.08 ‰, ranging from −0.21 to 0.16 ‰) are closed to those observed in urban-industrial 

Figure 6. M ercury isotopic Compositions in forest ecosystems. P represents samples from polluted areas, and the rest samples 
are obtained from background areas. The δ202Hg in tree-ring reflects the signal of mass dependent fractionation, and Δ199Hg 
reflects even mass independent fractionation. Data sources: Demers et  al., 2013; Enrico et  al., 2016; Guedron et  al., 2018; Kwon 
et  al., 2020; Lu et  al., 2021; McLagan et  al., 2022; Scanlon et  al., 2020; Wang et  al., 2021b; Yuan et  al., 2019; Yuan et  al., 2020; 
Zhang et  al., 2020; Zheng et  al., 2016.
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atmospheric Hg0. The Hg isotope signatures consistently suggest that the Hg in tree rings mainly 
inherited from the foliar uptake of atmospheric Hg0, rather than root absorption of deposited 
Hg2+ in soil solution (Wang et  al., 2020b, 2021b; Yuan et  al., 2019). The Hg uptake by foliage, 
downward translocation through the phloem to xylem, and subsequent radial translocation among 
sapwood and heartwood rings would not lead to a distinct Hg odd-MIF, but can pose compli-
cated impacts on Hg-MDF (Kwon et  al., 2020; Wang et  al., 2020a).

The tree-ring Hg odd-MIF profiles have the potential to reconstruct a decadal-resolution 
temporal trend of the atmospheric Hg0 and can also be used as a tracer to distinguish the 
emission source shifts of atmospheric Hg0 (McLagan et  al., 2022; Scanlon et  al., 2020; Wang 
et  al., 2021b). Wang et  al. (2021b) observed that the average values of Δ199Hg and Δ201Hg pre-
sented an increasing trend during the large-scale Hg mining period, and gradually decreased 
after the cessation of Hg mining activities. However, there are several limitations in using Δ199Hg 
profiles to reflect the historical Hg trends. Firstly, Δ199Hg is not as sensitive as that of Hg con-
centration in tree rings because of the relatively small range of Δ199Hg between ambient and 
polluted regions (Blum et  al., 2014; Sun et  al., 2019). Secondly, Δ199Hg between tree rings and 
atmosphere may not follow a linear correlation due to Hg re-emission from foliage, which would 
induce a ~0.1‰ negative shift in foliage (Demers et  al., 2013; Yuan et  al., 2019). Finally, the 
radial translocation may cause the previously Hg isotopic signatures mixed with new signals at 
high resolution, thus obscuring the true atmospheric Hg isotopic signals (Wang et  al., 2021b).

7.  Summary and future directions for Hg dendrochemistry

The tree-ring Hg records in remote regions have been successfully used to reconstruct the peak 
of anthropogenic Hg emissions in Europe and North America in 1960s-1970s and the distinct 
increase of Hg emissions in Asia since 1980s. Tree rings provide an opportunity to understand 
the impact of human activities on historical atmospheric Hg cycling, which may play an import-
ant role in assessing the effectiveness of the Minamata Convention on controlling Hg pollution.

Hg accumulation in bole wood is suggested to be dominated by translocation of foliage Hg 
through phloem transportation. The active transport of ray cells in the sapwood controls the 
radial Hg translocation in tree rings. Impacts of radial translocation on tree-ring Hg records 
are species-specific. The tree physiological factors and environmental conditions significantly 
influence Hg accumulation and translocation in tree rings. The knowledge gaps for Hg sources 
and translocation, specifically the bark absorption and radial translocation of Hg in sapwood 
tree rings, lead to difficulties in evaluating the tree-ring Hg records. To improve reliability of 
Hg dendrochemistry, we recommend several issues as follows.

1.	 Understanding the Hg isotopic fractionation in tree to further elucidate the Hg sources 
and translocation processes in tree rings. Hg isotopes provide new insights in identifying 
Hg sources and understanding the biogeochemical processes. However, the knowledge gaps 
in Hg isotopic fractionation during the translocation within trees constrain our capability 
in tracing Hg translocation processes and source contributions. Additionally, knowing that 
the atmospheric Hg0 is the dominant source of Hg accumulation in tree rings, it is still 
unclear whether the elevated Hg concentration in tree rings near the bark is caused by the 
bark Hg lateral translocation.

2.	 Understanding tree physiological and environmental impacts on tree-ring Hg variations 
by controlled network experiments. Due to the complicated coupling effects from envi-
ronmental and tree physiological factors on tree-ring Hg variations, the Hg profiles in tree 
rings exhibit high variabilities within intra-tree and between species and sites. We recom-
mend to quantify impacts of physiological conditions and tree canopy dynamics (tree spe-
cies, age and height) and environmental factors (e.g., meteorological factors, and 
geographical and geomorphological conditions) by setting up the tree-ring Hg monitoring 
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network along the elevation and gradient of environmental factors or atmospheric Hg0 
concentrations.

3.	 Using various statistical models to display relations between atmospheric Hg and tree-ring 
Hg signatures. Various statistical models based the big data of geographical and geomorpho-
logical conditions, meteorology indicators, tree age and species, etc., would help quantify the 
nonlinear relationship of Hg f r Hg

tree air
* ( ) = , thus reducing the uncertainties of tree-ring 

records. Furthermore, using the combination of tree-ring Hg concentrations and Hg isotopic 
signatures (δ202Hg, Δ199Hg, Δ200Hg, Δ201Hg, Δ204Hg) would comprehensively reconstruct the 
historical Hg trends at multi-dimension of Hg contents, sources and processes.
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