
Assessment and quantification of the forest foliar
mercury uptake flux across Europe

Inauguraldissertation

zur

Erlangung der Würde eines Doktors der Philosophie

vorgelegt der

Philosophisch-Naturwissenschaftlichen Fakultät

der Universität Basel

von

Lena Wohlgemuth

Basel, 2023

Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel

edoc.unibas.ch

edoc.unibas.ch


Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät

auf Antrag von

Erstbetreuerin: Prof. Dr. Christine Alewell

lZweitbetreuer: PD Dr. Günter Hoch

lExterner Experte: Prof. Dr. Daniel Obrist

Basel, den 22.02.2022

Prof. Dr. Marcel Mayor

l Dekan



iii

Abstract
Mercury (Hg) is a pollutant of great concern for human and ecosystem health. Centuries

of anthropogenic Hg emissions to the atmosphere from e.g. gold mines and coal power plants
have increased Hg deposition to land and oceans. Human Hg exposure occurs primarily via
the consumption of fish and marine mammals due to the large bioaccumulation potential of
highly neurotoxic methyl-Hg along marine and freshwater food webs. In the atmosphere, Hg
is mainly present as gaseous elemental Hg(0) (> 95%). As Hg(0) is subject to long-range atmo-
spheric transport around the globe, it is essential to identify and constrain major environmental
deposition pathways in order to inform Hg mitigation policies and reduce harmful human Hg
intake.
Until recent years, it had been unclear, whether forest ecosystems represent a net source or
a net sink for atmospheric Hg(0). However, novel studies on stable Hg isotopes have since
identified vegetation biomass, including forest foliage, as the major vector for atmospheric Hg
deposition to soils. Forest foliage takes up and accumulates atmospheric Hg(0) in foliage tissues
throughout the growing season. Atmospheric Hg(0) sequestered by forest foliage is deposited
to soils via e.g. litterfall, biomass die-off and throughfall. Soils are a net sink for atmospheric
Hg(0), but also re-emit Hg(0) back to the atmosphere. From soils, Hg can be transported to
aquatic biota via runoff.
Despite the importance of Hg deposition to forest ecosystems, net foliar Hg(0) fluxes have not
been well constrained. Adding to this, the mechanism of foliar Hg(0) uptake is not yet fully
understood. The goals of this thesis was to establish a method to measure and investigate net
foliar Hg(0) uptake fluxes on a whole forest scale with a focus on i) environmental controls; ii)
its magnitude to the European forested area, and iii) projection pathways under climate change.
For measuring the net forest foliar Hg(0) uptake flux, a novel bottom-up method was developed
and applied. This method scales measured foliar Hg concentrations per foliage surface area
with forest leaf area indices to obtain a foliar Hg flux in units of foliar Hg per unit ground area.
A prerequisite for this bottom-up method was to systematically assess variations in foliar Hg(0)
uptake rates within the forest canopy, in order to take variations into account for scaling up fo-
liar Hg(0) uptake rates to the whole forest. At a research site in Switzerland, vertical variations
in foliar Hg(0) uptake rates within tree canopies were systematically assessed through seasonal
analysis of foliage samples for Hg. Foliar Hg concentrations increased linearly throughout the
growing season. Sun-exposed leaves growing at the top of canopies took up more Hg over the
same time span than shade leaves of the lower canopy, which can probably ascribed to higher
physiological activity of sunleaves compared to shade leaves. Therefore, a correction factor for
the bottom-up method was derived in order to use foliage Hg(0) uptake rates by sunleaves for
the whole tree canopy. Foliar Hg concentrations increased with age in multi-year old coniferous
needles, but relative Hg(0) uptake rates decreased in older needles over two years old. Taking
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relative biomass proportions of differently aged needles into account, age correction factors of
foliar Hg(0) uptake by whole coniferous trees were determined for the bottom-up method.
Using the bottom-up method, foliage Hg(0) uptake fluxes were calculated from foliar Hg(0)
uptake rates measured at multiple forest sites in Central and Northern Europe. Foliar Hg(0)
uptake fluxes were extrapolated to the forested area of Europe. The total amount of Hg taken up
by European forest foliage was calculated to be 20 - 30 Mg Hg growing season−1, representing
around a third of the annual anthropogenic Hg emissions of the European Union.
A large European dataset of foliage Hg(0) uptake rates was created by measuring Hg concen-
trations in > 3500 European foliage samples collected by partners of the ICP Forests biomoni-
toring network. This dataset allowed for empirical investigations of foliage Hg(0) uptake rates
with available foliage- and site-specific meta data. Four major relationships were observed: 1)
broadleaves display higher Hg(0) uptake rates per gram dry weight than coniferous needles
of the same age; 2) foliage Hg(0) uptake rates correlate with foliage nitrogen concentrations,
which is a proxy for foliage physiological activity; 3) foliage Hg(0) uptake rates in pine needles
are lower at forest sites, where extended time periods of relatively high ambient vapor pressure
deficit prevail during the growing season; and 4) foliage Hg(0) uptake rates in beech, oak and
pine are lower at forest sites, where soil water content fell below a soil texture-specific critical
soil water content over a relatively long time period during the growing season. The first two
relationships suggest, that foliar Hg(0) uptake is positively correlated with the degree of foliage
physiological activity, which is larger in broadleaves and in foliage of high nitrogen content
compared to coniferous needles and low-nitrogen foliage. The second two relationships indi-
cate, that drought stress owing to dry atmospheric/soil conditions impede foliar Hg(0) uptake
in isohydric tree species like pine. All four observed relationships suggest that the foliar Hg(0)
uptake occurs via a stomatal pathway and is therefore controlled by stomatal conductance for
leaf diffusive gas exchange. Thus, foliar Hg(0) uptake is related to tree metabolic mechanisms of
stomatal opening, which is controlled by physiological activity and meteorological parameters.
This stomatal foliar Hg(0) uptake mechanism has implications for foliar Hg(0) uptake flux to
European forests in the future. More frequents and severe summer droughts in Central and
Southern Europe are projected under climate change. A simulation of the European pine forest
foliar Hg(0) uptake flux derived from the water vapor pressure deficit under two different
climate change scenarios in 2050 revealed only a slight decrease (3 – 4%) in the total seasonal
flux. However, possible future meteorological summer conditions comparable to the European
drought year of 2018 would result in a larger decrease of pine forest foliar Hg(0) uptake fluxes,
which were calculated as 13% lower in 2018 compared to previous years.
The qualitative assessment and quantification of the forest foliar Hg(0) uptake flux provides
new insights into the mechanism and relevance of this flux within the Hg cycle and bears the
potential to learn more about stomatal conductance as an important ecophysiological parame-
ter.
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Chapter 1

Introduction

1.1 The environmental mercury cycle

Mercury (Hg) is a toxic pollutant that is released into the environment primarily by human
activities [1] and from geogenic sources like volcanoes and weathering rocks [2, 3]. Recent global
inventories estimate annual anthropogenic Hg emissions to the atmosphere to ∼ 2000 - 3000 Mg
Hg (Fig. 1.1), mostly as gaseous elemental Hg(0) from coal power plants and artisanal and small-
scale gold mines [4]. On top of this input of previously immobile Hg into the active Hg cycle,
there is a large Hg re-emission flux of approximately 2900 - 5000 Mg Hg yr−1 from the Earth
surface to the atmosphere from legacy Hg [4] (Fig. 1.1). Once Hg enters the active environmental
cycle with a turnover rates of months to decades, it can cause harm to humans and ecosystems
mainly due to its bioaccumulation potential and its capacity to be methylated to highly toxic
methyl-Hg by anaerobic bacteria [4]. In aquatic food webs, the biomagnification potential of
methyl-Hg is particularly high [4, 5]. Thus, consumption of fish and marine mammals is the
most common exposition pathway of human communities globally [4].
In the atmosphere, Hg is mainly present as Hg(0) (> 95%), which is chemically inert and can
travel long distances, resulting in planet-wide Hg dispersion [6]. Transfer of atmospheric Hg to
marine and terrestrial surfaces occurs via dry or wet deposition of inorganic Hg(0) and oxidized
Hg(II) compounds. The tropospheric lifetime of total Hg (Hg(0) and Hg(II)) against deposition
is estimated to be in the order of six months [7, 8]. Dry deposition of Hg(0) occurs by global
vegetation uptake of Hg(0) (1300 - 2700 Mg Hg yr−1 [9, 10]), by direct Hg(0) attachment to land
surfaces (420 - 500 Mg Hg yr−1 [9]) and by invasion of Hg(0) into the ocean (approximately
50% of 3800 - 4600 Mg Hg yr−1 [9, 11]) [1, 12–15] (Fig. 1.1). Wet Hg(II) deposition to terrestrial
and marine surfaces happens after oxidation of atmospheric Hg(0) to particle-reactive and
water-soluble Hg(II) compounds, which are effectively scavenged from the atmosphere via
precipitation [13]. Wet Hg(II) deposition amounts to ∼ 1000 Mg Hg yr−1 on land (Fig. 1.1) [4, 9].
The extent and geographic pattern of Hg(II) wet deposition is mainly driven by tropospheric
redox reaction rates between Hg(0) and Hg(II), precipitation regimes and local concentrations
of relevant oxidants [16]. Major oxidants of Hg(0) to Hg(II) are considered to be bromine (Br),
hydroxy radicals (OH), and ozone (O3) [7]. The quantitative relevance of dry Hg(II) deposition
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is uncertain due to analytical difficulties related to flux measurements [17, 18].
Atmospheric Hg deposition fluxes are simulated in Earth system models of Hg biogeochemical
cycling like GEOS-Chem [8]. With the exception of rainfall Hg(II) fluxes to land, validation of
modelled deposition against observations is challenging due to a lack of well constrained net
Hg deposition fluxes. To date, comprehensive measurements of terrestrial net Hg(0) deposition
fluxes on the level of a whole ecosystem or of net Hg(0)/Hg(II) fluxes to the open ocean are
limited [11, 15]. In the past decade, fingerprinting studies of Hg stable isotope signatures in
environmental samples have advanced knowledge on the relative contributions of different
Hg deposition fluxes to environmental compartments. Vegetation uptake of atmospheric Hg(0)
has been identified to be the most important atmospheric source to terrestrial surfaces, being
attributed to 60% - 90% of Hg in soils [19–22]. Recent measurements and mass balances of Hg
stable isotopes in seawater have estimated an approximately equal contribution of atmospheric
Hg(0) and Hg(II) to ocean Hg uptake [11]. This evaluation diverges from previous simulations
of atmospheric transport models, which ascribe ∼ 66% - 75% of ocean Hg to a Hg(II) deposition
input [7, 8].

F I G U R E 1 . 1 . Emission and deposition fluxes of the active global Hg cycle with turnover rates of
months to decades [4, 9]. Units of flux values (in bold) are Mg Hg year−1.

Inconsistencies between results from transport models and stable isotope fingerprinting
studies highlight the need for reliable measurements of net Hg deposition fluxes. An estimated
annual amount of approximately up to 5500 ± 2700 Mg of terrestrial Hg yr−1 [23] (Fig. 1.1) is
discharged to ocean margins via streams and rivers, most of which is buried in coastal sedi-
ments [24], while only less than a third of riverine Hg reaches the open ocean [23–26]. Open
oceans re-emit Hg from marine surfaces, but are overall perceived to be a net sink of Hg with
respect to the atmosphere [11] and are therefore linked to Hg(0) emission and deposition rates
on land via atmospheric Hg(0) transport. Consequently, model development and parameteri-
zation of Hg fluxes to food fish crucially requires quantification and a detailed understanding
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of Hg cycling in the terrestrial environment. The most relevant deposition process from the
atmosphere to land surfaces is vegetation Hg(0) uptake [4, 15]. In the absence of vegetation
Hg(0) uptake, annual Hg deposition to global oceans could increase by as much as ∼ 1000 Mg
Hg yr−1 [9]. Thus, studying terrestrial Hg deposition with a focus on vegetation Hg(0) uptake
is particularly relevant for the evaluation of Hg emission reduction activities put forward by
signatories of the UN Minamata Convention on Mercury in 2017 [27].

1.2 Vegetation as vector for Hg(0) deposition

Accumulation of Hg(0) by vegetation tissues and subsequent Hg transfer to soils is the domi-
nant source of Hg to terrestrial ecosystems globally [9]. A strong indication of this relation is the
co-variation of atmospheric Hg(0) and CO2 in the Northern Hemisphere, exhibiting minima in
summer during the peak of photosynthetic activity and maxima in winter [12, 28]. Vegetation-
derived Hg deposition is associated with plant net primary productivity and is therefore higher
in e.g. tropical forests than in boreal ecosystems [9, 29, 30]. After assimilation by vegetation
biomass, Hg is transferred to soils either when trees shed their foliage (litterfall), by wash off
(throughfall) or by vegetation die off. Annual global Hg deposition via litterfall and through-
fall are each estimated in the magnitude of ∼ 1200 Mg yr−1 respectively [10, 30, 31]. Apart
from foliage uptake and throughfall, atmospheric Hg(0) is also accumulated by mosses, lichen,
woody tissues and by roots through internal plant transport of previously assimilated Hg(0)
from aboveground biomass [10]. This non-foliage related vegetation Hg(0) flux has to be in-
cluded in whole-ecosystem studies and assessments of total global vegetation Hg fluxes. A
recent evaluation of global Hg deposition after Hg assimilation by multiple biomes and plant
tissue types amounts to 2705 ± 504 Mg Hg yr−1 [10], which represents around 75% of the global
estimate for Hg deposition to land of 3600 Mg Hg yr−1 [32].
Most of Earth’s vegetation consists of forests, which cover approximately 30% of the global land
area and account for 75% of terrestrial gross primary production [33]. Consequently, forests
represent one of the most active terrestrial ecosystems for the biogeochemical Hg cycle on land
(for an overview of Hg related processes in forests, see Fig. 1.2). Until recently, it was unre-
solved, whether forest ecosystems overall act as a net-source or net-sink of atmospheric Hg(0)
[34], since there is also a Hg re-emission flux from forests [15, 35]. However, findings on Hg
isotope signatures in forest soils [19, 20], as well as the quantitative relevance of the global Hg
litterfall flux [30] and atmospheric Hg(0) seasonality [12] provide evidence that forests repre-
sent a strong sink within the global Hg cycle. The amount of net Hg deposition to forest soils
by litterfall, throughfall or direct dry deposition impacts the contamination of methyl-Hg in
aquatic food webs [36], because Hg can be transported from forest soils to freshwater lakes,
rivers and streams via runoff [15, 37] (Fig. 1.2).
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F I G U R E 1 . 2 . Overview of processes in terrestrial forest Hg cycling.

Forest foliage acts as a biologically active vector for the net deposition of atmospheric Hg(0)
to forest ecosystems. Most of foliar Hg (> 90%) is accumulated in interior foliage tissues [38],
making foliar uptake the dominant mechanism of Hg(0) accumulation rather than surface
adsorption. The exchange of gases like H2O vapor, O2 or CO2 between the atmosphere and
foliage occurs via open stomata at the undersides of leaves [39]. Ambient Hg(0), which does
not perform any tree biological function, is taken up inadvertently via this diffusive pathway
of stomatal gas exchange [40–42]. To a lesser extent, non-stomatal uptake may occur by direct
assimilation of Hg(0) vapor via foliage cuticles [43, 44]. Transfer of Hg from soils to foliage via
roots and xylem sap is limited [45, 46], which was explained by biological barriers in roots [47–
49]. Inside of foliar tissues, Hg(0) vapor is biochemically oxidized to bivalent Hg(II). Whereas
the exact mechanism of Hg(0) oxidation remains to be demonstrated, H2O2, catalase and other
reactive oxygen species have been suggested as potential oxidants [49]. The exact biochemical
processes and cellular locations of foliar Hg(0) transformation have not yet been fully resolved
[49]. By means of HR-XANES spectroscopy, Hg(II) has been identified to form Hg-biothiol
complexes with thiol functional groups (-SH) and Hg sulfide nanoparticles (HgSNP) inside
of foliage [50]. The Hg-S bond is stable, therefore release of tightly bound Hg from foliage
is restricted [49, 51]. However, there also exist a reversible component of leaf uptake [43],
such that the foliar-atmosphere Hg(0) exchange is bi-directional [52]. Re-emission of Hg(0)
from foliage occurs after photoreduction of previously metabolized Hg(II) to Hg(0) [35]. The
Hg(0) re-emission flux depends on diurnal changes in stomatal conductance and meteorological
conditions like sunlight, temperature and humidity as well as tree species and ambient Hg(0)
[35, 53]. An isotopic mass balance model evaluated the foliar Hg(0) re-emission flux to around
30% of Hg(0) uptake in a subtropical beech forest in Yunnan (China) [35]. Over the course of
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the growing season, however, the non-reversible component of stomatal foliage Hg(0) uptake
increases foliar Hg concentrations continuously, such that there is a foliar Hg net deposition
[38, 46, 54].

1.3 Regulation of foliar gas exchange through stomatal conduc-

tance

Trees regulate their foliage stomatal conductance to gas exchange, in order to control water tran-
spiration rates and uptake of CO2 for photosynthesis [55]. At any point in time, the stomatal
conductance balances a trade-off between an optimal rate of photosynthesis and transpiration
on the one hand and the necessity to avoid cavitation on the other hand [55]. In this way, stom-
atal conductance relates the diffusion of water vapor with the CO2 exchange of forest foliage
and represents an important process for global land-atmosphere biogeochemical cycles. The
rate of tree transpiration is linearly proportional to leaf stomatal aperture [55]. The influx of
CO2 through open stomata is driven by a concentration gradient between ambient and intercel-
lular CO2 concentrations induced by the removal of intercellular CO2 during photosynthesis
according to Fick’s First Law of Diffusion [55, 56]:

Fc = gsto,c · (ca,c − ci,c) (1.1)

where Fc is the CO2 flux (µmol m−2 s−1), ci,c and ca,c are the CO2 mole fractions (µmol mol−1)
in intercellular spaces and ambient air respectively, and gsto,c (mol m−2 s−1) is the stomatal
conductance to CO2. At greater rates of photosynthesis, stomatal conductance to gas exchange
has to increase as well, given a relatively constant CO2 concentration gradient. Consequently,
trees with a higher species-specific photosynthetic capacity have a higher maximum stomatal
conductance for water vapor [57]. The relative stomatal conductance (actual stomatal con-
ductance in proportion to tree species-specific maximum stomatal conductance) depends on
current environmental conditions like atmospheric water vapor pressure deficit (VPD) and soil
water availability (both related to transpiration rates) and ambient temperatures and radiation
intensity (related to rates of photosynthesis) [58, 59]. Stomatal conductance (gsto) for different
gases A and B correspond to each other by their gas diffusion coefficients (D) [56]:

gsto,B = gsto,A · DB

DA
(1.2)

By this theory, the diffusive stomatal flux of vapor Hg(0) should be subjected to the same tree
stomatal regulation mechanism that adapts stomatal fluxes of water vapor and CO2 to environ-
mental parameters related to hydraulic (mainly soil water content, VPD) and photosynthetic
conditions (temperature, radiation). Previous studies found a correlation between atmospheric
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Hg(0) and CO2 [12, 60]. However, this relationship of foliage influxes of Hg(0) with CO2/water
vapor under various environmental conditions has not yet been investigated. Therefore, large
knowledge gaps remain in understanding physiological and environmental controls of foliage
stomatal Hg(0) uptake flux [9]. Closing these knowledge gaps is particularly relevent for the
parametrization of the foliage stomatal Hg(0) uptake flux in global Hg cycle models under
climate change. The frequency and intensity of droughts in many global forest ecosystems is
projected to increase in the next decades, which might cause a decrease in tree transpiration
and stomatal conductance due to water scarcity [61]. In this scenario, stomatal Hg(0) uptake
would decrease proportional to a decline in stomatal conductance of water vapor (Eq. 1.2), and
thereby more Hg(0) could remain in the atmosphere during the growing season and poten-
tially be a source for open oceans via atmospheric long-range transport [9]. On the other hand,
foliage Hg(0) uptake was suggested to increase, owing to an increase in foliage net primary
production associated with CO2 fertilization [12, 62]. However, it is presently still unclear if
the stomatal component of Hg(0) uptake will be enhanced with CO2 fertilization, since trees
might not respond with an increase of stomatal aperture under conditions of a higher gradient
of intercellular to ambient CO2 (Eq. 1.1) [61].

1.4 Objectives of this thesis

The goal of this thesis was to systemically investigate the forest foliar Hg(0) uptake flux. This
goal is primarily motivated by i) the need for an improved quantification of this important net
Hg flux from the atmosphere to forest ecosystems; and ii) knowledge gaps in our mechanistic
understanding of foliar Hg(0) uptake, which impedes meaningful parametrization of this flux
in global Hg cycle models and potentially our capacity for projecting this flux under climate
change.
Specifically, the following research approaches were taken:

• Establishing and testing of a method to quantify the net foliage Hg(0) uptake flux (Chapter
2; Fig. 2.2).

• Systematic assessment of variations of foliar Hg(0) uptake rates within forest tree canopies
and among tree species (Chapter 2; Fig. 2.4, 2.5, 2.7) as a prerequisite to quantify and assess
the forest foliar Hg(0) uptake flux on an ecosystem scale.

• Extrapolation of the forest foliage Hg(0) uptake flux to the forested land area of Europe
(Chapter 2.3.6; 4).

• Empirical evaluation of parameters impacting the forest foliar Hg(0) uptake flux by using
a large European dataset on foliar Hg concentrations (Chapter 3). These parameters
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involve proxies related to foliage physiological activity (Fig. 3.4) and meteorological
conditions (Chapter 3.3.5 and 3.3.6).

• Modelling of the foliar Hg(0) uptake flux to European forests on a high spatial resolution
taking differences among tree species and meteorological conditions into account (Fig.
4.1).

• Comparison of modelled European forest foliar Hg(0) uptake fluxes with respective Hg(0)
flux outputs from a global chemical transport model (Chapter 4.3.2).

• Projection of the pine forest foliar Hg(0) uptake flux under different climate change sce-
narios (Chapter 4.3.4).
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A bottom-up quantification of foliar
mercury uptake fluxes across Europe
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Abstract

The exchange of gaseous elemental mercury, Hg(0), between the atmosphere and terrestrial

surfaces remains poorly understood mainly due to difficulties in measuring net Hg(0) fluxes

on the ecosystem scale. Emerging evidence suggests foliar uptake of atmospheric Hg(0) to be

a major deposition pathway to terrestrial surfaces. Here, we present a bottom-up approach

to calculate Hg(0) uptake fluxes to aboveground foliage by combining foliar Hg uptake rates

normalized to leaf area with species-specific leaf area indices. This bottom-up approach incor-

porates systematic variations in crown height and needle age. We analyzed Hg content in 583

foliage samples from six tree species at 10 European forested research sites along a latitudinal

gradient from Switzerland to Northern Finland over the course of the 2018 growing season. Fo-

liar Hg concentrations increased over time in all six tree species at all sites. We found that foliar

Hg uptake rates normalized to leaf area were highest at the top of the tree crown. Foliar Hg

uptake rates decreased with needle age of multi-year old conifers (spruce and pine). Average

species-specific foliar Hg uptake fluxes during the 2018 growing season were 18 ± 3 µg Hg

m−2 for beech, 26 ± 5 µg Hg m−2 for oak, 4 ± 1 µg Hg m−2 for pine and 11 ± 1 µg Hg m−2 for

spruce. For comparison, the average Hg(II) wet deposition flux measured at 5 of the 10 research

sites during the same period was 2.3 ± 0.3 µg Hg m−2, which was four times lower than the

site-averaged foliar uptake flux of 10 ± 3 µg Hg m−2. Scaling up site-specific foliar uptake rates

to the forested area of Europe resulted in a total foliar Hg uptake flux of approximately 20 ±
3 Mg during the 2018 growing season. Considering that the same flux applies to the global

land area of temperate forests, we estimate a foliar Hg uptake flux of 108 ± 18 Mg. Our data

indicate that foliar Hg uptake is a major deposition pathway to terrestrial surfaces in Europe.

The bottom up approach provides a promising method to quantify foliar Hg uptake fluxes on

an ecosystem scale.

2.1 Introduction

Mercury (Hg) is a toxic pollutant ubiquitous in the environment due to long-range atmospheric
transport. Anthropogenic emissions of Hg into the atmosphere mainly originate from burning
of coal, artisanal and small-scale gold mining and non-ferrous metal and cement production
while geogenic emission occur from volcanoes and rock weathering [4]. Atmospheric Hg is
deposited to terrestrial surfaces and the ocean and can be re-emitted back to the atmosphere
[15, 63]. The residence time of Hg in the atmosphere and its transfer to land and ocean surfaces
mainly depends on its speciation [1]. Gaseous elemental mercury Hg(0) is the dominant form
(> 90%) of atmospheric Hg [6], exhibiting a residence time of several months to more than a
year [64, 65]. Atmospheric Hg will ultimately be transferred to water and land surfaces by
wet or dry deposition. In the wet deposition process, Hg(0) is oxidized in the atmosphere to
water-soluble Hg(II) and washed down to the Earth surface by precipitation [1]. Wet deposi-
tion fluxes of Hg(II) to terrestrial surfaces are well constrained and direct measurements are
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coordinated in regional and international atmospheric deposition monitoring programs (EMEP,
NADP) [66–69].
Dry deposition fluxes of Hg(0) and Hg(II) to the Earth surface are less constrained owing to
challenges in measuring net ecosystem exchange fluxes [1, 70] and atmospheric Hg(II) con-
centrations [17]. The dry deposition of Hg can occur by vegetation uptake and subsequent
transfer to the ground via litterfall [30, 71], by wash-off from foliar surfaces via throughfall
[72] or by direct deposition to terrestrial surfaces and soils [73]. Hg dry deposition is usually
not routinely monitored, with the Hg litterfall monitoring network of NADP being a notable
exception [71, 74]. Consequently, atmospheric mercury models inferring Hg dry deposition
across Europe during summer months lack observational constraints [75]. Ecosystem scale
mass balance studies, however, revealed that litterfall deposition to forest floors exceeds wet
deposition [71, 74, 76–83]. Several lines of evidence suggest that uptake of atmospheric Hg(0) by
vegetation represents an important process in terrestrial Hg cycling: i) isotopic fingerprinting
studies revealed that approximately 90% of Hg in foliage and 60% – 90% of Hg in soils originate
from atmospheric Hg(0) uptake by vegetation [19–22], ii) observations of foliar Hg concentra-
tions increase with exposure time to atmospheric Hg(0) [38, 46, 80, 84–87] while Hg uptake
via the root system was found to be minor [46, 86, 87], iii) atmospheric Hg(0) correlates with
the photosynthetic activity of vegetation suggesting that summertime minima in atmospheric
Hg(0) in the Northern hemisphere are controlled by vegetation uptake [12, 88].
The exact mechanism of the atmosphere-foliar Hg(0) exchange is not yet fully understood. Laa-
couri et al. [38] observed highest Hg concentrations in leaf tissues as opposed to leaf surfaces
and cuticles, implying that Hg(0) diffuses into the leaves. Exposing plants to Hg(0) in form of
enriched Hg isotope tracers, Rutter et al. [40] found that plant Hg uptake was mainly to the
leaf interior. Leaf Hg content correlated with stomatal density [38] suggesting that stomatal
uptake represents the main pathway. Nonstomatal uptake was observed by Stamenkovic and
Gustin [43] under conditions of reduced stomatal aperture implying adsorption of atmospheric
Hg to cuticles surfaces. Re-emission of Hg from foliage can occur by photoreduction of Hg(II)
to Hg(0) and subsequent volatilization [78]. The re-emission potential of Hg previously taken
up by foliage and strongly complexed in plant tissue [50] was suggested to be lower than the
re-emission potential of surface-bound Hg [12, 35].
Hg contents in foliage were shown to be species-specific [38, 89–92]. It is currently unresolved
if deciduous broad leaves accumulate higher Hg concentrations than needles [89, 90] or if it
is the other way around [91, 93, 94]. Deciduous species shed their leaves at the end of the
growing season, whereas most conifers grow needles over multiple years and continue to ac-
cumulate Hg, resulting in increasing Hg concentrations with needle age [95–97]. Furthermore,
Hg concentrations in foliage have been shown to vary within the canopy [76]. Physiological
differences between deciduous and coniferous tree species and inconsistent sampling of needle
age and canopy height may have contributed to the uncertainty in literature whether deciduous
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or coniferous species take up more Hg.
The goal of this study was to improve the understanding of foliar Hg(0) uptake and quantify
foliar uptake fluxes at European forest research sites. The objectives were to: 1) determine
the temporal evolution of Hg concentrations and the Hg pool in foliage of 6 tree species at 10
European research sites along a south-north transect from Switzerland to Finland over the 2018
growing season, 2) investigate the effect of needle age, crown height and tree functional group
on foliar Hg uptake, 3) quantify foliar Hg uptake fluxes per m2 ground surface area based on
the temporal evolution of the foliar Hg pool over the growing season. 4) estimate the foliar
uptake fluxes for Europe and temperate forests globally by scaling up species-averaged foliar
uptake rates determined in this study to respective forest areas.

2.2 Materials and Methods

2.2.1 Site description

Foliage samples were collected from 10 European research sites located along a south-north
transect from Switzerland to Scandinavia (Fig. 2.1). The Hölstein site in Switzerland comprises
the Swiss Canopy Crane II (SCCII) operated by the Physiological Plant Ecology Group of
the University of Basel [98]. Our principal site Hölstein allowed to systematically access the
entire canopy through the gondola of a crane. The research sites Schauinsland and Schmücke
are part of the air monitoring network of the German Federal Environment Agency (UBA)
[99]. Hyltemossa, Norunda, Svartberget and Pallas are Integrated Carbon Observation System
(ICOS) sites operated by Lund University (LU), the Swedish University of Agricultural Sciences
(SLU) and the Finnish Meteorological Institute (FMI) [100–102]. Hurdal is a prospective ICOS
Ecosystem station, an ICP Forests Level II Plot and a European Monitoring and Evaluation
Programme (EMEP) air measurement site operated by the Norwegian Institute of Bioeconomy
Research (NIBIO) and the Norwegian Institute for Air Research (NILU) [103]. Bredkälen and
Råö are Swedish EMEP air measurement sites operated by the Swedish Environmental Research
Institute (IVL) [68, 104]. Tree species composition differed among sites. Hölstein, for instance,
is a mixed forest harbouring 14 different tree species while Hyltemossa is an exclusive spruce
stand (see Table A.5 for details).
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F I G U R E 2 . 1 . Research sites for foliage sampling during the 2018 growing season. Base map corre-
sponds to the Joint Research Centre (JRC) Pan-European Forest Type Map 2006 [105, 106]. Reuse is
authorized under reuse policy of the European Commission [107].

2.2.2 Sample collection

Foliage sampling strategy was guided by the ICP Forests Programme sampling manual [108],
requesting to take samples that have developed under open sunlight from the top third of
the crown canopy. At 4 sites (Svartberget, Hyltemossa, Norunda and Hölstein) we complied
with the ICP Forest sampling protocol. At 6 sites (Pallas, Bredkälen, Hurdal, Råö, Schmücke
and Schauinsland) we had to adapt the sampling strategy to local conditions and available
equipment. At our focus research site in Hölstein, Switzerland a crane allowed access to the top
of the crown and vertical sampling of beech, oak and spruce. Since pine did not grow needles
at ground level we did not sample their vertical profiles. Vertical sampling of spruce needles
in Hölstein during 2018 was repeated in 2019 with five spruce trees because only two spruce
trees had been sampled during 2018 of which one died from drought induced stress by the end
of the 2018 growing season [109]. The relative effect of height on Hg accumulation in Hölstein
spruce needles is therefore investigated with data from the growing season 2019. Samples at
Hyltemossa and Svartberget were cut from tree canopies using a 20 m telescopic scissors and at
Hurdal using a 3 m telescopic scissors. At Norunda samples were shot from the tree canopies
using a shotgun. At Schauinsland, Schmücke, Råö and Bredkälen we used a 5 m telescopic
scissors for cutting the branches in the lower half of the crown. At Pallas and Råö branches
were cut from low-growing trees at breast height. We collected intact leaves at three to six
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time points during the 2018 growing season. Samples from at least three different branches of
the same tree were pooled to a composite sample. We sampled at least three trees per species
(one to four species) with the exception of Råö where only one oak and one spruce tree were
available. Sampling and sample preparation was conducted using clean nitryl gloves. Leaves
were cut from outermost branches. All samples were stored in Ziplock bags in the freezer until
analysis. Sampling dates are reported in Table A.1 for each site. At Hölstein atmospheric Hg(0)
was measured integrated over the whole sampling period by using passive air samplers (PAS)
as described by McLagan et al. [286]. PAS were exposed at ground level (1.6 m) under the
canopy at four locations on the plot and additionally at three heights of 10 m, 19 m and 35 m
on the crane railing (details in A.7 and Fig. A.4) from 15 May 2018 to 18 October 2018. The PAS
air measurement campaign at Hölstein was repeated in 2019 with PAS exposed at 1.5 m, 10 m,
19 m and 35 m height at the crane from 16 May 2019 to 12 September 2019. Measurement of
one of the PAS installed at 10 m height in 2019 was excluded from further analysis because it
produced an implausible high result which can probably be traced back to a measurement error.
Under dry conditions at noon time on 17 July 2019 we measured stomatal conductance to water
vapor of beech, pine and oak from the crane gondola at Hölstein using an SC-1 Leaf Porometer
(Meter Group, Inc. USA). At 5 locations (Schauinsland, Schmücke, Råö, Bredkälen and Pallas)
Hg(II) wet deposition measurements were performed by the operators of the research sites.
At Schauinsland and Schmücke Eigenbrodt NSA 181/KD (Eigenbrodt GmbH, Königsmoor
Germany) samplers were employed for collecting samples and total Hg was measured using
atomic fluorescence spectroscopy (see UBA, 2004 for details on analysis). At Råö, Bredkälen
and Pallas wet deposition was sampled according to EMEP protocol [110] (refer to Torseth et al.
[111] for an overview of EMEP).

2.2.3 Sample preparation and measurements

In total 584 leaf samples were collected, weighted and analyzed for leaf mass per area (LMA)
and subsequently dried and ground for Hg concentration analysis. The projected leaf area
was measured using a LI3100 Area Meter (LI-COR Biosciences USA). We performed duplicate
scans of 17% of foliage samples and obtained a mean per cent deviation between scans and
respective duplicate scans of 3% ± 3%. For measuring projected needle area, we calibrated the
LI3100 with rubberized wires of known length and a diameter of 1.74 ± 0.02 mm (see A.4 and
Fig. A.2). For the two sites Hurdal and Pallas the performance and resolution of the LI3100 was
insufficient and unrealistic results were discarded and median values from literature were used
instead (see A.4 for details). For the three ICOS sites Hyltemossa, Norunda and Svartberget
we obtained LMA values measured by research staff according to ICOS protocol [112] (Sect.
A.4). Foliage samples were oven-dried at 60°C for 24 h. We did not observe any Hg losses
irrespective of drying temperatures of 25°C, 60°C and 105°C (Fig. A.1). A similar result was
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obtained by Yang et al. [113] for Hg in wood and by Lodenius et al. [114] for Hg in moss.
Dried samples were weighted and homogenously grinded in an ordinary stainless steel coffee
grinder. Total Hg concentrations were measured with atomic absorption spectrophotometry
using a direct mercury analyzer (DMA-80 Hg, Heerbrugg, Switzerland). Standard Reference
Materials (SRMs) used in this study were NIST-1515 apple leaves and spruce needle sample
B from the 19th ICP Forests needle/leaf interlaboratory comparison. Standard measurement
procedures included running a quality-control pre-sequence consisting of three method blanks,
one process blank (wheat flour) and three liquid primary reference standards (PRS; 50 mg of
100 ng/g NIST-3133 in 1% BrCl). Daily performance of the instrument was assessed based on
the three liquid PRS and all data were corrected accordingly if the measured PRS were within
90% to 110% of the expected value. If PRS were outside this acceptable range, the instrument
was re-calibrated. Each sequence consisted of four SRMs, one process blank consisting of
commercial wheat flour and 35 samples. Sequences were rejected if one SRM value was outside
of the certified uncertainty range (NIST-1515) or 10% of the respective target concentration (ICP
Forests spruce B) or if the absolute Hg content of the flour blank was > 0.3 ng. The average
recovery for Hg during measurement of all samples in this study was 99.9% ± 4.0% (mean ± sd)
(n = 15) for NIST-1515 and 101.6% ± 6.9% (mean ± sd) (n = 40) for ICP Forests spruce B. The
process blanks exhibited an average Hg content of 0.10 ng ± 0.09 ng (mean ± sd) (n = 23). As an
additional quality control, we passed the 21st and 22nd ICP Forests needle/leaf interlaboratory
comparison test 2018/2019 and 2019/2020 for Hg.

2.2.4 Bottom-up calculation of foliar Hg uptake fluxes

Foliar Hg concentration (µg Hg g−1
d.w.) of each leaf/needle sample was multiplied with the

respective sample leaf mass per area (LMA; gd.w. m−2
lea f ) to obtain foliar Hg content normalized

to leaf area (µg Hg m−2
lea f ). Foliar Hg uptake rates (uptakeRleaf area; µg Hg m−2

lea f month−1) for
each tree species were derived from the change in Hg content normalized to leaf area over time
(3 to 6 points in time) using a linear regression fit. Linear regression was performed applying an
ordinary least square model in the Python module statsmodels (Python 3.7.0). Linear regression
parameter (R2) of each site and tree species are summarized in Table A.1. Foliar Hg uptake
fluxes (uptakeFground area; µg Hg m−2

ground month−1) per ground surface area were calculated
by multiplying the foliar Hg uptake rates (uptakeRleaf area) with species-specific leaf area
indices (LAIs; m2

lea f area m−2
ground) in order to obtain foliar Hg uptake fluxes normalized to ground

surface area:
uptakeFgroundarea = uptakeRlea f area · LAI (2.1)

Fig. 2.2 illustrates this flux calculation schematically. We used species-specific LAIs retrieved
from a global data base provided by Iio and Ito (2014) [115]. In total, 205 values of one-sided
LAIs measured in Central Europe and Scandinavia between a latitude of 46° N and 63° N and
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published in peer-reviewed journals were selected for calculating an average LAI value of each
species. Species-specific average LAI values are displayed in Table A.2. All LAI values for each
species are peak-season values. To calculate the foliar uptake flux over the growing season, the
average daily uptake flux was multiplied by the length of the growing season in days. For each
site, the growing season length in days, which depends on the latitude of the site, was obtained
from Garonna et al. [116], Rötzer and Chmielewski [117] (Table A.1). The approximate relative
abundance of sampled tree species (Table A.6) at the four research sites Hölstein, Hyltemossa,
Norunda and Svartberget were obtained by research staff (pers. communication). We calculated
the total foliar Hg uptake flux for these four research sites as the sum of species-specific foliar
Hg uptake fluxes of all locally dominant tree species multiplied by their relative abundance
(Table A.6).

F I G U R E 2 . 2 . Bottom-up approach (Eq. 2.1) for calculating foliar Hg uptake flux per ground area
(uptakeF; ng Hg m−2

ground month−1). The linear regression slope of leaf Hg concentration (ng Hg g−1
d.w.)

over time is multiplied with the respective sample leaf mass per area (LMA; gd.w. m−2
lea f area). The resulting

foliar Hg uptake rate per leaf area (uptakeRlea f area; ng Hg m−2
lea f month−1) is then multiplied with the

species-specific leaf area index (LAI; m2
lea f area m−2

ground).

2.2.5 Correction factor for needle Hg uptake flux as function of needle age

At all sites, we investigated Hg concentrations in multi-year pine and spruce needles from
the current season (y0, needles sprouting in spring of the sampling year) and in one-year old
needles (y1, needles sprouting in the year prior to the sampling year). At 5 sites (Bredkälen,
Hölstein, Hyltemossa, Schauinsland and Schmücke) we additionally sampled two-year old (y2)
and three-year old (y3) spruce needles. Sampling and measuring Hg uptake in all needle age
classes of a conifer tree is time-consuming and costly. In standard forest monitoring programs
young needles from age class y0 or y1 are usually sampled. We determined a species-specific
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age correction factor (cfage) to relate the needle uptake of an entire coniferous tree to the current
season (y0) needles. The factor cfage was derived from Hg measurements of 316 needle samples
of different age classes using i) the evaluated relative Hg accumulation rate (RAR; Eq. 2.2),
which represents the Hg accumulation of each needle age class normalized to the Hg accumu-
lation rate in current season (y0), and ii) the respective relative biomass (RB) of each needle age
class to the total needle biomass from literature determined by Matyssek et al. [118]. Needles
used to determine the RAR were sampled by the Bavarian State Institute of Forestry at 11 ICP
Forests plots in Bavaria, Germany in 2015 and 2017. Needle samples from 2015 consisted of
33 batches of spruce and 6 batches of pine samples. Needle samples from 2017 consisted of 32
batches of spruce and 6 batches of pine samples. For spruce needles, each batch was composed
of samples of age class y0 to age class y3, of which 7 spruce needle batches were composed of
samples of age class y0 to y5 and 6 spruce needle batches of age class y0 to y6. For pine needles,
each batch of the two sampling years 2015 and 2017 was composed of samples of age class y0 to
y1 and one pine needle batch was additionally composed of samples of age class y2. The RAR
of spruce and pine samples of different needle years (yi, i = 1, 2, . . . , n) in each sample batch of
the sampling years 2015 and 2017 was calculated as follows:

RARyi =
cHg(yi)− cHg(yi−1))

cHg(y0)
(2.2)

Resulting average RARs of the spruce and pine needle samples together with the RB are pre-
sented in Table A.3. For each needle age class the factor cfage calculates as

c fage = 1 · RBy0 + RARy1 · RBy1 + ... + RARyn · RByn (2.3)

In accordance to our bottom-up approach for calculating the foliar Hg uptake flux (Eq. 2.1) the
modified flux calculation for conifers is:

uptakeFgroundarea = c fage · uptakeRy0;needlearea · LAI (2.4)

Final values of cfage are summarized in Sect. A.6, Table A.3.

2.2.6 Correction factor for foliar Hg uptake flux as function of crown height

Standard foliage sampling in forest monitoring programs is from the top third of the crown
[108]. We determined a species-specific height correction factor (cfheight) allowing to scale up
the treetop foliar Hg uptake flux to whole-tree foliage. The species-specific height correction
factor equals the multiplication of two ratios: i) the ratio rconc.coe f f . of the linear regression
coefficient (ng Hg g−1

d.w. month−1) of Hg concentrations in foliar samples over the growing
season at ground/mid canopy level to the equivalent coefficient at top canopy level and ii) the
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ratio rLMA of average LMA at ground/mid canopy level to the average LMA at top canopy
level (Eq 2.5).

c fheight = rconc.coe f f . · rLMA ·
conc.coe f f .ground

conc.coe f f .topcanopy
·

LMAground

LMAtopcanopy
(2.5)

According to ecosystem models on light attenuation and photosynthesis in tree canopies [55,
119, 120] the 3 top canopy layers of leaf area intercept almost 90% of available sunlight leaving
the lower leaf layers with reduced light. We thus assume that the top 3 canopy layers of leaf
area index (LAI; m2

lea f area m−2
ground) mainly consist of sun-adapted foliage (i.e. sun-leaves) with

Hg uptake rates corresponding to the uptake rates measured at top canopy. Leaf area indices
and vertical foliar biomass distribution differ among tree species [121–125]. We did not apply a
height correction for tree species with a LAI ≤ 3. For tree species with leaf area indices > 3 we
assumed the following species-specific foliar Hg uptake flux of the whole tree foliage (uptakeF)
in extension of Eq. 2.1:

uptakeFgroundarea = uptakeRtopcanopy;lea f area · (3 + c fheight · (LAI − 3)) (2.6)

Final values of cfheight are summarized in Sect. A.11, Table A.5.

2.3 Results and Discussion

2.3.1 Effect of needle age on foliar Hg uptake

Spruce and pine revealed increasing Hg concentration with needle age at all sites (Fig. A.5).
In order to demonstrate the increase in Hg concentration with needle age class, we display
results from Hölstein, Hyltemossa and Schauinsland (Fig. 2.3). The average late season Hg
concentration in one-year old (y1) spruce needles was by a factor of 1.8 ± 0.4 (mean ± sd of all
sites) times higher than the average late season Hg concentration in current season (y0) spruce
needles. From spruce needle age class y2 to y1 the ratio of average Hg concentrations was 1.3
± 0.1 and from y3 to y2 1.4 ± 0.1. For pine the corresponding ratio was 1.9 ± 0.2 (mean ±
sd of all sites) from y1 to y0 needles. Consequently, needle Hg concentrations in spruce and
pine almost doubled from the season of sprouting to the subsequent growing season one year
later. Needles older than one year (y2, y3) continue to accumulate Hg albeit at a slower rate
than younger needles (y0, y1). This finding is in agreement with previous studies that reported
positive trends of Hg concentration in spruce needles from age class y1 to y4 [95–97].
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F I G U R E 2 . 3 . Hg concentrations (ng g−1
d.w.) in spruce needles of four different age classes sampled at 3

research sites (Hölstein, Hyltemossa and Schauinsland) at the end of the 2018 growing season (October
– November). Age class y0 represents current season needles, age classes y1, y2 and y3 one-, two- and
three-year old needles, respectively. Error bars denote ± one standard deviation of samples taken from
multiple trees at each site.

We systematically investigated age dependency of Hg accumulation rates using 292 spruce
and 24 pine needle samples of age class y0 to y6 sampled by the Bavarian State Institute of
Forestry in 2015 and 2017 (Sect. 2.2.5). The relative accumulation rate (RAR) represents the
Hg accumulation of an individual needle age class normalized to the respective Hg accumu-
lation rate in the current season y0 needles (Eq. 2.2). Needles of all age classes continue to
accumulate Hg, which is in concurrence with our 2018 Hg concentrations of needles y0 to y3

(Fig. 2.3). However, RAR decrease with needle age (Fig. 2.4). Assuming a linear decline in Hg
uptake with spruce needle age, the mature needles (yn) took up -0.17 ± 0.03 (linear regression
coefficient ± se) in 2015 and -0.10 ± 0.02 (linear regression coefficient ± se) in 2017 than the
previous age class yn−1. The negative linear trend of pine needle Hg uptake was -0.18 ± 0.02
(linear regression coefficient ± se) in 2015 samples (from y0 to y2 Hg uptake) and -0.17 (linear
regression coefficient) in 2017 samples (from y0 to y1 Hg uptake).
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F I G U R E 2 . 4 . Average relative Hg accumulation rates (RAR) of 292 spruce needle samples of age class
y0 and y6 taken by the Bavarian State Institute of Forestry in the two sampling years 2015 (left) and 2017
(right). The RAR represents the ratio of average Hg accumulation rate of the respective needle age class
to the Hg accumulation of needle age class 0 (y0). Error bars denote one standard deviation for RAR of
needles sampled from multiple trees and sites.

The decline of Hg RAR with age could be related to a decrease in physiological activity with
needle age. The rate of photosynthesis and stomatal conductance decreases in older needles
[126–131]. Consequently, a physiologically less active older needle accumulates less Hg(0). Ad-
ditionally, adsorption of Hg(0) to needle wax layers as a possible nonstomatal uptake pathway
might be minimized in older needles because ageing needles suffer from cuticular wax degra-
dation [132, 133]. As older needles exhibited higher Hg concentrations than younger needles,
the Hg re-emission flux might increase with age. Differences of Hg RARs between sampling
years 2015 and 2017 (Fig. 2.4) could be the result of climatic conditions during the two years
like precipitation rates, temperature or vapor pressure deficit which impacts needle stomatal
conductance and possibly stomatal Hg(0) uptake [134].
The continued Hg accumulation by needles over their entire life cycle has implications for the
comparability of foliar Hg concentrations in needles and deciduous leaves. Deciduous leaves
(beech and oak) exhibit higher average Hg concentrations than coniferous needles (pine and
spruce) of the same age (y0) (see Table A.4 for data from Hölstein site). However, multi-year
old pine and spruce needles can reach average Hg concentration values higher than leaves
(A.8). We stress that needle age has to be reported in publications in order to avoid confusion
when comparing foliar Hg concentrations of tree functional groups (deciduous vs. coniferous).
Furthermore, Hg concentrations of all needle age classes have to be taken into account when
calculating foliar Hg pools of coniferous forests (see A.9 for an exemplary needle Hg pool cal-
culation).
From RAR values of our systematic needle analysis (Fig. 2.4) we calculated needle age correc-
tion factors (cfage) according to Eq. 2.3 in order to scale up Hg uptake fluxes determined for y0
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needles to Hg uptake fluxes in needles of all age classes (Eq. 2.4). The correction factor cfage

was 0.79 ± 0.03 (factor according to Eq. 2.3 ± se) for spruce and 0.87 ± 0.06 (factor according
to Eq. 2.3 ± se) for pine (see A.6 for details).

2.3.2 Effect of crown height on foliar Hg content

Foliar Hg concentration, leaf mass per area (LMA) and Hg content normalized to leaf area
measured at Hölstein exhibited vertical variation with crown height (Fig. 2.5). In the following,
we discuss all data relative to values measured at top canopy. Top canopy represents the foliage
sampling height at the sun-exposed treetop, mid canopy describes the middle height range of
sampled trees and ground level represents chest height (1.5 m).
Hg concentrations of beech (Fig. 2.5a), oak and spruce were lower in top canopy foliage than
in foliage growing at ground level. By the end of the growing season (October), average Hg
concentration in top canopy (33 – 38 m) beech leaves was 0.84 times and 0.72 times the average
Hg concentration at mid canopy (18 – 21 m) and ground level (1.5 m) respectively. For oak, the
ratio of average Hg concentrations in top canopy (28 – 38 m) leaves to mid canopy (19 – 22 m)
leaves was 0.92 and for current season spruce needles the respective ratio was 0.85 from top
canopy (43 - 47 m) to mid canopy (25 - 34 m) needles (spruce needles sampled in September
2019, see 2.2.2).
LMA of foliage samples from top canopies was higher than LMA of foliage samples from lower
tree heights (Fig. 2.5b exemplary for beech). The season-averaged LMA ratio of top canopy
foliar samples to ground foliar samples was 2.9 for beech, 1.3 for oak and 1.6 for spruce.
Because of the large vertical LMA gradient, foliar Hg content normalized to leaf area exhibited
an opposite vertical gradient with tree height compared to Hg concentrations (Fig. 2.5c exem-
plary for beech). By the end of the growing season Hg content normalized to leaf area in top
canopy (33 – 38 m) beech leaves was 1.17 times the Hg content per area in mid canopy (18 – 21
m) and 1.91 times in ground level (1.5 m) leaves. The equivalent ratio of Hg content per area in
oak leaves was 1.13 from top canopy (28 – 38 m) to mid canopy (19 – 22 m) and 1.55 for spruce
needles from top (43 - 47 m) to mid canopy (25 - 34 m).
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F I G U R E 2 . 5 . Average values of beech leaf parameters as a function of average tree crown height
in meters above ground level at Hölstein, Switzerland over the course of the 2018 growing season: a)
Hg concentrations (ng Hg g−1

d.w.), b) leaf mass per area (LMA; gd.w. m−2
lea f ), c) Hg content normalized to

projected leaf area (ng Hg m−2
lea f ). Error bars denote one standard deviation of leaf samples from multiple

beech trees (n = 3 – 5).

Gradients of LMA with tree height are a result from leaf adaptation to changing light con-
ditions and have previously been reported by multiple studies [135–140]. Leaves exposed to
intense sunlight in tree canopies tend to grow thicker and denser thereby accumulate more pho-
tosynthesizing biomass per unit surface area [141, 142]. It is thus likely that foliar Hg content
per gram dry weight is diluted in sun exposed canopy leaves relative to lower growing shade
leaves explaining the observed gradient in foliar Hg concentrations with tree height (Fig. 2.5a).
Foliar Hg content normalized to leaf area (ng Hg m−2

lea f ; Fig. 2.5c) is derived from the multipli-
cation of Hg concentrations and respective LMA. As the gradient of LMA values with height
(Fig. 2.5b) is reversed to and steeper than the gradient in Hg concentrations with height (Fig.
2.5a), foliar Hg content per leaf area (Fig. 2.5c) decreases from top to ground level. Therefore,
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care has to be taken when comparing different data sets of foliar Hg concentrations, as foliar
Hg concentrations depend on leaf morphology, which varies with height and tree species.

2.3.3 Effect of crown height on foliar Hg uptake rates per leaf area

Hg uptake rates per leaf area (upkateRlea f area) were higher in top canopy compared to mid
canopy/ground level by a ratio of 2.19 for beech, 1.22 for oak and 1.72 for spruce. Thus, foliage
takes up more Hg per area at top canopy level than at ground level (Fig. 2.6a exemplary for
beech). We propose two mechanisms that possibly explain increasing Hg uptake rates per leaf
area with crown height: (1) Vertical variation in stomatal density and stomatal conductance:
Leaves from the top of the canopy (sun leaves) have been reported to exhibit a significantly
higher mean stomatal density than leaves within the canopy (shade leaves) [143]. A higher
stomatal density (number of stomata pores per unit leaf area) is associated with a higher Hg
content per leaf area [38]. The observed gradient of higher Hg uptake per leaf area towards
the top canopy (Fig. 2.6a) possibly reflects higher stomatal density in sun leaves compared
to shade leaves at ground level. Supplementary to stomatal density, we hypothesize that
stomatal conductance to water vapor is a defining parameter for foliar Hg uptake per area. We
measured stomatal conductance under dry conditions at Hölstein at noon on 17 July 2019 and
observed higher average values in top canopy beech leaves than in ground level beech leaves
(Fig. 2.6b). Stomatal conductance to water vapor is subject to temporal change depending
on meteorological conditions and soil moisture content [55, 144]. Nevertheless, the observed
gradient in stomatal conductance with tree height (Fig. 2.6b) conceivably indicates that foliar-
atmosphere exchange of water vapor and Hg(0) are related. (2) Vertical air Hg(0) gradient:
We observed a small gradient in atmospheric Hg(0) from 1.6 ng m−3 at the top (35 m a.g.l)
to 1.4 ± 0.08 ng m−3 at ground level (1.6 m a.g.l.) integrated over the growing season 2018
(May – October) and from 1.7 ng m−3 (35 m a.g.l) to 1.4 ng m−3 (1.6 m a.g.l.) integrated
over the growing season 2019 (May – September) (Fig. 2.6c). We hypothesize that depletion
in atmospheric Hg(0) within the canopy was driven by foliar uptake of atmospheric Hg(0)
[31, 145]. The vertical Hg(0) gradient in air possibly contributed to the gradient of Hg content
per leaf area in beech, oak and spruce from top canopy to ground/mid canopy because ground
level leaf area intercepts less air Hg(0) than canopy leaf area. A caveat to consider is that
the Hg(0) concentration gradient measured depends on sampling rates of deployed passive
samplers, which were considered to be constant with height (detailed discussion in A.7).
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F I G U R E 2 . 6 . (a) foliar Hg uptake rate per leaf area (ng Hg m−2
lea f month−1; linear regression coefficient

± se) by beech leaves at various tree heights (m) at Hölstein during two growing seasons 2018 and 2019;
(b) Stomatal conductance to water vapor (mmol m−2

lea f s−1; mean± sd) measured in Hölstein beech leaves
at top canopy and ground level under dry conditions at noon on 17 July 2019; (c) Atmospheric Hg(0) (ng
Hg m−3 air) at various heights in Hölstein measured with passive air samplers and integrated over the
2018 and 2019 growing season respectively. Error bars at ground level height (1.6 m) of 2018 data denote
± one standard deviation for 4 passive samplers.

Re-emission of Hg(0) from foliage driven by photoreduction of Hg(II) to Hg(0) can coun-
terbalance gross uptake of Hg(0) [35]. Re-emission rates will be enhanced in the top of the
canopy due to higher light availability. However, re-emission rates were not large enough to
compensate for higher Hg uptake per leaf area by top canopy leaves compared to ground level
leaves (Fig. 2.6a).

2.3.4 Effect of tree functional group (deciduous vs. conifer) on foliar Hg

uptake

Broad leaves of deciduous species (beech and oak) in Hölstein exhibited on average approxi-
mately five times higher Hg concentration increases (5.3 ± 0.6 ng Hg g−1

d.w. month−1; mean ±
se) compared to current-season pine and spruce needles (mean: 1.1 ± 0.4 ng Hg g−1

d.w. month−1;
mean ± se) (Fig. 2.7a). Higher Hg concentrations in broad leaves directly compared to conifer
needles were also found by Blackwell and Driscoll [89], Navrátil et al. [90] but not by Obrist
et al. [91], Hall and St. Louis [93], Obrist et al. [94]. Foliar Hg uptake rates normalized to leaf
area in Hölstein were approximately 3 times higher in broad leaves (622 ± 84 ng Hg m−2

lea f
month−1; mean ± se) than in conifer needles (222 ± 81 ng Hg m−2

lea f month−1; mean ± se) (Fig.
2.7b). Thus, our results exhibit higher foliar Hg uptake per leaf area in broad leaves than in
current-season conifer needles.
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F I G U R E 2 . 7 . Uptake rates by leaves and current-season needles of 4 tree species at Hölstein (a) of
ng Hg g−1 foliage dry weight and month; (b) of Hg uptake rate normalized to leaf area in ng Hg m−2

lea f

month−1. Error bars denote standard errors of the linear regression of foliar Hg concentrations over the
growing season.

We propose that Hg uptake rates have to be assessed in the context of different physiological
characteristics of conifer needles and broad leaves. Needles generally have a larger LMA (245
± 62 g m−2

lea f in Hölstein) than broad leaves (79 ± 38 g m−2
lea f in Hölstein). Plant tissues with

large LMA such as needles are associated with low metabolic activity including photosynthesis
and respiration [55, 146, 147]. Accordingly, the stomatal conductance to water vapor of canopy
foliage in Hölstein on 17 July 2019 was lower for coniferous pine needles (289 ± 137 mmol m−2

lea f
s−1; mean ± sd; n = 14) than for broad leaves of beech (438 ± 80 mmol m−2

lea f s−1; mean ± sd;
n = 14) and oak (849 ± 221 mmol m−2

lea f s−1; mean ± sd; n = 15). The variation between foliage
functional groups (conifer needles vs. broad leaves) indicates that foliar Hg uptake is related to
stomatal conductance.

2.3.5 Foliar Hg uptake fluxes per ground area

We calculated foliar Hg uptake fluxes per ground area (m2
ground) by multiplying foliar Hg uptake

rates per leaf area (m2
lea f ) with species-specific LAI (Eq. 2.1). LAI values (mean ± sd) differed

among tree species and were highest in spruce (7.3 ± 2.1) and beech (7.0 ± 1.6) and lowest in
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pine (2.9 ± 1.4) and birch (2.6 ± 1.2) (Table A.2). In general, forests consisting of spruce trees
with high LAI might therefore exhibit higher Hg uptake fluxes than deciduous forests with
low average LAI even though Hg uptake rates per leaf area might be lower for conifer needles
than for broad leaves (Sect. 2.3.4). We applied correction factors for needle age for conifer
samples (Eq. 2.4) and crown height for sites where we collected top canopy samples (Hölstein,
Hyltemossa, Norunda and Svartberget) (Eq. 2.6). The foliar Hg uptake flux showed a large
variation ranging from 2 µg Hg m−2 (Pallas, pine) to 26 µg Hg m−2 (Schauinsland, beech) over
the 2018 growing season (Fig. A.6). The 4 sites where samples were collected from top canopy
exhibited a smaller range for spruce among sites from 7 to 15 µg Hg m−2 season−1 (Fig. 2.8).

F I G U R E 2 . 8 . Foliar Hg uptake fluxes (µg Hg m−2 during the 2018 growing season) at four forested
research sites where foliage samples were taken from crown height. Error bars indicate one standard
error of the regression slope.

Given the systematic variation of Hg uptake rates with tree height (Fig. 2.5) we cannot
exclude that the inconsistent sampling strategy might have influenced the observed Hg uptake
fluxes among the 10 sampling sites. We will therefore not discuss further the observed variation
among sites. To scale up site-based Hg uptake fluxes, we only consider sites where we consis-
tently sampled the top third of the canopy (Hölstein, Hyltemossa, Norunda and Svartberget).
The average foliar Hg uptake fluxes of each species at the four crown sampling sites (mean
± se of sites) during the 2018 growing season was 18 ± 3 µg Hg m−2 for beech, 26 ± 5 µg
Hg m−2 for oak, 4 ± 1 µg Hg m−2 for pine and 11 ± 1 µg Hg m−2 for spruce (see A.15 for
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standard errors of fluxes). Deciduous trees exhibited higher foliar uptake fluxes compared to
coniferous trees resulting from generally higher uptake rates per leaf area (Fig. 2.7b) owing to
higher physiological activity of deciduous trees.

2.3.6 Foliar Hg uptake fluxes along a latitudinal gradient in Europe

We calculated total Hg uptake fluxes at each research site as the sum of Hg uptake fluxes of
each tree species and research site weighted by the relative abundance of the respective tree
species to the other examined tree species at each site (Fig. 2.9a; Table A.6). The average foliar
Hg uptake flux of the 4 research sites where foliage samples were obtained from tree crown
heights over the 2018 growing season was 11 ± 3 µg Hg m−2 (mean ± sd). Spruce needle Hg
uptake fluxes did not exhibit a clear trend with latitude (Fig. 2.9b with sites sorted for latitude).
The aboveground foliar Hg uptake fluxes per site (range 6 - 14 µg Hg m−2 growing season−1)
are in the lower range of published Hg litterfall fluxes in Europe and North America measured
for various years, which range from 9.7 to 28.5 µg Hg m−2 yr−1 [71, 74, 77, 80, 90, 148, 149].
The average wet Hg(II) deposition fluxes measured at Schauinsland, Schmücke, Råö, Bredkälen
and Pallas over the course of the sampling period was 2.3 ± 0.3 µg Hg m−2 (mean ± sd). Wet
Hg deposition fluxes were consistently lower than foliar Hg uptake fluxes. Our data constrain
that foliar Hg uptake is a major deposition pathway to terrestrial surfaces in Europe, exceeding
direct wet deposition of Hg(II) by a factor of four. Note that this assessment only compares
Hg(0) uptake by foliage and does not take into account Hg incorporated into wood biomass [96]
or Hg(0) adsorbed to leaf surfaces that is washed off between sampling events as throughfall
[77, 149, 150]. Total Hg(0) deposition fluxes to terrestrial ecosystems, which also include Hg(0)
deposition to soils and litter [70, 73, 151, 152] are therefore expected to be higher than foliar
uptake fluxes quantified here.
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F I G U R E 2 . 9 . (a) Relative proportion of tree species to each other and (b) foliar Hg fluxes (µg Hg m−2

over the 2018 growing season) at 4 European research sites ordered by latitude from South (Hölstein at
47° N) to North (Svartberget at 64° N); blue label of 2.3 µg Hg m−2 season−1 corresponds to the average
wet deposition flux measured at 5 sites over the course of the sampling period

Averaging species-specific foliar Hg uptake fluxes and weighting them with the tree species
proportion in Europe derived from Brus et al. [153] yields an average foliar Hg uptake flux for
Europe of 10.4 ± 2 µg Hg m−2 over the 2018 growing season (weighted mean ± se). Extrapola-
tion of this weighted mean to the land area of European forests (192.672 · 106 hectares) results
in a foliar flux of 20± 3 Mg Hg during the 2018 growing season (see Sect. A.14 for details on
flux extrapolation and Sect. A.15 for error propagation). Under the assumption that tree species
in the global temperate zone are distributed equally to tree species in Europe we estimated an
approximate foliar flux of 108 ± 18 Mg Hg to the area of global temperate forests (1.04 · 109

hectares) [154] during the 2018 growing season. This global extrapolation is at the lower end
of global Hg litterfall deposition flux (163 Mg Hg yr−1) estimated for temperate forests based
on a Hg litterfall flux database of measurements between 1995 – 2015 [30]. In order to obtain
a more precise foliar Hg uptake flux estimate to European and global forests, improved spa-
tially resolved foliar Hg data and comprehensive ground-based forest statistics of tree species
composition are needed.

2.3.7 Conclusions

We observed that Hg concentrations in foliage increased over the growing season in broadleaf
and coniferous trees. Concentrations of Hg in multi-year needles increased with age. The foliar
Hg uptake normalized to leaf area was higher on top of the canopy than at ground level. The
temporal and vertical variation of foliar Hg uptake fluxes are consistent with the notion that
stomatal uptake represents the main deposition pathway to atmospheric Hg(0). We emphasize
that standardized sampling strategies and reporting of sampling height and needle age class is



2.3. Results and Discussion 29

essential to allow for comparison of foliar Hg results among different studies.
We developed a bottom-up approach to quantify foliar Hg(0) uptake fluxes on an ecosystem
scale, considering the systematic variations in crown height, needle age and tree species. Our
bottom-up approach integrates aboveground foliar Hg(0) uptake rates over the entire growing
season and the whole tree level. We thus suggest that our approach provides a robust method
to assess foliar Hg(0) uptake fluxes on a species level as well as on an ecosystem scale at a high
temporal resolution. This approach is complementary to litterfall mass balances approaches,
which provide Hg deposition estimates integrated over an entire year. We suspect that the foliar
Hg uptake fluxes measured in this study represent net Hg(0) uptake fluxes as the increase of
foliar Hg concentration was linear with time which would include possible Hg(0) re-emission
from foliage [35]. With the bottom-up approach presented here, it is thus possible to obtain
net foliar Hg(0) uptake fluxes that are temporally resolved over the growing season depending
on the number of temporal foliar Hg measurements. The linear uptake of Hg(0) observed
in this study across 10 European sites and for 6 different species suggests that forest foliage
take up Hg(0) from the atmosphere over the entire growing season, supporting the notion
that foliar uptake of Hg(0) drives the seasonal depletion in atmospheric Hg(0) in the Northern
Hemisphere [12].
Our study demonstrates that foliar Hg uptake is an important deposition pathway to terrestrial
surfaces and exceeds wet deposition by a factor of 4 on average. In contrast to Hg(II) in
wet deposition, which is monitored in atmospheric deposition networks [66, 155], there is
no standardized and established program to monitor Hg deposition in foliage or litterfall across
Europe. We call for including foliar mercury deposition in monitoring networks on a country
and international level. Robust and standardized data on the development of Hg deposition to
foliage and forest ecosystems will allow to assess the effectiveness of the Minamata convention
on mercury [27] and impact of climate change on mercury deposition to terrestrial ecosystems
in the future.
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Abstract

Despite the importance of vegetation uptake of atmospheric gaseous elemental mercury (Hg(0))

within the global Hg cycle, little knowledge exists on the physiological, climatic and geographic

factors controlling stomatal uptake of atmospheric Hg(0) by tree foliage. We investigate controls

on foliar stomatal Hg(0) uptake by combining Hg measurements of 3,569 foliage samples across

Europe with data on tree species traits and environmental conditions. To account for foliar Hg

accumulation over time, we normalized foliar Hg concentration over the foliar life period from

the simulated start of the growing season to sample harvest. The most relevant parameter im-

pacting daily foliar stomatal Hg uptake was tree functional group (deciduous versus coniferous

trees). On average, we measured 3.2 times higher daily foliar stomatal Hg uptake rates in decid-

uous leaves than in coniferous needles of the same age. Across tree species, for foliage of beech

and fir, and at two out of three forest plots with more than 20 samples, we found a significant (p

< 0.001) increase in foliar Hg values with respective leaf nitrogen concentrations. We therefore

suggest, that foliar stomatal Hg uptake is controlled by tree functional traits with uptake rates

increasing from low to high nutrient content representing low to high physiological activity.

For pine and spruce needles, we detected a significant linear decrease of daily foliar stomatal

Hg uptake with the proportion of time during which water vapor pressure deficit (VPD) ex-

ceeded the species-specific threshold values of 1.2 kPa and 3 kPa, respectively. The proportion

of time within the growing season during which surface soil water content (ERA5-Land) in the

region of forest plots was low correlated negatively with foliar Hg uptake rates of beech and

pine. These findings suggest that stomatal uptake of atmospheric Hg(0) is inhibited under high

VPD conditions and/or low soil water content due to the regulation of stomatal conductance to

reduce water loss under dry conditions. Other parameters associated with forest sampling sites

(latitude and altitude), sampled trees (average age and diameter at breast height) or regional

satellite observation-based transpiration product (GLEAM) did not significantly correlate with

daily foliar Hg uptake rates. We conclude that tree physiological activity and stomatal response

to VPD and soil water content should be implemented in a stomatal Hg model, to assess future

Hg cycling under different anthropogenic emission scenarios and global warming.

3.1 Introduction

Mercury (Hg) is a toxic pollutant that is emitted by anthropogenic and geogenic activities into
the atmosphere, where it can be transported over large distances and is eventually transferred
to terrestrial and ocean surfaces by dry or wet deposition [15]. From a public health perspective,
transfer rates of Hg to aquatic ecosystems are particularly relevant within this cycle, since Hg
bioaccumulation in fish for consumption represents the most important Hg exposure pathway
to many communities internationally [4]. In order to constrain future Hg levels in edible fish
and to assess how Hg exposure responds to curbed anthropogenic Hg emissions under the
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policies implemented by the 2017 UN Minamata convention on mercury, it is essential to under-
stand and quantify all major net deposition fluxes within the global Hg cycle. Wet deposition
occurs when water-soluble oxidized Hg(II) is washed out from the atmosphere with rainwater
[1, 6] or by cloud water interception [156]. In a dry deposition process, gaseous elemental Hg(0)
and Hg(II) directly bind to surfaces [15] or Hg(0) is taken up by plants [9]. For more than two
decades, vegetation has been recognized as important vector for Hg(0) dry deposition within
the terrestrial Hg cycle [80, 149, 157]. Based on this seminal work, researchers have since high-
lighted that vegetation impacts Hg levels of all other environmental compartments within the
active Hg cycle [9, 15, 158]. Vegetation uptake of Hg(0) governs the seasonality of atmospheric
Hg(0) in the Northern Hemisphere with concentration minima in summer at the end of the
growing season [12]. Thus, vegetation has been suggested to operate like a global Hg pump
[12, 88]. Atmospheric Hg(0) taken up by vegetation is oxidized to Hg(II) within the plant tissue
[50] and transferred to soils via litterfall [20, 30, 71, 72, 74, 159–161]. Moreover, in forests, Hg
deposition to the ground may occur by wash-off of Hg(0) from plant surfaces via throughfall
and by Hg(0) uptake into woody tissues, lichen, mosses and soil litter [10, 60, 162]. Mercury se-
questered by forest ecosystems accumulates in soil and may subsequently be transported from
watersheds to streams, rivers and the ocean, where it can bioaccumulate in fish [36, 37, 163].
Concerning the mechanism of Hg accumulation in foliage, there are multiple lines of evidence
that leaf stomata control the foliar Hg(0) uptake flux to terrestrial ecosystems: (i) Hg concentra-
tions were found to be higher in internal foliar tissues than on leaf surfaces [38]; (ii) experiments
revealed that isotopic Hg tracers are transferred from the air to the leaf interior [41]; (iii) foliar
Hg concentrations are associated with leaf stomatal density and net photosynthesis [38, 42]; (iv)
the isotopic composition of foliage is discriminated in heavy isotopes compared to atmospheric
Hg(0) [19, 21, 145, 164]; (v) temporal and vertical variations of net foliar Hg(0) uptake fluxes
in trees agree with the mechanism of stomatal Hg(0) uptake [165]. While there is increasing
consensus that vegetation uptake of atmospheric Hg(0) occurs via the stomatal pathway, there
remain research gaps regarding parameters regulating this stomatal Hg(0) uptake [9]. Con-
sequently, the Hg(0) dry deposition flux to terrestrial surfaces in Hg Earth System Models is
generally parametrized by static inferential or resistance-in-series approaches [166]. Ecosystem
processes, including canopy gas exchange, are sensitive to climate conditions [167] and vary be-
tween different plant species [168]. Trees control leaf diffusive gas fluxes through their stomata
in order to optimize the diffusive influx of carbon dioxide for photosynthesis, while averting
excessive loss of water vapor to the atmosphere [55]. The regulation of stomata allows trees
to dynamically adjust their metabolism to climatic conditions (temperature, atmospheric hu-
midity, water vapor pressure deficit, solar radiation) and site-specific limitations (soil moisture,
nutrient availability) under the constraints of tree-specific prerequisites (leaf structure, leaf life
span, water use efficiency).
In this study we aim to improve the process understanding of the stomatal Hg(0) uptake with
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the long-term goal to advance the parameterization of the foliar Hg(0) uptake in Hg Earth
System Models. The objectives of the study were: (i) to investigate how foliar Hg(0) uptake
depends on the physiological traits of tree species, and (ii) to study how stomatal response of
trees to climate conditions control foliar Hg(0) uptake. We address these objectives by analyzing
a large dataset of foliar Hg uptake rates, tree functional traits and climate conditions across
natural gradients in European forests covering various tree species and climate conditions.

3.2 Materials and Methods

3.2.1 Foliage sampling and data set description

The final dataset for this study comprises Hg concentrations of 3,569 foliage samples from 2015
and 2017, of which 2,129 samples were provided by 17 participating countries of the UNECE
International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects
on Forests (ICP Forests). The samples include sun exposed leaves and needles from the upper
third of the tree canopy of 5 trees (Austrian Bio-Indicator Grid: 2 trees) of the main species on the
plot taken during full development in summer (deciduous species) or at the onset of dormant
season in autumn (evergreen species) using harmonized national methods according to the
ICP Forests Manual [108] as described e.g. in Jonard et al. [169]. Around 10% of samples were
taken during winter needle sampling campaigns (December until March). Sample preparation
procedure typically includes separation of needle age classes, drying, milling and chemical
analyses for macronutrients and further drying of a subsample at 105°C to constant weight for
the determination of dry weight. The participating ICP Forests countries harvested and carried
out these preprocessing steps and collected the associated metadata. Hg measurements of
samples from ICP Forests Level II plots were performed at the University of Basel. Additional
foliar Hg concentration data of 1440 samples from the Austrian Bio-Indicator Grid organized
by the Austrian Federal Research Center for Forests (German acronym BFW) (Austrian Bio-
Indicator Grid) were included in the analysis. The combined dataset consists of 3,569 foliage
samples encompassing 23 species of coniferous and deciduous trees (Table B.1). The most
frequent (number of samples > 100) species within the dataset are Norway spruce (Picea abies;
n = 2073), Scots pine (Pinus sylvestris; n = 413), European beech (Fagus sylvatica; n = 372),
silver fir (Abies alba; n = 162), sessile oak (Quercus petraea; n = 133), Austrian pine (Pinus nigra;
n = 125) and common oak (Quercus robur; n = 101). We pooled individual tree species into
groups of tree species genera (e.g. beech, oak, pine, spruce), see Table B.1. Coniferous samples
consist of needles of different age classes: most of the needle samples (n = 1958) flushed in
the sampling season (current season; y0), 600 samples are one-year old (y1), 121 samples are
two-year old (y2), 125 are three-year old (y3), 22 samples are four-year old (y4), 60 samples are
five-year old (y5) and 3 samples are six-year old (y6) needles. All data analysis of this study
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concerning tree species, foliage structure, nutrient contents and meteorological and site-specific
parameters (Sect. 3.3.1 – 3.3.6) is based on Hg values of current-season (y0) foliage. Foliage
samples originate from 995 European sites: 232 sites are ICP Forests Level II forest monitoring
plots, 737 locations are sampling sites of the Austrian Bio-Indicator grid and the remaining sites
(26) are not classified within the ICP Forests program. See Figure 3.1 for a geographic overview
of foliage sampling sites from the sampling year 2017.
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F I G U R E 3 . 1 . Overview of forest plots, at which Hg foliage samples were harvested from different tree
species groups during the sampling year 2017. At around 12% of plots in 2017, foliage from more than
one tree species group was sampled. Geographic distribution of sampling sites in 2015 is similar, except
there were no samples from the ICP Forests partners Brandenburg (Germany), Baden-Württemberg
(Germany) and Poland and there were samples from five additional plots in North Rhine-Westphalia
(Germany), see Fig. B.1. The enlarged map view at the top right depicts sampling locations of the Bio-
Indicator Grid in Austria in 2015 and 2017. Use of base map authorized under European Commission
reuse policy [107].

We assembled the foliar Hg concentration dataset including the following metadata: sam-
pling date, needle age class, leaf mass per area (LMA; 19% of samples), drying temperature,
leaf nitrogen (N) and organic carbon (Corg) concentration. Foliage concentrations of N and
Corg were measured in laboratories in respective ICP Forests countries following strict QA
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procedures. The tolerable quality limit for N concentration measurements is ± 15% (for N con-
centration > 5 mg g−1) of the mean inter-laboratory N concentration in foliar reference material
distributed for ICP Forests laboratory comparison tests [108].
The measurements and observation from ICP Forests Level II forest plots additionally included
the beginning of the growing season for the sampling years 2015 and 2017 (where available)
[170], main tree species on the plot, mean age of trees on the plot (estimated during system
installment), basal area and trees per hectare on the plot [171], soil texture of the upper soil layer
(mineral soil between 0 – 5 cm or 0 – 10 cm from the survey years 2003 - 2019) [172, 173] as well
as altitude and geographic coordinates. At the tree level, meta data consist of tree species, tree
number and diameter at breast height [171]. Meteorological in-situ measurements of hourly
temperature and relative humidity [174] were available for 82 forest Level II plots for both 2015
and 2017.
Furthermore, we amended the dataset with satellite-based values of transpiration from the
Global Land Evaporation Amsterdam Model (GLEAM) [175, 176], of hourly soil water (layer 1,
0 – 7 cm) and surface air temperature (2 m height) from ERA5-Land [177] for the respective re-
gions of every forest plot. GLEAM (v. 3.3a) data were available at daily resolution and on a 0.25°
latitude-longitude regular grid. ERA5-Land values were available at hourly resolution and on
a 0.1° latitude-longitude regular grid. For each forest plot, we calculated average daily GLEAM
(v.3.3a) transpiration within the life period of foliage samples, from the beginning of the grow-
ing season to harvest. Similarly, from ERA5-Land values, we calculated the average 2 m air
temperature within respective sample life periods. We detected outliers of time-normalized fo-
liar Hg concentrations (see Sec. 3.2.3) within each tree species and needle age class by applying
the modified Z score method according to Iglewicz and Hoaglin (1993) [178] using an absolute
threshold value of 3.5, above which a modified Z score value was considered an outlier. As a
result, 3.2% of values within the dataset were removed as outliers.

3.2.2 Correction of foliar Hg concentrations for drying temperature

Drying and grinding of foliage samples were carried out by ICP Forests laboratories and BFW.
All foliar concentration values (Hg, N and Corg) within the dataset are normalized to dry weight
for a sample drying temperature of 105 °C in order to make values internally consistent. The
actual drying temperature differed between foliage samples (40 °C – 80 °C). In order to adjust
for actual drying temperature, the laboratories determined the drying factor to correct for water
content of each sample by drying an aliquot of foliage sample at actual drying temperature and
subsequently at 105 °C. The drying factor was available for 62% of samples within the dataset.
For the rest of the samples an average drying factors per tree species and needle age class was
applied for drying temperature correction. Smallest average drying factor was 1.03 ± 0.003
(mean ± sd) for one-year old (y1) Pinus pinaster needles and biggest average drying factor was
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1.07 ± 0.02 (mean ± sd) for Quercus robur leaves. Previous studies did not detect Hg losses
with drying temperature in foliage [51, 165], wood [113] or moss [114].

3.2.3 Foliage Hg analysis

Total Hg concentrations in foliage samples from ICP Forests Level II plots were measured at the
University of Basel using a direct mercury analyzer (Milestone DMA-80, Heerbrugg, Switzer-
land). Standard operation procedure involved measuring a pre-sequence of four blanks (three
empty sample holders and wheat flour) and three liquid primary reference standards (50 mg of
100 ng g−1 NIST-3133 in 1% BrCl). If the three liquid primary reference standards were within
90% - 110% of expected value, we corrected all measurement results of the respective sequence
accordingly. Otherwise, we discarded the sequence and re-calibrated the instrument. Standard
reference materials (SRM) (NIST-1515 apple leaves and spruce needle sample B from the 19th
ICP Forests needle/leaf interlaboratory comparison test) were measured in each sequence (4
SRM in a sequence of 40 samples) and the sequence was discarded, if the measured SRM value
was outside the certified uncertainty range (NIST-1515) or outside ± 10% of the expected con-
centration (ICP Forests spruce B). Absolute Hg content in wheat blanks within the sequence
had to be < 0.3 ng. We successfully participated in the 21st (2018/2019), 22nd (2019/2020)
and 23rd (2020/2021) ICP Forests needle/leaf interlaboratory comparison (ILC) test. Total Hg
concentrations in foliage samples from the Austrian Bio-Indicator Grid were measured using a
Hg analyzer (Altec-AMA 254 HCS, Prague, Czech Republic). Standard operation procedure at
BFW involved a pre-sequence of five blanks (empty nickel boats) and measurements of three
samples of reference material (BCR-62 olive leaves or spruce needle samples from the 17th or
19th ICP Forests needle/leaf ILC test) after every 40th sample within a sequence. If the mea-
surement results of the three reference samples were outside of 93% - 107% of expected value,
a drift correction was performed. Final foliage Hg concentrations within the Bio-Indicator Grid
represent average values of at least two replicates.

3.2.4 Determination of the beginning of the growing season for calculating

daily foliage Hg uptake rates

Mercury concentrations in leaves and needles have been demonstrated to increase linearly over
the course of the growing season [38, 80, 134, 165]. In this study, foliage samples within the
data set were harvested at various points in time, making a direct comparison of measured Hg
concentrations unfeasible. We therefore calculated foliar Hg uptake rates (in ng Hg g−1

d.w. d−1) of
current-season samples by normalizing foliar Hg concentrations to their respective life period
in days from the beginning of the growing season (emergence of new foliage) to date of harvest.
These resulting foliar Hg uptake rates are net Hg accumulation rates per gram dry weight on a
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leaf basis and should not be confused with foliar Hg fluxes on a whole-tree basis. Please also
note, that daily foliar Hg uptake rates in this study represent average values over the growing
season. The actual daily foliar Hg uptake on a given day might differ from the average value
depending on the time period within the growing season (e.g. early season vs. peak season)
[38]. Needles of age 1 year or older were excluded from calculating daily foliage Hg uptake
fluxes, since Hg uptake might slow down in physiologically less active older needles [165] and
it is unclear, to which extend Hg uptake occurs in older needles in winter and in early spring
before the emergence of new foliage. While dates of harvest were available for all samples, we
determined the start of the growing season of current-season foliage by combining available
data sources with start-of-season modelling. These data sources comprise in-situ phenological
observations, which were available for 15% of samples, and observations of the emergence of
current-season needles of coniferous tree species from the Pan European Phenological database
PEP725 [179]. We assigned observations from PEP725 to the corresponding closest forest plot of
the respective sampling year (2015 or 2017) by using the nearest neighbor function matchpt from
the Biobase package in R [180], such that differences between PEP725 observation and forest
plots did not exceed 3° in latitude, 30 m in altitude and closely matched longitude as possible.
For details on the matching procedure and results see supplementary information, Sect. 3.3.1.
To model the beginning of the growing season for deciduous trees, we utilized the leaf area
index (LAI) product by Copernicus Global Land Service based on PROBA-V satellite imagery
at a resolution of 300 m and 10 days [181, 182] following a recommendation by Bórnez et al.
[183]. For information on the model and quality assurance, refer to supplementary information,
Sect. 3.3.2.

3.2.5 Evaluation of data on water vapor pressure deficit (VPD)

At 82 ICP Forests Level II plots (in total from both years 2015 and 2017), in-situ meteorological
data at an hourly resolution were recorded in 2015 and 2017, for which we calculated hourly
water vapor pressure deficit (VPD) values at daytime (06:00 – 18:00 LT). The VPD represents the
difference between the water vapor pressure at saturation and the actual water vapor pressure.
We calculated saturated water vapor pressure from average hourly air temperature using the
August-Roche-Magnus formula [184] and actual water vapor pressure as the saturation water
vapor pressure multiplied by the average hourly relative humidity. These VPD values were
calculated exclusively for daytime hours (06:00-18:00 LT), because both Hg(0) and photosyn-
thetic CO2 uptake by trees are at maximum during the day [60]. From these daytime hourly
VPD values at each forest plot, we calculated the proportion of hours within the daytime life
period of the samples (from the beginning of the growing season to sampling day), during
which VPD exceeded the four threshold values of 1.2 kPa, 1.6 kPa, 2 kPa and 3 kPa, respectively.
We chose these four VPD thresholds as test values because they were reported in literature to
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incrementally induce leaf stomatal closure of temperate forest trees, ranging from initial stom-
atal closure (around 0.8 kPa – 1 kPa [55]) to maximum stomatal closure (at around 3 kPa – 3.2
kPa [185]). We calculated the average proportion of daily daytime exceedance hours of VPD >
respective threshold value by normalizing total number of respective daytime VPD exceedance
hours with total number of daytime hours during the corresponding sample life period.

3.2.6 Evaluation of ERA5-Land volumetric soil water contents

We calculated the time proportion within sample life periods, during which the volumetric soil
water content in the region of the respective forest plots fell below a soil texture dependent
threshold value (PAWcrit) where plants are expected to close their stomata due to limited water
availability. To this, we used the satellite-derived ERA5-Land data of hourly soil water in soil
layer 1 (vertical resolution: 0 – 7 cm, horizontal resolution: 0.1° x 0.1°) [177] and data on soil
texture of the respective forest plots, where available [172]. Field data from literature suggest,
that plant stomata start to close, once the plant available water (PAW) in the soil falls below a
critical value (PAWcrit) [186–188]. The soil PAW represents the difference between soil water at
field capacity (SWFC) and soil water at the permanent wilting point (SWPWP). We calculated
PAWcrit = 0.5 x PAW + SWPWP following a recommendation by Büker et al. [189] and used
PAWcrit as the threshold value to calculate the proportion of hours within the respective sample
life periods, during which soil water < PAWcrit. See Figure B.11 for an exemplary time series of
ERA5 soil water in the region of a forest plot in France in 2015. Soil texture specific values for
SWFC and SWPWP (Table B.4) were obtained from Saxton and Rawls (2006) [190].

3.3 Results and Discussion

3.3.1 Variation of foliar Hg concentrations with foliar life period

Average foliar Hg concentrations (mean ± sd) differed between tree species groups (see Table
B.1 for definition of tree species groups). Ash leaves exhibited highest Hg concentrations (32.2
± 5.7 ng Hg g−1

d.w.; n = 10), followed by beech leaves (25.5 ± 9.6 ng Hg g−1
d.w.; n = 372), current-

season Douglas fir needles (22.9 ± 6.7 ng Hg g−1
d.w.; n = 27), hornbeam leaves (32.2 ± 5.7 ng Hg

g−1
d.w.; n = 10), oak leaves (20.8 ± 9.1 ng Hg g−1

d.w.; n = 287), larch needles (13.4 ± 3.4 ng Hg g−1
d.w.; n

= 3), current-season spruce needles (11.8 ± 3.4 ng Hg g−1
d.w.; n = 1509), current-season fir needles

(11.4 ± 2.8 ng Hg g−1
d.w.; n = 66) and current-season pine needles (11.0 ± 5.1 ng Hg g−1

d.w.; n =
344). For all tree species sampled at more than 20 forest plots, we found significant (p < 0.05)
positive trends of foliar Hg concentrations with respective sampling date within the growing
season (see Figure 3.2 for beech and oak and Fig. B.4 for pine and spruce).



3.3. Results and Discussion 41

F I G U R E 3 . 2 . Average leaf Hg concentrations (ng Hg g−1
d.w.) in beech and oak samples at multiple ICP

Forests plots versus sampling dates (day of year; DOY) of respective samples. Sampling took place
both in 2015 and 2017. Two plots of holm oak (Quercus ilex) are located in Greece and were sampled
in December 2015 (DOY = 348) and December 2017 (DOY = 346). Error bars denote ± one standard
deviation between multiple samples at each forest plot.

Increasing foliar Hg concentrations with progressing sampling date are in line with previous
observations demonstrating that at individual sites Hg concentrations increased linearly over
the growing season [38, 51, 80, 165]. To make Hg levels in foliage sampled at different times
comparable, we calculated daily foliar Hg uptake rates by normalizing foliar Hg concentrations
with the life period of samples. These daily foliar Hg uptake rates represent average values
over the life period. The average life period (mean ± sd) of samples was 104 d ± 30 d for
beech, 104 d ± 24 d for oak, 159 d ± 12 d for pine and 148 d ± 14 d for spruce. At five percent
of spruce plots sampling took place in winter (December until March). Spruce and pine trees
have been found to reduce their physiological activity (transpiration, net photosynthesis) at
low soil temperatures (< 8 – 10 °C), potentially impacting stomatal Hg(0) uptake in winter
[191, 192]. The average daily Hg uptake rates of current-season spruce needles sampled during
peak season (0.084 ng Hg g−1

d.w. d−1) and sampled during winter (0.067 ng Hg g−1
d.w. d−1) were
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significantly different (Welch two sample t-test; p = 0.015 at 95% confidence level). If spruce
trees continue to accumulate Hg throughout the winter, Hg needle concentrations should be
higher in winter samples than in samples harvested earlier during the growing season and Hg
uptake rates per day should be comparable between winter and growing season samples. Thus,
the difference of average daily Hg uptake between winter and growing season spruce needle
samples indicates a decrease of Hg accumulation in spruce needles during winter. However,
the potential of needle Hg uptake in winter needles requires further investigation, e.g. by
performing a full winter sampling at multiple forest plots. For this study, we shortened the
calculated life period of spruce needles from winter sampling plots to 15th November [117] to
improve comparability of spruce needle Hg uptake rates within the dataset.

3.3.2 Variation of foliar Hg uptake rates with tree species groups

Median daily foliar Hg uptake rates (Fig. 3.3) in decreasing order are: ash (0.26 ng Hg g−1
d.w.

d−1), beech (0.25 ng Hg g−1
d.w. d−1), oak (0.22 ng Hg g−1

d.w. d−1), hornbeam (0.20 ng Hg g−1
d.w. d−1),

larch (0.14 ng Hg g−1
d.w. d−1), current-season Douglas fir needles (0.13 ng Hg g−1

d.w. d−1), current-
season spruce needles (0.07 ng Hg g−1

d.w. d−1), current-season fir needles (0.07 ng Hg g−1
d.w. d−1)

and current-season pine needles (0.05 ng Hg g−1
d.w. d−1). The range of daily foliar Hg uptake

of beech (0.12 – 0.42 ng Hg g−1
d.w. d−1) is in agreement with the daily foliar Hg uptake rate of

0.35 ± 0.03 ng Hg g−1
d.w. d−1, that Bushey et al. [76] had determined in beech leaves growing in

New York State in 2005. There are distinct differences in median daily Hg uptake rates between
current-season foliage of tree species groups (Fig. 3.3). The median daily foliar Hg uptake
rate of deciduous leaf samples is 0.23 ng Hg g−1

d.w. d−1, a factor of 3.2 larger than the median
daily foliar Hg uptake rate of current-season conifer needle values (0.07 ng Hg g−1

d.w. d−1). The
difference between deciduous and coniferous leaves in the European dataset is smaller than a
previous observation from a mixed forest site in Switzerland in 2018, where Hg uptake rates
of coniferous species were reported to be 5 times lower than those of deciduous trees [165].
Similarly, Navrátil et al. [90] reported higher foliar Hg concentrations in beech leaves (36.3 ng
Hg g−1) than in current-season spruce needles (14.1 ng Hg g−1) of two adjacent forest plots
sampled during peak season (August). Higher Hg concentrations in deciduous leaves (median:
28 ng Hg g−1 from 341 remote sites) than in composite multi-age coniferous needles (median:
15 ng Hg g−1 from 535 remote sites) were also reported in a global literature compilation [9].
Differences in daily foliar Hg uptake between tree species within one genus (e.g. Quercus
petraea and Quercus robur) were negligible (see Fig. B.5). We were not able to normalize daily
foliar Hg uptake rates with atmospheric Hg(0) concentrations at each respective sampling site
and sample life period, as air Hg(0) measurements were unavailable for our sampling sites. The
relative standard deviation of average air Hg(0) concentrations at 6 European measurement
sites within the EMEP network [111, 193] between May and Sept. 2015 and 2017 (see Table B.2
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for details) was 0.06, which is lower than the relative standard deviation of the average daily
Hg uptake rates between tree species and forest plots of 0.64 (Figure 3.3). We therefore argue,
that the pronounced differences in median daily foliar Hg uptake rates between tree species
cannot exclusively be explained by differences in atmospheric Hg(0) concentrations, but rather
suggest a tree physiological cause. However, foliar Hg uptake rates should be normalized to
ambient atmospheric Hg(0) concentrations, in particular when comparing foliar Hg observation
between the northern and southern Hemisphere or over multi-decadal timescales.

F I G U R E 3 . 3 . Median daily foliar Hg uptake (ng Hg g−1
d.w. d−1) between different tree species groups (see

Table B.1 for definition of tree species groups) arranged from highest to lowest value. Error bars give the
value range within each tree species group and n indicates the number of sites at which the respective
tree species were sampled in both the years 2015 and 2017. Foliar samples of evergreen coniferous tree
species (Douglas fir, spruce, fir and pine) consist of needles of the current season.

3.3.3 Foliar Hg uptake and sample-specific N concentration

Foliar N concentration serves as a surrogate for the maximum photosynthetic capacity of foliage
[194] as the bulk amount of foliar N is contained in the photosynthetic systems like chlorophylls,
thylokoid proteins and rubisco [55, 195, 196]. Furthermore, foliar N represents an indirect proxy
for foliar maximum stomatal diffusive conductance for water vapor, independent of tree species
[55, 57, 197–201]. Note, that for this analysis we solely compared N and Hg concentrations
for foliage samples harvested within a period of the growing season, during which leaf N
concentrations are relatively stable (July – August for broadleaves [202, 203] and Sept – March
for conifer needles [204, 205]). To assess the possibility of physiological factors controlling
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the large variation of foliar Hg(0) uptake between different tree species groups (Fig. 3.3), we
compared average daily foliar Hg uptake rates per tree species group with respective average
foliar N concentrations. We found a positive linear correlation between foliar N concentration
and Hg uptake rates as tree species groups with high average foliar N exhibited higher daily
foliar Hg uptake rates (Table 3.1). This observation supports the notion, that the physiological
activity of trees controls foliar Hg(0) uptake, thereby explaining the large variation among tree
species groups [165]. We compared foliar Hg uptake rates and leaf N concentrations with values
of median stomatal conductance for beech, oak, pine and spruce included in a global leaf-level
gas exchange database compiled by Lin et al. [206] (see description of database calculation
in Sect. B.7). Albeit stomatal conductance measurements for tree species of interest within
the database [206] originated from one or only few sites (n = 1 – 5; Table 3.1), beech and oak
exhibited higher median stomatal conductance values than spruce and pine, corresponding
with higher daily Hg uptake rates and foliar N concentrations in beech and oak compared to
spruce and pine. Thus, we observed a strong control of plant functional traits on foliar Hg(0)
uptake with tree species of high photosynthetic activity (high N concentration) and stomatal
conductance exhibiting the highest foliar Hg(0) uptake rates.

TA B L E 3 . 1 . Mean ± standard deviation of daily Hg uptake and foliar N concentration per tree species
group from a subset of foliage samples harvested during July – Aug (broadleaf samples) or Sept –
March (coniferous needle samples). Values are ordered from highest to lowest mean daily Hg uptake.
All values from evergreen tree species groups (Douglas fir, fir, pine, spruce) were evaluated in current-
season needles. Median stomatal conductance values (min – max) were calculated from a global database
of leaf-level gas exchange parameters compiled by Lin et al. [206].

Tree species daily Hg uptake foliar N conc. n median stomatal n sites
group (ng Hg g−1

d.w. d−1) (mg N g−1
d.w.) samples conductance Lin et al. [206]

(mol m−2 s−1)
Lin et al. [206]

beech 0.25 ± 0.05 23.1 ± 2.9 312 0.10 (0.03 - 0.31) 2
oak 0.20 ± 0.05 25.1 ± 2.8 252 0.15 (0.01 - 0.35) 1
hornbeam 0.19 ± 0.03 19.4 ± 2.1 10
Douglas fir 0.13 ± 0.02 17.0 ± 3.5 26
spruce 0.08 ± 0.02 12.9 ± 1.7 1509 0.05 (0.01 - 0.16) 1
fir 0.07 ± 0.02 13.0 ± 1.7 66
pine 0.06 ± 0.02 14.4 ± 3.0 355 0.06 (0.00 - 0.33) 5

Within tree species groups, linear regression coefficients of daily Hg uptake and foliar N
concentration were significant (p < 0.001) for beech (R2 = 0.15; n = 312) and fir (R2 = 0.27; n = 66).
Corresponding statistical significance for hornbeam, oak, pine and spruce could not be evalu-
ated, since the respective data used for the linear regression was heteroscedastic. Blackwell and
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Driscoll (2015) [207] found a significant relationship between foliar Hg concentration and foliar
N% for yellow birch, sugar maple and American beech, but not for pine (red pine and white
pine), red spruce or balsam fir. We examined whether unaccounted site-specific differences
(e.g. soil N concentration) between forest plots could have caused the variability (low R2) of
daily Hg uptake versus foliar N concentration within tree species by individually analyzing
foliar Hg concentration versus foliar N concentration at two oak and one beech forest plot, from
which 20 or more foliage samples were available. Linear regression coefficients of foliar Hg
concentrations versus foliar N concentrations were significant (p < 0.001) at two (oak and beech)
of the three plots but not at the third plot (p = 0.1, oak) (see Fig. B.7). This finding suggests
that foliar N concentrations represents an indicator of foliar Hg concentrations at individual
forest sites, as it does for foliar Hg uptake of different tree species (Table 3.1). However, given
the heterogeneity of nutrient availability between sites [208] and the complexity of internal
foliar allocation of N to different parts of the photosynthetic apparatus [209], a generally valid
correlation of foliar Hg uptake versus foliar N may not exist.

3.3.4 Foliar Hg uptake and Leaf Mass per Area

Within the whole dataset, leaf mass per area (LMA; gd.w. m−2
lea f ) data were available in a subset

of 349 foliage samples from 48 sites (from both 2015 and 2017). LMA is an important param-
eter in plant ecophysiology, because carbon gains of plants via photosynthetic activity and
gas diffusion is optimized per unit of leaf area, as plants adapt their LMA, i.e. their foliage
thickness and/or tissue density, to the availability of sunlight during growth [210–212]. This
LMA adaptation of foliage to sunlight had been suggested to be more effective for optimizing
photosynthetic capacity than within-leaf N partitioning of photosynthesizing biomass [213].
Therefore, we analyzed the connection of foliar Hg uptake to LMA across tree species. Figure
3.4 shows average LMA values (mean ± sd) of the subset of samples where LMA was reported,
resolved by tree species, along with respective average daily Hg uptake rates and associated
foliar N concentrations (all values displayed in Fig. 3.4 are listed in Table B.3; see Fig. B.8 for
density plots of datasets from Table 3.1 and Fig. 3.4).
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F I G U R E 3 . 4 . a) Average daily Hg uptake rates (ng Hg g−1
d.w. d−1), b) average foliar nitrogen concentra-

tions (mg N g−1
d.w.) and c) average LMA (gd.w. m−2

lea f ) determined in 349 foliage samples and resolved by
tree species group and foliage type (leaf/needle). Error bars denote ± one standard deviation. Number
of samples (n) differs between tree species: beech (n = 164), Douglas fir (n = 2), hornbeam (n = 9), oak (n
= 106), pine (n = 35) and spruce (n = 33).

Current-season needle samples of coniferous tree species groups (Douglas fir, pine, spruce)
exhibited higher median LMA values (308 gd.w. m−2

lea f ), lower median daily Hg uptake rates

(0.10 ng Hg g−1
d.w. d−1) and lower median foliar N concentrations (15.4 mg N g−1

d.w.) compared to
leaf samples of deciduous tree species groups (beech, oak, hornbeam) (Fig. 3.4). Wright et al.
[147] illustrated, that different evolutionary survival strategies of plant species are positioned
along a single axis of foliage characteristics ranging from plant species with high photosynthetic
capacity and respiration, high foliar N concentration, low LMA and short leaf life spans to plant
species with the respective opposite attributes. Comparison of average daily foliar Hg uptake,
LMA and foliar N concentrations (Fig. 3.4) across tree species in this study suggest, that foliar
Hg(0) uptake aligns along this plant species economics spectrum, with deciduous leaves with
high leaf N concentrations and thus high physiological capacity (photosynthesis, respiration)
taking up more Hg(0) per gram dry weight over the same time span than coniferous needles
with low leaf N concentrations and physiological capacity.

3.3.5 Foliar Hg uptake and water vapor pressure deficit (VPD)

Trees regulate their transpiration rates in response to temporary changes of water vapor pres-
sure deficit (VPD) by controlling leaf stomatal aperture [214–216]. When a critical VPD thresh-
old is exceeded, trees close their stomata to resist cavitation and excessive water loss in condi-
tions of high atmospheric evaporative forcing (i.e. high VPD) [55, 216]. This decrease in leaf
stomatal conductivity in response to high VPD suppresses stomatal uptake fluxes of gaseous
pollutants like ozone [55, 217]. We investigated, whether VPD impacts foliar uptake of gaseous
Hg(0) by relating species-specific average daily foliar Hg uptake rates to the proportion of
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daytime (06:00 – 18:00 LT) hours of an average day within the respective sample life periods,
during which hourly daytime VPD exceeded the threshold values of 1.2 kPa, 1.6 kPa, 2 kPa and
3 kPa, respectively at all forest plots with hourly meteorological data (n = 82 including both
sampling years).

F I G U R E 3 . 5 . Average daily Hg uptake rates (ng Hg g−1
d.w. d−1) of current-season pine needles from

multiple forest plots (n plots = 19) versus the proportion of daytime hours (06:00 – 18:00 LT) within
an average day of the respective sample life periods, during which the hourly daytime water vapor
pressure deficit (VPD) exceeded a threshold value of 1.2 kPa. Data points originate from both sampling
years 2015 and 2017. All forest plots are located in Central Europe (latitude 46° - 54°), for which ambient
air Hg(0) concentrations are relatively constant (see Table B.2 and Fig. B.6). Error bars denote ± one
standard deviation of daily needle Hg uptake rates between multiple samples at each forest plot.

The linear regression coefficients of average daily Hg uptake versus daily proportion of
daytime hours, during which VPD exceeded a threshold value (1.2 kPa, 1.6 kPa, 2 kPa or 3 kPa)
were significant (p < 0.01) for pine at all VPD threshold values (Fig. 3.5, Fig. B.9), for spruce at a
VPD threshold value of 3 kPa (R2 = 0.44; p = 0.01; n = 14) (Fig. B.9) and not significant for beech
and oak at any VPD threshold value (Fig. B.10). Linear regression coefficients were negative
for all species and VPD threshold values, i.e. by tendency, average daily foliar Hg uptake rates
decreased with average proportion of daytime hours, during which VPD > respective threshold
value (1.2 kPa, 1.6 kPa, 2 kPa or 3 kPa). We excluded Douglas fir, fir, hornbeam and larch from
the regression analysis due to a low number of forest plots (n = 1 – 5). Average daily needle Hg
uptake rates of spruce needles were clustered between two groups of forest plots with high and
low daytime proportions of VPD > threshold (Fig. B.9) relative to each other. T-test revealed a
significant (p = 0.008) difference in average daily spruce needle Hg uptake rates between the



48 Chapter 3. Physiological and climate controls

two clusters for a VPD threshold value of 3 kPa and non-significant (p > 0.05) differences for all
other VPD threshold values. The timing and degree of stomatal closure during dry conditions
is tree species-specific [218, 219]. Tree species like pine and spruce are isohydric, i.e. they tend
to respond to drought stress under high evaporative demand by closing their stomata earlier
than anisohydric species like beech and oak [220–224]. Among isohydric species, pine has been
discovered to reduce tree conductance and stomatal aperture during the onset of dry conditions
earlier and at a greater rate than spruce [218, 225]. Spruce has been observed to keep stomata
almost completely closed under drought stress, i.e. high VPD and/or soil water deficit [218].
We hypothesize, that the significantly decreasing average foliar stomatal Hg uptake rates with
daytime proportion of VPD > 1.2 kPa for pine (Fig. 3.5) and of VPD > 3 kPa for spruce (Fig.
B.9) possibly reflect the early physiological response of pine, and the high degree of stomatal
closure under drought stress of spruce. Oak exhibits later stomatal closure at the onset of
dry conditions and higher stomatal aperture under drought stress than e.g. pine [218, 221],
which may be the reason why there was by tendency a negative, but not significant correlation
coefficient of average foliar Hg uptake with daytime proportion of VPD > any threshold value
for oak (Fig. B.10).

3.3.6 Foliar Hg uptake and soil water content

Linear regression coefficients of average daily foliar Hg uptake rates at each forest plot versus
proportion of hours within sample life periods, during which ERA5-Land soil water fell below
a soil texture specific threshold value (PAWcrit) (see Sect. 3.2.6), were negative for all tree species
groups and significant for beech (p = 0.036) and pine (p = 0.031) (Fig. 3.6). The linear regression
coefficient was not significant for oak (p = 0.169) and not available for spruce due to a low
number of data points.
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F I G U R E 3 . 6 . Average daily Hg uptake rates (ng Hg g−1
d.w. d−1) of beech, oak and current-season pine

foliage from multiple forest plots (beech plots n = 38; oak plots n = 45; pine plots n = 19; latitude:
41° - 55°) versus the proportion of hours within the respective sample life periods, during which the
geographically associated hourly soil water from the ERA5-Land dataset [177] fell below a soil texture
specific threshold value PAWcrit (see Sect. 3.2.6). Data points originate from both sampling years 2015
and 2017. Error bars denote ± one standard deviation of daily needle Hg uptake rates between multiple
samples at each forest plot.

Linear regression results (Fig. 3.6) indicate, that foliar Hg uptake rates decrease at for-
est plots, where plant available water in the upper soil layer (0 – 7 cm) falls below specific
thresholds (PAWcrit) for a relatively long time period over the growing season. Studies on
the atmosphere-plant transport of ozone have highlighted, that plant stomatal ozone uptake
declines with increasing soil water deficit, because drought prompts stomatal closure [226–228].
We hypothesize, that stomatal uptake of Hg(0) is impacted by soil conditions of low plant avail-
able water in a similar way to ozone. In the future, in-situ soil matrix potential measurements
should be used to better quantify the response rate of foliar Hg(0) uptake to soil water content
in order to overcome the limitations of the coarse satellite-derived soil water measurements
used here. We also suggest determining the possible influence of additional parameters like
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gravel content and density of soils, rooting depth of trees and atmospheric Hg(0), which could
vary within the range of latitude (41° - 55°) of examined forest plots.

3.3.7 Foliar Hg uptake and geographic and tree-specific parameters

We performed linear regressions of average daily foliar Hg uptake rates per forest plot and
tree species group (beech, oak, pine, spruce) versus geographic and tree-specific parameters.
These parameters include altitude, latitude, average age of trees on plot, average tree diameter
at breast height, average daily GLEAM transpiration values and average ERA5-Land 2 m air
temperature over the course of the respective sample life periods (see Sect. 3.2.1). None of the
resulting 54 linear regression coefficients were significant given a Bonferroni adjusted p-value
= 0.000925. The differences between 2015 and 2017 species-specific averages of daily foliar
Hg uptake rates from forest plots, at which foliage sampling took place during both sampling
years, were small compared to the standard deviation of daily foliar Hg uptake rates within
each sampling year and species (see Table B.5 for average and standard deviation values).
From the sampling year 2015 to the sampling year 2017 this difference was 0.04 ng Hg g−1

d.w.
d−1 for beech, 2 x 10−4 ng Hg g−1

d.w. d−1 for oak, 8 x 10−5 ng Hg g−1
d.w. d−1 for pine (current-

season needles) and -3 x 10−3 ng Hg g−1
d.w. d−1 for spruce (current-season needles). We therefore

suggest that differences in daily foliar Hg uptake rates between the sampling years 2015 and
2017 are negligible. In agreement with previous studies [51, 95–97, 165], we found a trend
of Hg concentrations in differently aged spruce needles with older needles exhibiting higher
Hg concentrations (Fig. 3.7), demonstrating that Hg accumulation continues in older needles.
Annual Hg net accumulation seems to slow down in older spruce needles of age classes y3 – y6

in contrast to needles of age classes y0 – y2 (Fig. 3.7), albeit ranges of average Hg concentrations
± standard deviation overlap among older and younger spruce needles, which might be the
result of relatively low sample numbers of older needles compared to younger needles (e.g. 3
samples for y6 vs. 301 samples for y1). A decline in foliar Hg uptake by older needles could
be caused by lower physiological activity, cuticular wax degradation or an increase in Hg
re-emission with needle age [165].
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F I G U R E 3 . 7 . Average Hg concentrations (ng Hg g−1
d.w.) in spruce needle samples of different ages. Nee-

dle age class y0 corresponds to current-season needles flushed in the year of sampling, y1 corresponds
to one-year old needles, y2 corresponds to two-year old needles etc. Error bars denote ± one standard
deviation between multiple samples, n indicates number of samples.

3.3.8 Implications for Hg cycle modelling

Our findings suggest, that VPD impacts stomatal Hg(0) uptake by isohydric tree species due
to stomatal closure during conditions of high VPD (Fig. 3.5). Similarly, elongated time periods
of low soil water content within the growing season possibly result in a decrease of stomatal
conductance to Hg(0) and thus in less foliar Hg(0) uptake by tree species such as beech and
pine (Fig. 3.6). Other meteorological parameters such as temperature may also have an effect
on stomatal closure and consequently stomatal Hg(0) uptake (Sect. 3.3.7). We therefore propose,
to refine existing stomatal uptake models for the purpose of exploring the stomatal uptake flux
of Hg(0) for common vegetation types across different global regions over the course of the
growing season. For this, the sensitivity of species-specific foliar Hg uptake normalized to air
Hg(0) concentrations have to be determined in laboratory experiments with regards to elevated
VPD, low soil water content or temperature. Eventually, the effect of tree species, VPD, soil
water and point in time within the growing season could be implemented in a stomatal Hg de-
position model. We propose, that the stomatal flux module of the DO3SE (Deposition of Ozone
for Stomatal Exchange) model could serve as a prototype for a stomatal Hg deposition model,
because DO3SE provides estimates of stomatal ozone deposition based on plant phenological
and meteorological conditions [217, 229]. Projections from stomatal Hg models are particularly
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relevant for the evaluation of future global environmental Hg cycling, as the stomatal Hg(0)
uptake flux exceeds direct Hg(II) wet deposition [60, 165], and quantitatively represents the
most relevant deposition pathways to land surfaces, driving the seasonality of Hg(0) in the at-
mosphere [12, 88]. VPD is projected to increase with rising temperatures under global warming
[184, 216], potentially causing a decrease in stomatal foliar Hg(0) uptake fluxes. A diminished
global stomatal foliar Hg(0) uptake flux would result in higher Hg(0) concentrations in the
atmosphere and higher Hg deposition fluxes to the ocean [9].

3.3.9 Conclusion

We created a large European forest dataset for investigating the control of tree physiology and
climatic conditions on foliar stomatal Hg(0) uptake. We observed, that foliar Hg concentrations
were highly correlated with foliage sampling date (Fig. 3.2), confirming the notion, that foliage
takes up Hg(0) over the entire growing season and over multiple growing seasons in the case
of coniferous needles (Fig. 3.7). Consequently, it is necessary to calculate foliar Hg uptake rates
by normalizing foliar Hg concentrations by the time period of Hg(0) accumulation to make
foliar Hg values from different sites comparable. For reasons of comparability, foliar Hg uptake
rates should ideally be normalized to ambient air Hg(0) concentrations when large variation in
atmospheric Hg(0) is expected (e.g. between northern and southern hemispheres, in polluted
regions or over long timescales). We found notable differences of daily foliar Hg uptake rates
between tree functional groups (broadleaves versus coniferous needles), i.e. Hg uptake rates
of broadleaves were higher compared to coniferous needles of the same age by a factor of 3.2
(Fig. 3.3). Across tree species and within beech and fir, the linear regression coefficients of
daily foliar Hg uptake rates versus foliar N concentration were significant (Sect. 3.3.3). Tree
species groups with foliage of lower LMA exhibited higher daily rates of Hg uptake per dry
weight of foliage (Sect. 3.3.4). We set these results within the context of stomatal foliar uptake
of atmospheric Hg(0): Deciduous tree species like beech and oak, which exhibit functional
traits of high physiological activity (photosynthesis, transpiration) over the time span of one
growing season, as represented by high foliar N concentration and low LMA, retain a higher
stomatal conductance for diffusive gas exchange. Thus, beech and oak leaves accumulate
more Hg per unit dry weight over the same time span relative to needles of coniferous tree
species. In addition to tree species-specific metabolism, climatic conditions like current VPD
or soil water content, which impacts stomatal gas exchange, can affect foliar Hg uptake. For
current-season pine needles, we found a significant negative linear regression coefficient of
daily Hg uptake rates versus the average daily proportion of hours within sample life period,
during which atmospheric evaporative forcing was high (VPD > 1.2 kPa) (Fig. 3.5), suggesting,
that a reduction of stomatal conductance during conditions of high VPD suppresses foliar
Hg(0) uptake. In a similar line of argument, low surface soil water content lowers stomatal
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conductance and consequently foliar stomatal Hg(0) uptake (Fig. 3.6). We therefore suggest,
that foliar Hg measurements bear the potential to serve as a proxy for stomatal conductance,
providing a time-integrated measure for stomatal aperture when taking into account the spatial
and temporal variation in atmospheric Hg(0). We call for the implementation of a stomatal Hg(0)
deposition model, that takes tree physiology and environmental conditions like VPD or soil
water content into account, in order to make projections about this important Hg deposition flux
under climate change. The diminution of the vegetation mercury pump in response to drought
stress as a result of climate change could result in elevated Hg concentration in the ocean and
potentially in marine fish in future, a potential risk which warrants further quantitative studies.
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Abstract

Atmospheric mercury (Hg) is deposited to land surfaces mainly through vegetation uptake.

Foliage stomatal gas exchange plays an important role for net vegetation Hg uptake, because

foliage assimilates Hg via the stomata. Here, we use empirical relationships of foliar Hg uptake

by forest tree species to produce a spatially highly resolved (1 km2) map of foliar Hg fluxes to

European forests over one growing season. The modelled forest foliar Hg uptake flux is 23 ±
12 Mg Hg season−1, which agrees with previous estimates from literature.

We spatially compared forest Hg fluxes with modelled fluxes of the chemistry-transport model

GEOS-Chem and find a good overall agreement. For European pine forests, stomatal Hg up-

take was shown to be sensitive to prevailing conditions of relatively high ambient water vapor

pressure deficit (VPD). We tested a stomatal uptake model for the total pine needle Hg up-

take flux during four previous growing seasons (1994, 2003, 2015/2017, 2018) and two climate

change scenarios (RCP 4.5 and RCP 8.5). The resulting modelled total European pine needle

Hg uptake fluxes are in a range of 8.0 - 9.3 Mg Hg season−1 (min - max). The lowest pine forest

needle Hg uptake flux to Europe (8 Mg Hg season−1) among all investigated growing seasons

was associated with unusually hot and dry ambient conditions in the European summer 2018,

highlighting the sensitivity of the investigated flux to prolonged high VPD. We conclude, that

stomatal modelling is particularly useful to investigate changes in Hg deposition in the context

of extreme climate events.

4.1 Introduction

Mercury (Hg) is a toxic pollutant that is transported globally through the atmosphere and
deposited from air to land surfaces mainly through vegetation uptake of ambient gaseous el-
emental Hg(0) [19–21, 151, 230]. Consequently, vegetation uptake has the potential to lower
atmospheric Hg(0) transport and Hg deposition to oceans, where Hg can be methylated and
bioaccumulated in marine seafood for human consumption [9]. In order to assess and improve
the effectiveness of mitigation policies for human exposure, it is thus necessary to advance our
understanding of environmental drivers of vegetation Hg(0) uptake, particularly in the context
of global change [231].
Global vegetation and soil Hg(0) uptake is estimated at 2850 ± 500 Mg year−1 and primarily
driven by forests [9, 60, 230]. The amount of forest Hg(0) deposition exceeds approximate direct
anthropogenic emissions to the air of 2200 Mg Hg year−1 [231]. In forests, half of the total Hg(0)
net deposition is estimated to be stored in tree foliage, while the other half is estimated to be
transferred to vascular tissues (e.g. stem, branches, roots), taken up by understory vegetation
(e.g. shrubs, grasses) and nonvascular plants (lichen and mosses) or Hg is directly transferred
to the forest floor [9, 10, 60, 232]. In tree foliage, Hg concentrations increase linearly between
foliage emergence and senescence [38, 51, 80, 134, 165] implying a net foliar Hg deposition flux,
albeit Hg re-emission from foliar surfaces of up to 30% of gross foliage Hg(0) deposition had
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been observed in a subtropical forest in China [35]. The bulk (90-96%) of Hg is stored in foliage
tissues as opposed to leaf surfaces and correlates with leaf stomatal density [38]. Studies on Hg
stable isotopes in foliage [9, 19], enriched isotope tracer experiments [41], the vertical variation
of net foliar Hg uptake in forest canopies [165], and canopy Hg(0) fluxes, that correlate with
CO2 fluxes [232] strongly suggest a diffusive uptake pathway of atmospheric Hg(0) to foliage
interiors via the stomata [49]. In this way, foliar Hg(0) uptake is linked to foliage stomatal
aperture for atmospheric gas exchange [233].
Trees regulate foliage stomatal aperture to balance the inward diffusion of CO2 for photosynthe-
sis with the risk of desiccation caused by excessive outward diffusion of water vapor [55]. The
degree of stomatal aperture depends on atmospheric CO2 levels and hydrological conditions
(soil water availability and atmospheric evaporative demand) and varies among foliage-specific
traits (age, tree species-specific evolutionary metabolic strategy and water use efficiency) [55].
Pine, for instance, is an isohydric tree species capable of closing foliage stomata under warm
and dry atmospheric conditions relatively early compared to tree species like oak and spruce
[218, 221, 225], resulting in a reduced stomatal conductance for pine needle diffusive gas ex-
change [226]. Consistently, Hg(0) uptake rates by pine needles in Europe were found to be
lower at forest sites across Europe, where prolonged warm and dry atmospheric conditions
prevailed over a given growing season during daytime [233].
Species-specific stomatal response strategies to meteorological conditions are particularly rele-
vant for projections of future foliar Hg uptake under climate change. Increasing global atmo-
spheric temperatures driven by rising levels of greenhouse gases will result in an increased
frequency of droughts [216] and higher soil moisture deficits [234, 235] in various regions of the
world. These climatic conditions may decrease foliar Hg(0) uptake fluxes due to lower stomatal
conductance [233]. A reduced plant Hg sink could further be amplified by deforestation and
forest diebacks, particularly in the tropics [236–238]. Other regions of the world are projected
to become wetter through an increase in precipitation rates under climate change [61], which
might lead to higher foliage stomatal conductance relative to the present and thus higher foliar
Hg uptake. With continuing anthropogenic carbon emissions, an elevated atmospheric CO2

level might have an antagonizing effect on the foliar stomatal Hg(0) uptake flux: foliar Hg(0)
uptake could decline with decreasing stomatal conductance under CO2 fertilization [239], or,
the opposite, the vegetation sink for Hg(0) could increase with intensified biomass growth and
higher soil C contents [12, 62, 240]. In order to make projections of the foliar Hg uptake flux in
the next decades, these climate change impacts need to be further investigated and potentially
implemented into global and regional Hg cycle models.
Current and future Hg fluxes are modelled in Global Chemical Transport Models (CTMs).
CTMs like GEOS-Chem [241] apply resistance-based algorithms [242] for modelling Hg(0) de-
position fluxes from the atmosphere to vegetated ecosystems and are often based on parameters
like leaf area indices (LAIs), temperature and wind speed. The resistance components for leaf
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stomata within CTMs commonly represent consensus values optimized to fit observations of
Hg deposition velocities over vegetated surfaces [62, 70, 241, 243], without taking stomatal
feedback to environmental conditions into account [244, 245]. Consequently, forest tree species-
specific stomatal responses to climate change at foliage level are not parameterized in CTMs.
An additional problem related to CTMs is the uncertainty of modelled Hg(0) deposition fluxes
due to insufficient model evaluation against dry deposition measurements [230]. This issue of
model validation was highlighted in a recent revision of GEOS-Chem parameterization after
matching the GEOS-Chem model design to various experimental Hg(0) deposition measure-
ments, which resulted in a doubling of the modelled global flux of Hg(0) dry deposition to land
compared to previous model outcomes [230].
The goal of this study is twofold. For one, we present a spatially highly resolved map of foliar
Hg uptake fluxes to European forests using a bottom-up model, which we compare to mapped
forest dry deposition fluxes modelled in the chemical transport model GEOS-Chem. Second,
we focus our analysis on foliar Hg uptake fluxes to pine in order to investigate the sensitivity
of an empirical stomatal response model to different climatic conditions during past growing
seasons and for two climate change projections of the years 2068 - 2082, in order to outline the
potential of incorporating a stomatal response function into CTMs.

4.2 Materials and Methods

4.2.1 Description of datasets

For creating maps of foliar and pine needle Hg uptake fluxes in Europe applying a bottom-up
model (Sect. 4.2.2 and 4.2.3), we drew on multiple data sources:

• Foliar Hg data. A dataset of foliar Hg uptake rates was derived from Hg measurements
in foliage of tree canopies at 272 forest sites of the UNECE International Co-operative Pro-
gramme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests).
Forest sites are mostly located in Central and Northern Europe (+ 737 sites in Austria from
the Austrian Bio-Indicator Grid) and harmonized foliage sampling methods were em-
ployed. All foliage samples within this dataset were harvested at the end of the growing
seasons 2015 or 2017. Therefore, average foliage values of 2015/2017 constitute reference
values of forest foliar Hg uptake fluxes relative to respective fluxes during investigated
years of this study. The dataset is publicly available and contains 3569 foliar Hg concen-
trations of 23 tree species and is described in detail in [233].

• Meteorological data. Values on ambient temperature and relative humidity at surface
air pressure (1000 hPa) in Europe (spatial resolution: 0.25° x 0.25°) originate from ERA5
hourly reanalysis data and were downloaded from the Copernicus Climate Data Store
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[246]. The applied time frame includes hourly daytime (07:00 - 18:00 LT) values during
the respective growing seasons (April - October) of 1994, 2003, 2015, 2017, and 2018.

• Climate change data. Regional climate simulation data of air temperature and relative hu-
midity at 2 m above surface level for the years 2068 - 2082 and two different climate change
scenarios (Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 [247]) were ob-
tained from the Coordinated Regional Climate Downscaling Experiment (CORDEX) [248]
framework for the European domain with a spatial resolution of 0.11° x 0.11° and a tem-
poral resolution of 3hourly daytime (09:00 - 18:00 LT) values. For representing a range
of different climate model outputs, we calculated average values from multiple regional
climate models (RCMs) downscaled from global climate models (GCMs) depending on
availability for download from the Copernicus Climate Data Store [249]. In total, we
incorporated data of 15 combinations of 4 RCMs and 6 GCMs for RCP 4.5 and of 13 com-
binations of 6 RCMs and 8 GCMs for RCP 8.5 (see Table C.3) for an overview of models
and ensemble members).

• European tree species distribution. We used a map of spatial proportions of tree species
groups per km2 land area from Brus et al. [153]. For use in calculating pine foliar Hg
uptake fluxes (see Sect. 4.2.3), we summed up spatial relative abundance values of Pinus
sylvestris, Pinus pinaster, Pinus nigra and Pinus halepensis from European forest inventories
[250, 251] and multiplied these pine relative abundances with the respective total forest
area per km2 derived from Brus et al. [153] to obtain pine areal proportions (i.e., proportion
of the surface area of a spatial tile, that is covered by pine forest). We performed the
same calculation (sum of values of Pinus sylvestris, Pinus pinaster, Pinus nigra and Pinus
halepensis and subsequent multiplication with respective total forest area) to estimate the
distribution of pine in Europe under climate change using relative abundance probabilities
projected from climate analogues for the time period 2061 - 2090 and RCP 4.5 and RCP
8.5 by Buras and Menzel [251].

• Leaf Area Indices (LAIs) and Leaf Mass per Area (LMA) values. We used the LAI
satellite product (spatial resolution: 330 m) of PROBA-V [181, 182] to upscale foliar Hg
uptake rates at each ICP Forests site to foliar Hg uptake fluxes (see Sect. 4.2.2), along with
average LMA values per tree species from Forrester et al. [252].

4.2.2 Calculation of forest foliage Hg uptake fluxes

We determined forest foliar Hg uptake fluxes to European forests on a 1 km2 spatial resolution
applying three basic computational steps: 1) calculation of tree species-specific daily Hg uptake
fluxes per m2 ground area using a bottom-up model; 2) upscaling of respective foliar Hg fluxes
per tree species to the European forested area using the areal distribution of corresponding
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tree species; 3) multiplication of daily forest foliar Hg uptake fluxes per latitude with latitude-
dependent growing season length in order to obtain the forest foliar Hg uptake fluxes over one
growing season.
Computational step 1) is based on the premise, that foliar Hg uptake rates are tree species-
specific [38, 51, 233]. For this reason, we calculated median daily foliar Hg uptake fluxes per
tree species group (see Table C.2 for details) of all forest sites from the foliar Hg dataset (Sect.
4.2.1). The bottom-up modeling approach for calculating daily foliar Hg uptake fluxes from
daily foliar Hg uptake rates is described in detail in Wohlgemuth et al. [165]. Briefly, daily
foliar Hg uptake rates per gram foliage dry weight (units of ng Hg g−1

d.w. d−1) were multiplied
with tree species-specific LMA values (Sect. 4.2.1) to obtain daily foliar Hg uptake rates per
foliage surface area (ng Hg m−2

lea f d−1). Subsequently, values of daily foliar Hg uptake rates
per foliage surface area are multiplied with values of LAI (m2

lea f m−2
ground; Sect. 4.2.1), resulting

in daily foliar Hg fluxes per unit ground area (ng Hg m−2
ground d−1). LAI values of coniferous

forests are relatively constant during the active growing season after the initial growth phase of
current-season needles [253], while LAI values of temperate deciduous forests increase rapidly
at the beginning of the growing season (leaf flushing) and climax at peak season (June – August,
northern hemisphere) [254]. For coniferous tree species, we used the maximum LAI value
during the constant period at each forest site of the ICP Forests dataset to calculate needle
foliar Hg uptake fluxes. For deciduous tree species, we calculated foliar Hg uptake fluxes as
a temporal sequence at every LAI value available over the growing season and subsequently
used median foliar Hg uptake flux values of the growing season. For LAI values larger than 3,
we applied a species-specific tree height correction factor, to account for lower foliar Hg uptake
fluxes of shaded leaves in the lower canopy [165] (refer to Table C.1 for utilized tree height
correction factors). For coniferous species, we multiplied Hg uptake fluxes of current-season
needles with a species-specific needle age correction factor to account for lower Hg uptake rates
of older needle age classes [165] (refer to Table C.1 for utilized needle age correction factors).
Computational step 2) involves the multiplication of the proportion of each tree species per
km2 land area with the respective species-specific median daily foliar Hg uptake fluxes. We
matched tree species-specific Hg data with the areal forest distribution of the respective tree
species [153]. In the few cases of rare European tree species, where specific Hg data was lacking,
we pooled Hg or forest distribution data by tree species group (see Table C.2 for an overview
of matched tree species groups between the two datasets). Subsequently, we added up all tree
species-specific daily foliar Hg uptake fluxes within each km2 and obtained one forest foliar
daily Hg uptake flux per km2.
In computational step 3) we calculated forest foliar Hg uptake fluxes per km2 and one growing
season by multiplying each daily foliar Hg uptake flux per km2 with the growing season length
in days following a simple latitudinal model [185]. The latitudinal model of growing season
determines a growing season length of 192 days at latitude 50° and decreases by 3.5 days per 1°



4.2. Materials and Methods 61

of latitude moving north and increases by 3.5 days per 1° of latitude moving south. We did not
normalize forest foliar Hg uptake fluxes by different atmospheric Hg(0) levels, because ambient
Hg(0) measured within the European monitoring programme EMEP [111] was evaluated to be
relatively homogeneous in space in Europe and the growing seasons 2015 and 2017 [233].

4.2.3 Calculation of pine foliar Hg uptake fluxes

In previous research, the impact of relatively high atmospheric water VPD on foliar Hg uptake
was assessed for pine, spruce, beech, and oak [233]. For pine, a significant empirical relation
of pine needle Hg uptake fluxes with VPD was found: pine needle daily Hg uptake rates
(upRpine; ng Hg g−1

d.w. d−1) were lower at forest sites, where pine trees experienced high hourly
daytime VPD values > 1.2 kPa over a relatively long time period during the growing season
(proportiondayVPD > 1.2kPa) [233]. The negative correlation of pine needle stomatal Hg uptake
with timespan of elevated atmospheric VPD is explained by the hydraulic safety strategy of the
isohydric tree species pine, which closes stomata relatively early in response to rising VPD (Sect.
4.1). We thus calculated daily foliar Hg uptake rates as a function of VPD exclusively for pine,
which accounts for 36% of European forested area of our studied spatial domain. The linear
regression of daily foliar Hg uptake rates with proportiondayVPD > 1.2 kPa is: upRpine = 0.116
– 0.13 x (proportiondayVPD > 1.2 kPa) [233]. We applied this linear relationship to calculate the
pine foliar Hg uptake rates of the forest area of Europe during four different growing seasons in
1994, 2003, an average of 2015 and 2017, 2018, and projected for the time period 2068 - 2082 under
RCP 4.5 and RCP 8.5 [247]. Using the August-Roche-Magnus formula [184], we calculated
ambient water VPD from daytime values of surface temperature and relative humidity, which
are available on an hourly resolution from ERA5 [246] for past growing seasons and on a
3hourly resolution from EURO-CORDEX (Sect. 4.2.1) for simulated climate data. Subsequently,
we determined the fraction of daytime hours, during which the VPD was above the threshold
of 1.2 kPa during the respective latitudinal growing season length. All calculations involving
climate data were performed at sciCORE scientific computing center at University of Basel. We
defined growing season length per latitude using a latitudinal model ([185], see Sect. 4.2.2). In
2068 - 2082 we assumed the beginning of the growing season to be 3 days earlier and the end of
the growing season to be 3 days later to take increases in growing season length under climate
change into account [116, 255]. The underlying areal distribution of pine is based on European
forest inventories and projections of pine abundances based on climate analogues under RCP
4.5 and RCP 8.5 by Buras and Menzel [251] (see Sect. 4.2.1).

4.2.4 GEOS-Chem forest deposition flux calculation

GEOS-Chem is a global 3-D chemistry transport model, which includes a comprehensive Hg
cycle [241]. Table 4.1 gives an overview of the methodological approach and input parameters
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for calculating the respective Hg fluxes of GEOS-Chem and the bottom-up model (Sect. 4.2.2),
which we compared spatially in this study.

TA B L E 4 . 1 . Comparison of the bottom-up model and GEOS-Chem

bottom-up model GEOS-Chem

model input pa-
rameters

spatial forest distribution
[153];
leaf area indices (LAIs)
[181, 182];
leaf mass per area (LMA)
[252];
meteorological parameter:
daytime ambient water
VPD [246];
foliar Hg uptake rates [233]

spatial forest distribution
[256];
leaf area indices (LAIs)
[257];
atmospheric Hg(0) levels
(GEOS-Chem v12.8.1 simu-
lation 2015);
meteorological parameters:
air temperature, pressure,
solar radiation, cloud
cover, wind speed (GEOS-
FP) [258]

spatial resolu-
tion

1 km x 1 km 0.25 x 0.3125◦

basic method-
ological ap-
proach for Hg
flux calculation

spatial upscaling of mea-
sured foliar Hg uptake
rates
[165]

in-series calculation of Hg
dry deposition velocity
from parameterized resis-
tance values [242]

foliage stomatal
Hg uptake flux
component

calculated for pine based
on daytime vapor pressure
deficit (VPD) values (Sect.
4.2.3)

calculated within the
canopy resistance com-
ponent as a function of
land type, leaf area indices
(LAIs), and solar radiation

model output
compared in
this study

tree-species specific forest
foliar Hg(0) uptake fluxes

Hg(0) dry deposition
fluxes to coniferous and
deciduous forest land
cover

We used an offline version of the GEOS-Chem dry deposition code [259] to be able to
calculate dry deposition velocities at higher resolution and only for certain land use types
(i.e., forest areas). The offline dry deposition code computes deposition velocities applying a
resistance-based approach [242, 260]. Input variables (Table 4.1) are gridded hourly GEOS-FP
meteorological data (e.g., air temperature, wind speed, solar radiation, and cloud cover) and



4.3. Results and Discussion 63

weekly LAI values based on MODIS [257] for the year 2015. The model calculates the Hg(0) dry
deposition velocity based on species-specific parameters including its biological reactivity (f0 =

10−5) and Henry’s Law Constant (H∗ = 0.11 M atm−1). To isolate the uptake of Hg(0) to forests,
we calculated the dry deposition velocity only over coniferous and deciduous land cover types
from the Olson land map [256]. The offline calculations output hourly dry deposition velocities
over the European domain at 0.25 × 0.3125◦ resolution. We converted the calculated Hg(0)
deposition velocities to fluxes by multiplying with hourly surface Hg(0) concentrations from a
GEOS-Chem v12.8.1 simulation for 2015. For this study, we compared the GEOS-Chem Hg(0)
dry deposition fluxes to forests with foliar Hg(0) uptake fluxes calculated using the bottom-up
model. For both models, Hg fluxes were averaged over the latitude-dependent growing season
length in days and cropped to the same spatial extent. As GEOS-Chem and the bottom-up
model differ in their geographic resolution (GEOS-Chem: 0.25◦ x 0.31◦ ∼ 955 km2 vs. bottom-
up: 1 km2), we downsampled daily forest foliar Hg uptake fluxes from the bottom-up model
through bilinear interpolation.

4.2.5 Uncertainty analysis of foliar Hg uptake fluxes

The relative uncertainty value per tree species group depended on propagated uncertainties of
calculation parameters used to derive the respective foliar Hg uptake flux per tree species group
(see Table C.4 for details and values). Subsequently, we calculated one relative uncertainty
value per geographic tile of our European flux map (Fig. 4.1) by summarizing the relative
uncertainty of each foliar Hg uptake flux per tree species group within each tile according to
error propagation principles [261, 262]. We obtained the relative uncertainty for the total foliar
Hg uptake flux to European forests (Fig. 4.1) by propagating all relative uncertainty values per
tile. The final relative uncertainty value of total foliar Hg uptake flux to European forests and
the reference growing seasons 2015/2017 is 0.52.

4.3 Results and Discussion

4.3.1 Spatial distribution of forest foliar Hg uptake fluxes across Europe

Figure 4.1 visualizes forest foliar Hg uptake fluxes per growing season at a spatial resolution
of 1 km2 (g Hg km−2 season−1) in Europe. Forest foliar Hg uptake fluxes generally follow a
spatial distribution of European forests, because this map (Fig. 4.1) is based on the proportion
of forest tree species per land area [153]. Consequently, the largest forest foliage Hg uptake
fluxes in terms of area are in Fennoscandia (defined here as Norway, Sweden, and Finland)
with dense forest land cover of mostly pine and spruce [153]. Outside of Fennoscandia, forest
foliage Hg uptake fluxes fall along large contiguous forested areas, e.g. in the Carpathian
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Mountains (located in most parts in Romania and Slovakia), the South-Eastern Alps (mostly in
Austria, Slovenia, and Italy), the Balkans, or forested low mountain areas like the Black Forest
(Germany). By magnitude, forest foliar Hg uptake fluxes (Fig. 4.1) agree well with annual
canopy Hg(0) deposition of two temperate forests (14.3 and 15.4 µg m−2) in North America,
which were measured by applying a micrometeorological method [232].

F I G U R E 4 . 1 . Spatial distribution of forest foliar Hg uptake fluxes (g Hg km2 growing season−1)
to Europe based on a bottom-up extrapolation of foliar Hg concentrations, that were measured and
averaged over the 2015 and 2017 growing seasons. Dark grey areas represent excluded non-forested
areas (e.g. surface waters or mountain areas).

The sum of forest foliar Hg uptake fluxes over the land area of Europe (compare Fig. 4.1)
equals 23 ± 12 Mg Hg season−1. This total flux is in the same range as a previous estimate
of the total foliar Hg uptake flux to Europe (20 ± 3 Mg Hg over the 2018 growing season)
based on foliar Hg uptake fluxes at four forested sites [165]. Zhou and Obrist [10] evaluated a
median global foliar Hg assimilation of 28 Mg yr−1 for deciduous broadleaf forests and 61 Mg
yr−1 for evergreen needleleaf forests by combining foliar Hg concentrations with annual net
foliar biomass production data of the respective forest types. From these global assimilation
estimates by Zhou and Obrist [10], we calculated a total foliar Hg assimilation of 29 Mg yr−1 to
the deciduous and coniferous forest land area of Europe (for details see Sect. C, Text S1), which
is slightly higher but still within the uncertainty of the 23 ± 12 Mg Hg season−1 from this study.
However, foliar Hg uptake fluxes based on net primary foliar biomass production by Zhou and
Obrist [10] does not correct for lower foliar Hg uptake rates by shade leaves and multiyear old
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needles (see Sect. 4.2.2) relative to sun leaves and younger needles [165], likely resulting in a
systematic over-estimation. We assume, that the different time reference (seasonal vs. annual)
of the flux from this study (23 ± 12 Mg Hg season−1) and the flux derived from Zhou and Obrist
[10] (29 Mg Hg yr−1) only plays a minor role for explaining the difference between the two
fluxes, since we expect a small net foliar biomass production in Europe in winter outside of the
growing season. Results from micrometeorological Hg measurements in two temperate forests
in North America show, that Hg(0) uptake during the active growing season dominates annual
Hg(0) deposition [232]. Please note, that from a whole forest ecosystem perspective, fluxes
displayed in Figure 4.1 are exclusively constrained to foliar Hg uptake and do not represent
potential Hg fluxes to other ecosystem compartments like forest floor [232].

4.3.2 Comparison of bottom-up model with GEOS-Chem

Figure 4.2 depicts spatial ratios of daily forest Hg uptake fluxes of the bottom-up model to
GEOS-Chem. Absolute difference values of the two model outputs are shown in Fig. C.2.

F I G U R E 4 . 2 . Ratios per spatial unit of daily forest Hg uptake fluxes averaged over the latitude-specific
growing season length of the bottom-up model to GEOS-Chem.

The overall foliar Hg uptake flux to the total European forested area (Fig. 4.1 and 4.2) was
22 Mg Hg season−1 for GEOS-Chem, which almost equals the total flux of 23 ± 12 Mg Hg
season−1 for the bottom-up model (Sect. 4.3.1). Results of average daily foliar Hg uptake fluxes
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from GEOS-Chem and the bottom-up model were geographically comparable: In 59% of the
spatial domain with values > 0, average daily foliar Hg uptake fluxes from the two models
differed by factor of 1 - 2 from each other, in 37% of the domain, model values differed by a
factor of 2 - 10 from each other, and in 4% of the domain respective values differed by a factor
of > 10 from each other (Fig 4.2). We examined if differences in modelled average daily foliar
Hg uptake fluxes at the same geographic location originate from differences in the underlying
forest distribution maps of the two compared models. In 78% of spatial tiles with values > 0, the
ratio of average daily foliar Hg uptake fluxes of the bottom-up model to GEOS-Chem agreed
in range (Fig. 4.2) with the ratio of the forest fraction of the bottom-up model to GEOS-Chem
per respective spatial tile. We thus find that the bottom-up model and GEOS-Chem generally
produce similar forest Hg flux values per spatial unit given the same forest distribution. This
spatial consistency of model outputs is surprising, as the bottom-up model is specific for foliar
Hg(0) uptake fluxes based on a wide set of European field data, while GEOS-Chem broadly
computes Hg(0) dry deposition fluxes to forests (Table 4.1). Reasons for minor differences in
model outputs are challenging to identify, due to the different approaches, parameters and
underlying maps of the two models (Sect. 4.2.4). For future assessment of model accuracy,
we therefore suggest to compare model results to actual measurements of the forest foliar Hg
uptake flux [60, 230, 232].

4.3.3 Pine foliar Hg uptake fluxes under different VPD scenarios

Figure 4.3 shows total pine forest foliar Hg uptake fluxes to Europe calculated under different
conditions of atmospheric surface-level water VPD during four past growing seasons (1994,
2003, 2015/2017, 2018) and simulated for the years 2068 - 2082 as an average of multiple climate
model outputs (see Sect. 4.2.2) under two different climate change scenarios (RCP 4.5 and RCP
8.5). The leftmost bar (Fig. 4.3) represents a theoretical baseline pine needle Hg uptake flux in
absence of VPD induced stomatal control (potential maximum transpiration rates) on the pine
needle Hg uptake flux. The total pine needle Hg uptake flux to Europe during the reference
growing season 2015/2017 (Sect. 4.2.2) is 9.3 ± 3.7 Mg Hg representing 70% of the baseline flux
of 13.3 ± 5.3 Mg Hg season−1. Thus, based on the pine needle Hg uptake model used in this
study (Sect. 4.2.3), the VPD effect reduces the total pine needle Hg uptake flux to Europe by
approximately 30%.
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F I G U R E 4 . 3 . Pine needle Hg uptake flux to European pine forests (Mg Hg season−1) calculated from
atmospheric surface water vapor pressure deficit (VPD) conditions during the growing seasons 1994,
2003, 2015/2017, 2018 and projected for the years 2068 - 2082 under RCP 4.5 and RCP 8.5. Bar on the left
represents a baseline pine forest needle Hg uptake flux with no VPD exceedance of 1.2 kPa throughout
the growing season.

The relative standard deviation of modelled total pine needle Hg uptake fluxes for the in-
vestigated growing seasons (1994, 2003, 2015/2017, 2018, 2068 - 2082) was 0.07 Mg Hg season−1.
Consequently, modelled total European pine needle Hg uptake fluxes hardly differed from each
other among growing seasons. The total pine needle Hg uptake flux in Europe depend on VPD
conditions in areas where pine forests prevail. Pine forests are primarily located in Northern
Europe (Fig. C.1). Pine forests located at latitudes > 55.3◦N account for 21% of the total foliar
Hg uptake flux to Europe during the reference growing season (Fig. 4.1). In Northern Europe,
hourly ambient VPD was > 1.2 kPa during 30% or less of daytime in the growing seasons
1994, 2003 and 2015/2017 due to relatively cool and moist ambient conditions as compared to
Central and Southern Europe (see e.g. VPD conditions during reference time period 2015/2017
Fig. 4.4a). In contrast to previous years, the European summer hydrological condition of 2018
has been described as an intense hot drought, during which pronounced stomatal closure of
coniferous forests in response to high VPD were recorded in Switzerland [263]. In Southern
Fennoscandia, conditions of ambient hourly VPD > 1.2 kPa prevailed over exceptionally long
time proportions (around 40%) during the summer of 2018 (see Fig. 4.4b, [264]). As a result, the
modelled total pine needle Hg uptake flux in Europe in 2015/2017 (9.3 Mg Hg season−1) was by
a factor of 1.16 higher than the respective flux in 2018 (8.0 Mg Hg season−1). We conclude that
hot and dry summer conditions (Fig. 4.3) in Fennoscandia crucially impact modelled past total
pine needle Hg uptake fluxes in Europe. According to the model results, an average amount of
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1.3 Mg Hg was not deposited via pine needle uptake in 2018 compared to 2015/17, potentially
remaining in the atmosphere, where it can be long-range transported to the ocean [9]. These
1.3 Mg Hg are more than three times larger than the reported anthropogenic Hg emissions of
Sweden in 2021 [265], highlighting the quantitative impact, that hot droughts can have on the
pine needle Hg uptake flux.

F I G U R E 4 . 4 . Average daytime proportion of surface level atmospheric water VPD > 1.2 kPa during
a) the reference growing season 2015/2017, and b) the growing season 2018. All VPD values were
calculated from hourly reanalysis data of ERA5 ambient air temperature and relative humidity (Sect.
4.2.1).

4.3.4 Projected pine forest needle Hg uptake fluxes under climate change

scenarios

The projected total pine forest needle Hg uptake flux for 2068 - 2082 (RCP 4.5: 9.3 ± 5.5 Mg
Hg season−1; RCP 8.5: 8.1 ± 4.9 Mg Hg season−1) was in the same range as the corresponding
average flux for the years 1994, 2003, 2015 and 2017 of 9.1 ± 0.2 Mg Hg season−1 (mean ± sd),
but slightly higher than the corresponding flux in the year of 2018 (8.0 ± 3.2 Mg Hg season−1),
during which Fennoscandia experienced a summer of relatively long hot and dry ambient
conditions. Figure 4.5 maps the absolute deviation of the pine forest needle Hg uptake flux
projected for 2068 - 2082 (simulated future flux) from the corresponding 2018 flux in Europe.
Under RCP 4.5, the simulated future flux is higher (blue area in Fig. 4.5 a) than the 2018 flux
in 65% of total area. Under RCP 8.5, the simulated future flux is higher (blue area in Fig. 4.5
b) than the 2018 flux in 43% of total area. In most area of Fennoscandia, where a majority of
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pine forests in Europe are located (Fig. C.1), the future flux is projected to be larger than in 2018.
For both climate change scenarios, the projection predicts lower pine needle Hg fluxes to the
Balkans and to the Southern Iberian Peninsula than in 2018 (Fig. 4.5).

F I G U R E 4 . 5 . Absolute deviation of projected pine forest foliar Hg uptake fluxes for 2068 - 2082 (under
RCP 4.5 (a) and RCP 8.5 (b)) from the corresponding flux modelled for 2018. In blue areas, the projected
future flux under the two climate change scenarios is higher than the respective 2018 flux, in orange
areas, this deviation is reversed.

The pine forest needle Hg uptake flux for 2068 - 2082 simulated here is a function of both
modelled ambient VPD conditions during the growing season and the projected distribution of
pine forests in Europe depending on climate analogs [251]. While the pine forest cover in South-
ern Sweden is projected to decrease under the climate change scenarios RCP 4.5 and RCP 8.5
from around 50% km−2 to around 25% km−2, forest cover in Central and Northern Fennoscan-
dia is projected to be relatively steady for climate analogs of both climate change scenarios
(compare Fig. C.1 a - c). Average long-term precipitation rates are projected to increase in Scan-
dinavia, along with a decrease of meteorological drought in the coming decades under different
climate change scenarios [266–268], which could result in an increase of atmospheric humidity
and a decrease of VPD in northern Europe [269]. Under this scenario of wetter forest environ-
ments, the Hg sink of Scandinavian pine forest needles would not be significantly diminished.
However, drought trends in Fennoscandia are still inconsistent and extreme drought events
like in 2018 might occur more frequently under the current rate of climate change [61]. The
summer of 2018 was a record hot drought in Europe [264], while climate simulations for 2068
- 2082 are averaged over multiple climate models (Table C.3), possibly averaging out extreme
events. In a scenario, where the maximum proportion of daytime VPD > 1.2 kPA per growing
season averaged over 2068 - 2082 prevails at each spatial unit, the total pine forest needle Hg
uptake flux to Europe reduces to 6.9 Mg Hg season−1 for RCP 4.5 and 5.0 Mg Hg season−1 for
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RCP 8.5, which corresponds to 74% and 62% of the respective flux derived from an average
VPD daytime proportion. We therefore suggest that extreme climate events of extended time
periods of ambient daytime VPD > 1.2 kPa like during the growing season 2018 (Fig. 4.4b)
could reduce the pine forest needle Hg uptake flux in Fennoscandia in future even compared
to average long-term VPD projections (Fig. 4.5).
A source of model uncertainty of the future forest foliar Hg uptake flux under climate change
arises from atmospheric Hg(0) concentrations that depend on anthropogenic emissions, re-
emissions of mobilized legacy Hg and future global deposition fluxes under climate and land
use change [231, 238], which we could not account for in this study. However, our model
outputs call attention to the sensitivity of the pine needle Hg uptake flux to extreme hot and
dry ambient conditions, which should be accounted for in chemistry-transport models under
varying atmospheric Hg(0) levels. Going forward, the climate feedback of stomatal Hg(0) draw-
down from the atmosphere should likewise be parameterized in CTMs for other tree species
but pine. Temperate tree species like oak and beech also react to increasing VPD with stomatal
closure [216, 233], albeit less instantaneously than pine [220, 221, 224], which merits further
investigation in field and laboratory experiments in the context of foliar Hg uptake and climate
change.
The impact of the hot and dry conditions on the pine Hg uptake fluxes might have implications
for Hg inputs into aquatic ecosystems. In a recent review on Hg cycling in the context of global
change, [231] highlighted the potential of legacy Hg (i.e. actively cycling Hg that was mobilized
in the past) to cause contamination by mobilization of Hg from soils to wetlands and coastal
ecosystems via riverine systems. While most soil Hg enters riverine systems by soil erosion
from agricultural lands, contaminated sites, and deforested woodland [231, 270], a reduced
forest foliar Hg uptake and subsequent deposition to forest soils may decrease the amount of
runoff Hg from forest soils in the long-term, while long-range Hg transport to the open ocean
via the atmosphere might be enhanced [9].

4.4 Conclusion

We created a highly resolved (1 km2) map (Fig. 4.1), which visualizes the spatial variation
of foliar Hg uptake fluxes to European forests. The highest foliar Hg uptake fluxes are in
Fennoscandia, in densely forested areas of Central and Southern Europe, e.g. the Carpathian
Mountains, the Balkans, or in multiple low mountain areas. We suggest, that this map (Fig. 4.1)
can guide decisions on European background Hg monitoring of the terrestrial environment.
The total forest foliar Hg uptake flux over the course of one growing season agrees well with Hg
flux estimates derived from literature and from the chemical transport model GEOS-Chem for
the same land area of Europe (Fig. 4.2). This precision among modelling results on a European
scale using different approaches gives us confidence that the bottom-up model is overall able
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to represent the seasonal forest foliar Hg uptake flux.
Using an empirical relationship between Hg needle uptake rates of pine trees and VPD thresh-
old exceedance, we found a reduction in modelled pine forest needle Hg uptake flux during
the relatively hot and dry growing season in Fennoscandia in 2018 compared to the growing
seasons in 1994, 2003 and 2015/2017 (Fig. 4.3). The modelled average amount of Hg, that
was not deposited via pine needle uptake in 2018 compared to the reference time period of
2015/17 exceeded the reported anthropogenic Hg emissions of Sweden in 2021, highlighting
the quantitative significance of stomatal Hg uptake. If these hot summer droughts occurred
more frequently in Fennoscandia under climate change, the pine forest needle Hg uptake flux
would be diminished while these extreme conditions prevail, potentially increasing the Hg
burden of the ocean via long-range atmospheric transport. In order to better represent the
impact of extreme climate events on the pine forest needle Hg uptake flux, we therefore advise
to incorporate a stomatal component of the pine needle Hg uptake flux into chemical transport
models like GEOS-Chem.
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Chapter 5

Conclusions and Outlook

5.1 Conclusion

5.1.1 Bottom-up modelling approach of the foliar Hg(0) flux

The bottom-up method developed during the project of this thesis aims to provide net foliage
Hg(0) uptake fluxes on a whole forest ecosystem scale. It is based on the premise, that net foliar
Hg(0) accumulation is to be normalized to surface area of foliage and that this foliage surface
area is scaled up over forest ground area. Therefore, the bottom-up modelling approach is based
on two scaling parameters: leaf mass per area (LMA) and leaf area index (LAI) (Chapter 2.2.4).
Both parameters reflect the capacity of trees to flexibly adapt their foliage to environmental
conditions during growth. This flexibility is essential for trees in order to optimize their photo-
synthetic capacity under the constrain of sunlight availability. Shade leaves, for example, grow
at the lower part of tree canopies under reduced sunlight and are generally thinner and larger
in area, i.e. have a lower LMA than sun leaves from the top of the canopy, allowing for optimal
absorption of limited sunlight for photosynthesis [142]. Consequently, shade leaves have lower
Hg concentrations per unit surface area than sun leaves (Fig. 2.5) and were also found to have
lower Hg(0) uptake rates per surface area (Chapter 2.3.2). We therefore concluded, that scaling
foliar Hg concentrations with respective LMA values provides a meaningful measure of net
foliar Hg(0) uptake reflecting underlying foliage physiological uptake mechanisms per surface
area on a small spatial scale (e.g. within a tree canopy) (Chapter 2.3.2). In order to account
for systematic variation in foliar Hg(0) uptake rates between e.g. sun leaves vs. shade leaves
or among coniferous needles of various age classes, this thesis derived correction factors for
extrapolating foliar Hg(0) uptake rate to whole tree canopies or forests. The bottom-up method
provides a straightforward way to obtain time integrated net foliage Hg(0) uptake fluxes, which
can also be extrapolated to different forest sites. Another advantage is its easy applicability in
the field, as it does not require on-site electricity. Furthermore, foliage sampling for the bottom-
up method requires less expertise than measurements using e.g. dynamic flux bags [271] or
single-plant environmental chambers [87]. The prerequisite of the bottom-up method are ac-
curate LMA measurements of foliage samples for Hg analysis, which can be time-consuming
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and have to be performed with care, particularly for determining the projected surface area of
coniferous needles (Chapter A.4). Similarly, forest LAI has to be assessed accurately because
small LAI and LMA measurement errors can propagate to large inaccuracies when foliar Hg
concentrations are upscaled to foliar Hg(0) uptake fluxes from foliage to forest stands and to a
larger spatial scale. As a prospective alternative for this kind of extrapolation, remotely sensed
forest foliar biomass might be used in future derived from e.g. the Biomass satellite mission
of the European Space Agency (Link: Biomass satellite). However, variation in foliage Hg(0)
uptake within tree canopies (Chapter 2.2.6) and among needle age classes (Chapter 2.2.5) will
still have to be accounted for (by e.g. a weighted average foliage Hg concentration) using such
satellite products.

5.1.2 Biological processes of the forest foliar Hg(0) uptake flux

Vegetation Hg(0) uptake represents an atmospheric Hg deposition flux that is driven by ecolog-
ical processes and therefore correlates with rates of biological activity (Chapter 3). Two controls
of the foliar Hg(0) uptake by European forest trees were observed:

• Rate of foliage physiological activity: Tree species with a generally higher photosynthetic
capacity and respiration rate assimilated more Hg(0) over the same time period than tree
species with the opposite attributes (Chapter 3.3.4). The same premise was true for foliage
growing at the same tree, i.e. sun leaves took up more Hg(0) per leaf surface area than
shade leaves (Chapter 2.3.2).

• Drought: Forest sites, that experienced extended time periods of relatively dry atmo-
spheric (Chapter 3.3.5) and/or soil (Chapter 3.3.6) conditions displayed lower foliar Hg(0)
uptake rates of isohydric tree species like pine than wetter forest sites.

These two controls suggest, that the foliar Hg(0) uptake flux has to be understood in the context
of foliage stomatal gas exchange processes. Exchange of water vapor and CO2 by forest trees
depends on tree species-specific foliar physiological processes like transpiration and photosyn-
thesis and on climatic conditions. Trees open their stomata in order to transpire and to allow an
influx of CO2 [55]. Trees close their stomata in order to avoid cavitation under dry conditions
[55]. Ambient Hg(0) can diffuse to foliage interior via open stomata, i.e. when stomatal conduc-
tance is high. Therefore, this thesis advances the notion, that foliar Hg(0) uptake is primarily
controlled by foliage stomatal conductance as a key parameter to take into consideration when
studying Hg(0) deposition to forests. If stomatal conductance is not accounted for in Hg cycle
models, it will be difficult to accurately represent the forest foliar Hg(0) uptake flux, particularly
under changing climate conditions.

https://www.esa.int/Applications/Observing_the_Earth/FutureEO/Biomass/Introducing_Biomass
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5.1.3 The forest foliar Hg(0) uptake flux within the environmental Hg cycle

Assimilation of Hg(0) by vegetation is the most relevant (60% - 90%) atmospheric source to soil
Hg [19–22]. Foliar Hg(0) uptake fluxes measured at 10 European forest sites were higher than
comparable Hg(II) wet deposition fluxes by a factor of 5 on average (Chapter 2), confirming the
quantitative relevance of foliar Hg(0) uptake compared to Hg(II) wet deposition. Foliar Hg(0)
uptake represents an important contribution to total vegetation Hg input to forest ecosystems,
which also comprises throughfall [77], Hg uptake by woody biomass [96] or by understory
vegetation like mosses and lichen [10, 60]. Foliage was recently estimated to account for around
50% of global vegetation Hg assimilation [10]. Foliar Hg(0) uptake fluxes determined by the
bottom-up method applied for this thesis (Chapter 2) are net fluxes, because foliar Hg concen-
trations, which increased linearly over the growing season, already include Hg(0) re-emission.
In absence of net forest foliar Hg(0) uptake throughout the growing season, more Hg(0) would
remain in the atmosphere [9]. On the European continent, a total amount of 20 - 30 Mg Hg(0)
growing season−1 (Chapters 4.3.1, 2.3.6) is withdrawn from the atmosphere by forest foliage,
representing approximately a third of anthropogenic Hg emissions of the European Union
of around 77 Mg Hg in 2015 [4]. Any atmospheric Hg(0) taken up by forest foliage over the
growing season reduces the potential of global Hg(0) distribution via long-range atmospheric
transport to e.g. open oceans, where it can biomagnify as methyl-Hg in the local marine food
web [11]. This thesis suggests, that the forest foliar Hg(0) uptake flux is of major importance for
exploring these scenarios within the environmental Hg cycle like a repartitioning of deposition
to land and to open oceans. Therefore, more research effort is needed to correctly parameterize
the forest Hg(0) deposition flux in chemical Hg transport models, so projections of emission
reduction can be assessed more meaningful with regard to aquatic ecosystems.

5.1.4 The forest foliar Hg(0) uptake flux under climate change

Global forests are challenged by a mix of emerging climate trends. Under the ongoing climate
crisis, discrete forest disturbances like drought, insect/pathogen infestation, windthrow or
wildfire are projected to increase in intensity and frequency, against a backdrop of gradual
developments such as rising VPD, temperature and CO2 [61]. Adding to these changes, forest
logging has intensified over the past few decades as a result of land use change [272]. The
forest Hg cycle is expected to change as a consequence of these climate-induced forest transfor-
mation processes [62, 273], yet the trend and magnitude of this change in the forest Hg cycle
is still uncertain. Any disruption resulting in forest dieback through e.g. drought, wildfire or
deforestation will reduce the capacity of forests to sequester atmospheric Hg(0). Changes in
vegetation cover through biome shifts, on the other hand, might result in an increase of forest
Hg(0) uptake, e.g. by an expansion of temperate broadleaf and boreal needleleaf forests to
higher latitudes and thereby an increase in forested area accumulating atmospheric Hg(0) [62].
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Since the industrialisation, atmospheric CO2 concentrations have risen by more than 130 ppm to
412 ppm in 2021 [274, 275]. Higher net forest primary production as a result of CO2 fertilization
was proposed to increase vegetation Hg(0) assimilation [12, 62, 240]. However, the stomatal
signal of foliage Hg(0) uptake investigated in this thesis suggests, that, a decrease in net foliar
Hg(0) uptake flux under CO2 fertilization is likely due to controls of foliage stomatal conduc-
tance. At elevated atmospheric CO2 levels, plants tend to intensify net primary production but
concurrently reduce their stomatal conductance to improve their water use efficiency [276, 277].
Given that foliar Hg(0) uptake mainly occurs via the stomatal pathway, the stomatal Hg(0)
uptake rate could therefore be reduced with rising ambient CO2. Under conditions of drought,
the decline in stomatal conductance is exacerbated [276]. Experimental and modelling studies
suggests that under continued climate change, forests might transition from CO2 fertilization
to a period dominated by drought [278]. Observations presented in this thesis conclude, that
drought conditions like reduced soil moisture content (Chapter 3.3.6) and longer periods of
elevated VPD (Chapter 3.3.5) reduce the forest foliar Hg(0) uptake flux, which, by extension,
would result in more long-range transport of Hg(0) remaining in the atmosphere (Chapter
5.1.3). Therefore, this thesis recommends to put the focus for projections on the forest foliar
Hg(0) uptake flux under climate change on stomatal conductance rather than on net primary
production.

5.2 Outlook

5.2.1 Stomatal Hg(0) uptake modelling

The ultimate goal of testing and validating a stomatal Hg(0) model, which depends on environ-
mental parameters, is to apply this model on a larger spatial scale by incorporating the stomatal
component into a global chemical transport model (CTM) like GEOS-Chem. CTMs commonly
do not incorporate stomatal feedback to plant-specific and meteorological parameters. By tak-
ing the stomatal Hg(0) component into account, a more meaningful model projection of the
foliar stomatal Hg(0) uptake flux under climate change (Chapter 5.1.4) might be achieved. In
order to implement a stomatal Hg(0) model, pre-existing stomatal models for other pollutants
could serve as prototypes. A different gaseous pollutant, which diffuses into foliage via the
stomatal pathway is tropospheric ozone (O3) [279, 280]. A large amount of research efforts have
been dedicated to implement and validate stomatal foliar O3 uptake models, because O3 uptake
damages foliage interiors and metabolic processes, thereby jeopardizing e.g. agricultural crop
yields [185]. DO3SE (Deposition of Ozone for Stomatal Exchange), for example, is a widely
applied O3 model, which evaluates the risk of O3 damage to European vegetation types using a
resistance in-series approach to O3 deposition [185]. The stomatal resistance component within
DO3SE represents the inverse foliage stomatal conductance to O3 (gs,O3), which is computed
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as a fraction of the plant-specific maximum stomatal conductance to O3 (gmax,O3) using rela-
tive functions (output values between 0 and 1), that scale gmax,O3 with plant phenology and
environmental conditions of light, ambient temperature, VPD and soil water [217, 229, 281].
Consequently, meteorological input data for these scaling functions of the stomatal O3 flux
include air temperature, relative humidity, VPD, wind speed, radiation and soil water content
[282]. In analogy to the conceptualization of the DO3SE model, the following steps towards a
stomatal Hg(0) flux model have to be taken:

• Testing of the validity of the stomatal scaling functions within DO3SE for Hg(0) uptake
fluxes on foliage level through targeted laboratory experiments by measuring foliar Hg(0)
uptake and stomatal conductance under controlled parameters (temperature, humidity,
soil moisture). Testing should also be extended to pre-existing datasets of environmental
response values of gs,CO2 , gs,H2O or gs,O3 , that had been transformed to gs,Hg(0) according
to Eq. 1.2.

• Validation of modelled stomatal Hg(0) flux values by comparison with measured field
data using in-situ foliage parameters and meteorological input. A high time resolution
(hourly) is needed for field foliar Hg(0) flux data, such that measurements using e.g.
dynamic flux bags are required.

• Upscaling from foliage to canopy level using LAI values.

5.2.2 Using foliar Hg to constrain stomatal conductance

In this thesis, stomatal conductance was presented as crucial for understanding and modelling
foliar Hg(0) uptake. In reverse, foliar Hg(0) uptake rates might serve as a proxy for stomatal
conductance integrated over a time span of several weeks to one growing season. Comparibly
easy-to-perform measurements of foliar Hg(0) uptake rates using e.g. the bottom-up method
introduced in Chapter 2 could possibly provide a complementary approach to evaluating a
time-integrated stomatal conductance without the need for continuous and labor-intensive
stomatal conductance measurements over an entire growing season.
Additionally, foliar Hg analysis might provide clues on changes in foliar metabolic responses to
climate change. Under global warming, plants are expected to increase their intrinsic water use
efficiency, i.e. their ratio of photosynthesis to stomatal conductance [61, 283]. It is still uncertain,
however, to which extent this increase in intrinsic water use efficiency is the result of rising rates
of net photosynthesis due to CO2 fertilization and/or of decreasing stomatal conductance due
to drought conditions [277]. Stable carbon isotope ratios (δ13C) in foliage or wood represents
a measure for intrinsic water use efficiency [284]. If foliar Hg(0) uptake can be established as a
proxy for stomatal conductance, concurrent analysis of foliar Hg(0) accumulation and δ13C in
future over a longer time span or in retained foliage samples of the past decades will indirectly
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provide a measure of the impact of net photosynthesis on water use efficiency. It has to be
noted, though, that the effect of temporally changing ambient Hg(0) on foliar Hg(0) uptake has
to be taken into account in such a analysis.
The prerequisite to establishing foliar Hg uptake as a proxy for stomatal conductance is an
accurate parametrization of stomatal Hg(0) uptake by different plant species, under changing
meteorological conditions and atmospheric Hg(0) concentrations. Ideally, research on foliar
Hg(0) uptake can advanced a complementary tool to better constrain the hydrological status of
trees.
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Appendix A

Supporting Information: A bottom-up
quantification of foliar mercury uptake
fluxes across Europe

This Supporting Information has been published accompanying the research article with the ti-
tle “A bottom-up quantification of foliar mercury uptake fluxes across Europe” (DOI: 10.5194/bg-
17-6441-2020)

https://bg.copernicus.org/articles/17/6441/2020/bg-17-6441-2020.html
https://bg.copernicus.org/articles/17/6441/2020/bg-17-6441-2020.html
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A.1 Overview of parameters associated with the ten forest re-

search sites

TA B L E A . 1 . Summary of exact location and associated parameters of the ten study sites.

Site Longitude Latitude
Growing

season (d) Species R2

Foliar Hg
uptake flux

(µg m−2
ground season−1)

Sampling
dates

(day.month.year)

Bredkälen 15◦19’11"E 63◦50’43"N 150

birch 0.94 2.6 ± 0.5
28.05.2018
04.10.2018pine 0.93 3.5 ± 0.6

spruce 0.50 14.2 ± 7.8

Hölstein 7◦46’33"E 47◦26’19"N 220

beech 0.92 18.0 ± 2.9 15.05.2018
13.06.2018
11.07.2018
14.08.2018
13.09.2018
18.10.2018

oak 0.92 25.6 ± 5.3

pine 0.84 3.2 ± 0.5

spruce 0.69 9.4 ± 5.9

Hurdal 11◦04’39"E 60◦22’18"N 170
pine 0.86 5.1 ± 1.2 04.07.2018

13.09.2018
14.11.2018spruce 0.88 17.4 ± 2.6

Hyltemossa 13◦25’10"E 56◦05’52"N 170 spruce 0.44 14.0 ± 13.6
28.05.2018
08.08.2018
06.11.2018

Norunda 17◦29’00"E 60◦05’00"N 170
pine 0.59 4.1 ± 1.4 28.05.2018

07.08.2018
08.10.2018spruce 0.75 14.7 ± 8.9

Pallas 24◦06’56"E 67◦58’24"N 120
pine 0.86 2.3 ± 0.4 28.06.2018

29.08.2018
13.03.2019spruce 0.49 2.9 ± 0.9

Råö 11◦54’51"E 57◦23’37"N 170

birch 0.96 3.3 ± 0.6

25.05.2018
30.07.2018
01.10.2018

oak 1 9.1 ± 1.4

pine 0.77 3.3 ± 0.5

spruce 1 4.2 ± 2.2

Schauinsland 7◦54’28"E 47◦54’48.7"N 200
beech 0.92 26.1 ± 4.5 12.06.2018

12.09.2018
06.11.2018spruce 0.89 25.8 ± 7.4

Schmücke 10◦46’08"E 50◦39’15"N 190
ash 0.99 9.4 ± 1.8 31.05.2018

30.08.2018
11.10.2018spruce 0.64 8.3 ± 1.7

Svartberget 19◦45’55"E 64◦14’41"N 190
pine 0.87 4.9 ± 0.9 14.06.2018

07.08.2018
01.10.2018spruce 0.82 7.1 ± 3.8
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A.2 Average LAI values for six tree species (birch, beech, ash,

spruce, pine and oak)

TA B L E A . 2 . Average LAI values (m2
lea f m−2

ground) derived from Iio and Ito [115] with standard deviation
(sd.), standard error (se.) and number of values (n).

Species avg. LAI value sd. LAI value rel. se. LAI value n

birch 2.6 1.22 0.19 40

beech 7.0 1.57 0.19 70

ash 3.1 0.55 0.13 2

spruce 7.3 2.12 0.32 45

pine 2.9 1.37 0.25 31

oak 4.9 1.66 0.33 25
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A.3 Foliar Hg concentration after drying at different tempera-

tures

F I G U R E A . 1 . Hg concentration (ng g−1
d.w.) measured in 3 subsamples of 8 independent foliar samples of

various tree species and needle age classes. Each respective subsample was dried at either 25°C, 60°C or
105°C for 24 hours prior to Hg measurement. Resulting Hg concentrations were all corrected for water
content to make them comparable.

A.4 Details on measurements of needle area

A.4.1 Calibration of the LI3100 for needles

We used an LI3100 Area Meter (LI-COR Biosciences USA) for measuring projected areas of both
leaf and needle samples. The per cent deviation between scans and duplicate scans was 3% ± 3%.
Scans of projected leaf areas produced robust results. The accuracy of needle scans, however,
proved challenging due to the high ratio of edge to area of needles. We thus calibrated the
LI3100 applying round rubberized pieces of wires of known length and a diameter of 1.74 ± 0.02
mm as standard material to simulate needle phenology. Projected areas of the rubberized wires
were verified by scanning the wires to a digital image and applying image recognition software
to calculate the projected wire area. Calibration curves revealed that values for projected areas
of standard material measured at the LI3100 met only 60% of respective target values (Fig.
A.2). We suspect that the light sensor of the LI3100 is not able to fully resolve thin needles
and thus recommend to use different area scanning devices with a higher accuracy for needle
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geometry in future studies. In order to obtain needle area values as accurate as possible given
the low resolution of needles at the LI3100, we replaced, where possible, needle area values
with values determined by research staff (Hyltemossa, Norunda and Svartberget; see A.4.2) or
with literature values at two sites (Hurdal and Pallas) where the LI3100 produced faulty and
unrealistic results (A.4.3).

F I G U R E A . 2 . Calibration curve of needle shaped rubberized standard materials of known projected
area (cm2) measured at a LI3100 Area Meter.

A.4.2 Projected needle area values from ICOS stations

At the Swedish ICOS stations Hyltemossa, Norunda and Svartberget projected areas and LMA
of pine and spruce needles from the 2018 growing season were determined by research staff
[112]. Given the low resolution of thin needles by the LI3100 (Sect. A.4.1) we suspected that the
ICOS needle area values are closer to true values than our values. We thus multiplied the foliar
Hg uptake rates (ng Hg g−1

d.w. month−1) of tree species at Hyltemossa, Norunda and Svartberget
with the average LMA values of tree species at the 3 sites respectively to obtain foliar Hg uptake
rates normalized to projected needle area (ng Hg m−2

needle area month−1). The average LMA of
2018 spruce needles at Hyltemossa was 331 gd.w. m−2

needle area. The average LMA of pine and
spruce needle areas at Norunda was 129 gd.w. m−2

needle area and 179 gd.w. m−2
needle area respectively.

At average Svartberget the LMA of pine and spruce needle areas was 192 gd.w. m−2
needle area and

189 gd.w. m−2
needle area respectively.
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A.4.3 Projected needle area values from samples of Hurdal and Pallas

Needle areas of needles collected at the research sites Hurdal and Pallas and measured at the
LI3100 were exceptionally low resulting in relatively high average LMA values (mass over area)
of 704 ± 144 gd.w. m−2

needle area and 680 ± 332 gd.w. m−2
needle area respectively. The average LMA

value of needles of all other sites was 246 ± 74 gd.w. m−2
needle area. We defined an acceptable LMA

threshold value of 475 gd.w. m−2
needle area which corresponds to the 90th percentile value from

70 LMA values of evergreen gymnosperm foliage compiled by Poorter et al. [285]. We thus
discarded needle areas of samples from Hurdal and Pallas due to faulty performance of the
LI3100 at the particular measurement days which might be the result of unrecorded dirtying of
the area meter conveyer belt but could not be reconstructed in retrospect. For the LMA values
of needle samples from Hurdal and Pallas we thus used the median LMA value of 227 gd.w.

m−2
needle area for evergreen gymnosperms following Poorter et al. [285].

A.5 Needle Hg concentrations of multiple needle age classes

F I G U R E A . 3 . Hg concentrations (ng g−1
d.w.) in spruce and pine needles of various age classes sampled at

the end of the 2018 growing season (October – November). Age class 0 represents current season needles,
age classes 1, 2 and 3 one-, two- and three-year old needles respectively. Error bars denote one standard
deviation between needle age samples of multiple trees at each site.
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A.6 Details on analysis of needle age correction factors (cfage)

Cfage allows to scale up Hg uptake flux determined in y0 needles to Hg uptake flux in needles
of all age classes (Eq. 2.4). For calculating needle age correction factors (cfage) according to Eq.
2.3 we used i) RAR values averaged over Bavarian sampling sites and sampling years (spruce:
9 sampling sites in 2015 and 10 sampling sites in 2017; pine: 2 sampling sites in 2015 and 2017
respectively) determined in our systematic needle analysis (Fig 2.4) and ii) the relative biomass
(RB) of each spruce needle age class from literature [118] (Table A.3). For pine we assumed
that fully grown needle age classes (y0 to y2) exhibit equal RBs, thus RB for three pine needle
age classes is 0.33 respectively (Table A.3). Standard error of cfage was determined by error
propagation of RAR standard errors, see Section A.15.

TA B L E A . 3 . Species-specific correction factors for needle age (cfage) allowing to scale up Hg uptake
fluxes of current-season (y0) needles to Hg uptake fluxes of needles of all age classes (Eq. 2.4). RAR is
the relative Hg accumulation rate of respective needle age class normalized to Hg accumulation rate of
y0 needles determined in our systematic needle analysis as average over sampling sites and sampling
years. RB is the relative biomass of each needle age class to total biomass determined for spruces by
Matyssek et al. [118]. Final needle age correction factor, cfage, was calculated according to Eq. 2.3.

Tree species Needle age class
RAR

RB
cfage

(mean ± se) (factor ± se)

spruce

y0 1 0.195 0.79 ± 0.03

y1 0.95 ± 0.05 0.19

y2 0.90 ± 0.05 0.18

y3 0.84 ± 0.06 0.14

y4 0.55 ± 0.11 0.17

y5 0.45 ± 0.08 0.075

y6 0.13 ± 0.14 0.05

pine

y0 1 0.33 0.86 ± 0.06

y1 0.99 ± 0.19 0.33

y2 0.65 0.33
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A.7 Details on Hg(0) air measurements using passive air sam-

plers (PAS)

We attached Hg passive air samplers (PAS) to the ceiling of the crane installed at Hölstein at
heights of 35 m, 19 m, 10 m and to four trees at a height of 1.6 m respectively (Fig. S4). Each PAS
comprised a sulfur-impregnated activated carbon (AC) sorbent with a white Radiello© diffusive
housing inside a protective jar. The application of PAS is described in detail by McLagan et al.
[286, 287]. We conducted two PAS campaigns. The PAS exposure period of the 2018 campaign
was 156 days between 15 May to 18 October 2018 and the 2019 campaign lasted 119 days from
16 May to 12 September 2019. We calculated atmospheric Hg(0) concentrations by dividing
the total Hg content measured in AC of each PAS respectively by the corresponding exposure
period (156 days in 2018 or 119 days in 2019) and a sampling rate of 0.135 m3 day−1 calibrated
by McLagan et al. [288]. However, meteorological parameters like wind speed and temperature
may slightly impact sampling rate. For every m s−1 increase in wind speed and every 1°C
McLagan et al. [287] found an increase of sampling rate of 2.5% and 0.7% respectively. Higher
wind speeds above canopy than at understory height level results in an increase of sampling
rate of PAS at 35 m compared to PAS at 1.6 m and thus a decrease in gradient of atmospheric
Hg(0) above canopy to understory.
Analysis of AC for total Hg content was performed using a DMA-80 (Milestone, Heerbrugg,
Switzerland) according to sampling operation procedure described in section 2.2.3. Total AC
of each PAS was analyzed for Hg at the DMA-80 in aliquots of two and Na2CO3 was added to
each sampling boat following a recommendation by McLagan et al. [289]. Standard reference
material of AC for the 2018 campaign was produced manually. For this purpose we extracted
280 µl of Hg vapor stabilized at 20°C (corresponding to 3.7 ng Hg) using a gas tight syringe
(Hamilton Company) from a mercury vapor primary calibration unit (TekranSymbReg Model
2505, Inc. Toronto, Canada). We injected the Hg vapor into an airtight Teflon tube attached to
a glass tube filled with approximately 400 mg of AC. An attached pump drew the injected Hg
vapor through the AC resulting in an adsorption of Hg to the AC. The average recovery of Hg in
AC SRMs was 0.92 ± 0.13 (mean ± sd, n = 6). For measuring Hg in AC of our 2019 campaign we
applied the bituminous coal standard NIST2685c and found an average recovery of 1.02 ± 0.08
(mean ± sd, n = 7). We were not able to perform a blank correction in 2018 as our field blanks
got contaminated when accidentally storing them in a cupboard where Hg air concentrations
were elevated probably due to legacy Hg which we confirmed by measuring air Hg using
active instruments. In 2019 we analyzed a field blank which consisted of one PAS brought to
the field at the beginning of the deployment period, opened, closed immediately again and
stored until analysis together with deployed PAS. The 2019 PAS samples were blank adjusted
by multiplying the field blank concentration with each sample AC mass and substracting the
result from the mass of Hg sorbed on the respective AC.
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F I G U R E A . 4 . Mounting of mercury passive air samplers (PAS) at the crane ceiling above canopy (left)
and at a tree at ground level (right) at the Hölstein research site.

A.8 Foliar Hg concentrations in Hölstein at peak season (Au-

gust)

At the experimental mixed forest site Hölstein we sampled different types of foliage side by
side allowing for comparison of foliar Hg concentrations between tree functional groups (de-
ciduous leaves vs. coniferous needles). Deciduous beech and oak leaves exhibited higher Hg
concentrations than coniferous pine and spruce needles of the same age (current season, Table
A.4). However, average Hg concentrations in multi-year old needles (one to three year old)
approached average Hg concentrations of leaves because needles accumulate Hg over their
whole life cycle (see 2.3.1).
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TA B L E A . 4 . Mean ± sd (n = number of sampled trees) of foliar Hg concentration (ng Hg g−1
d.w.) in four

types of foliage at Hölstein in August. Foliage was sampled at top of canopy.

Foliage type
Current season One-year old Two-year old Tree-year old

(y0) (y1) (y2) (y3)

beech leaves 21.6 ± 2.9 (n = 3) - - -

oak leaves 22.7 ± 4.1 (n = 4) - - -

pine needles 6.5 ± 0.6 (n = 2) 13.2 ± 3.1 (n = 3) not sampled -

spruce needles 8.1 ± 2.2 (n = 3) 12.8 ± 1.3 (n = 3) 20.2 ± 5.5 (n = 2) 26.6 ± 7.4 (n = 2)

A.9 Foliar Hg pool calculation for coniferous trees

When assessing the foliar Hg pool of coniferous trees, Hg levels in needles of all age classes
present at coniferous trees have to be taken into account. Consequently, Hg levels in each
needle age class (weighted by their respective relative biomass RB) have to be added up. As an
example calculation, we determined the spruce needle Hg pool of the boreal forest at Pallasjärvi
in Northern Finland which is part of the atmosphere-ecosystem research site Pallas. To this
end, we used the Hg concentration of current season (y0) spruce needles sampled in Pallas in
August 2018 which was 10.4 ± 1.5 ng Hg g−1

d.w. (mean ± sd; n = 5 sampled spruce trees). By
multiplying the mean Hg concentration of y0 needles by the Hg relative accumulation rate (RAR;
see A.6 Table A.3) of each spruce needle age class y1 to y6 respectively, we derived theoretic Hg
concentration gains (that is, quantities of Hg accumulated from the start of the growing season
2018 until sampling in August 2018) for each needle age class. These gains are 9.9 ng Hg g−1

d.w.
for spruce needles y1, 9.4 ng Hg g−1

d.w. for spruce needles y2, 8.8 ng Hg g−1
d.w. for spruce needles y3,

5.7 ng Hg g−1
d.w. for spruce needles y4, 4.7 ng Hg g−1

d.w. for spruce needles y5 and 1.4 ng Hg g−1
d.w..

for spruce needles y6. Using these gains, we estimated total Hg concentrations in each needle
age class yi by incrementally summing up the Hg concentration gains of needles yi with Hg
concentration gains of needles yi−1. This results in a total Hg concentration of 10.4 ng Hg g−1

d.w.
for needles y0, 20.6 ng Hg g−1

d.w. for needles y1, 29.8 ng Hg g−1
d.w. for needles y2, 38.6 ng Hg g−1

d.w.
for needles y3, 44.3 ng Hg g−1

d.w. for needles y4, 49.0 ng Hg g−1
d.w. for needles y5 and 50.3 ng Hg

g−1
d.w. for needles y6. To calculate the Hg concentration pool representive for all spruce needles

present, we weighted total Hg concentrations of each needle age class with their respective
relative biomass (A.6 Table A.3) and summed up all resulting values. This resulted in a spruce
needle concentration pool of 30.4 ng Hg g−1

d.w. which is close to the range of Hg concentrations
in deciduous leaves (see for example A.8, Table A.4). In a final step, we obtained a foliar Hg
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pool normalized to m2 ground area by multiplying the concentration pool with an LMA value
of 227 gd.w. m−2

needle area (median LMA value used for Pallas, see A.4.3) and an LAI value of 3
m2

lea f m−2
ground (retrieved from PROBA-V satellite LAI product for Pallasjärvi in August 2017).

The final spruce needle Hg pool equals 20.7 µg Hg m−2
ground.

A.10 Hg content per leaf area at various tree heights of beech

and oak at Hölstein

F I G U R E A . 5 . Increasing Hg content normalized to leaf surface area (ng Hg m−2
lea f area month−1) in

leaves of beech trees (left column) and oak trees (right column) at Hölstein over the 2018 growing season.
Trees were sampled vertically from top canopy height (top row; 28 – 38 m above ground level) to mid
canopy height (middle row; 18 – 22 m above ground level) to ground level (bottom row; chest height of
approximately 1.5 m above ground level).

A.11 Details on analysis of tree height correction factors (cfheight)

We determined a crown height correction factor (cfheight) in order to scale up the foliar Hg
uptake flux at canopy level to whole tree foliage. Cfheight equals the multiplication of the ratio
rconc.coe f f . and rLMA (Eq. 2.5). In Hölstein rconc.coe f f . was 1.31 ± 0.10 (ratio ± se) for beech, 1.11
± 0.12 (ratio ± se) for oak and 1.13 ± 0.10 (ratio ± se) for spruce (Table A.4). The ratio rLMA

equals the average LMA values of foliage samples growing at ground/mid canopy level to
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corresponding LMA values at top canopy level. We determined rLMA two times with different
data by using i) LMA values measured at different tree heights in Hölstein and ii) LMA values
from literature [139, 290]. RLMA calculated by using LMA values from Hölstein was 0.36 ±
0.06 (ratio ± se) for beech, 0.78 ± 0.08 (ratio ± se) for oak and 0.63 ± 0.07 (ratio ± se) for
spruce (Table A.4). Changing LMA values with tree height are the result of changing foliage
morphology with tree height which in turn is a function of changing sun light availability with
tree height (Section 2.3.3). Consequently, LMA (or its inverse specific leaf area, SLA) may be
conceived as an indirect function of available sun light. Stancioiu and O’Hara [139] determined
SLA values as a function of percentage of above canopy light (PACL) for beech, spruce and fir.
Under the assumption that light at ground level equals 10% and light at canopy level equals
90% of ambient light, rLMA derived from Stancioiu and O’Hara [139] is 0.43 ± 0.18 (ratio ±
se) for beech and 0.61 ± 0.24 (ratio ± se) for spruce. For oak trees we calculated an rLMA of
0.62 from data by Eriksson et al. [290]. Thus, rLMA values derived from Stancioiu and O’Hara
[139], Eriksson et al. [290] are in the same range as average rLMA values determined in Hölstein.
As functions of inverse LMA with PACL by Stancioiu and O’Hara [139] were more generically
determined for a range of trees of various heights, diameters and ages we used values from
Stancioiu and O’Hara [139], Eriksson et al. [290] for all sites where foliage samples were taken
at crown level (Hyltemossa, Norunda and Svartberget) except Hölstein. Pine was excluded
from the analysis as pine trees in Hölstein exclusively grew needles in the canopy and pine on
average exhibit LAI values < 3 (Table A.2). Standard errors of rconc.coe f f ., rLMA and cfheight were
determined by error propagation, see Section S13.

TA B L E A . 5 . Species-specific factors (cfheight; Eq. 2.5) correcting foliar Hg uptake fluxes (Eq. 2.6) for
tree height effects originating from changes in linear regression coefficients of foliar Hg concentration
over time with tree height (represented by the ratio rconc.coe f f .) and changes of LMA with tree height
(represented by the ratio rLMA). RLMA was calculated two times by using data from Hölstein (Hölstein
rLMA) and by using a function of inverse LMA with available sun light from literature (lit. rLMA).

Tree species
rconc.coe f f . Hölstein rLMA lit. rLMA Hölstein cfheight lit. cfheight

(ratio ± se) (ratio ± se) (ratio ± se) (ratio ± se) (ratio ± se)

Beech 1.31 ± 0.10 0.36 ± 0.06 0.43 ± 0.18 0.47 ± 0.12 0.56 ± 0.20

Oak 1.13 ± 0.10 0.78 ± 0.08 0.62 0.88 ± 0.13 0.70

Spruce 1.11 ± 0.12 0.63 ± 0.07 0.61 ± 0.24 0.70 ± 0.14 0.68 ± 0.27
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A.12 Tree species abundance at canopy sampling sites

TA B L E A . 6 . Approximate abundance of tree species to each other at Hölstein and three Swedish ICOS
sites where foliage samples were obtained from top canopies.

Site
Tree species Tree species abundance

to each other

Hölstein

beech 0.53

oak 0.05

pine 0.11

spruce 0.31

Hyltemossa spruce 1.0

Norunda
pine 0.47

spruce 0.53

Svartberget
pine 0.60

spruce 0.40
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A.13 Foliar Hg uptake fluxes of Hg at the ten research sites

F I G U R E A . 6 . Foliar Hg uptake fluxes (µg Hg m−2 during the 2018 growing season) of 6 tree species at
10 forested research sites in Europe.

A.14 Details on extrapolation of foliar Hg uptake fluxes to Eu-

rope and global temperate forests

We extrapolated foliar Hg uptake fluxes from this study to the forested land area of Europe and
globally to the area of temperate forests. This was performed by 1) weighting average Hg up-
take fluxes of each tree species (beech, oak, spruce, pine) at Hölstein, Hyltemossa, Norunda and
Svartberget with the respective relative abundance of tree species in Europe and 2) multiplying
the resulting average Hg uptake flux with the forested land area of Europe or the land area
of global temperate forests respectively. The relative proportion of tree species to each other
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in Europe was derived from Brus et al. [153] who analyzed the spatial distribution of 20 tree
species in Europe by combining national forest inventories with ICP Forests Level I plot data.
Derived from Brus et al. [153] the relative proportion is 0.11 for beech, 0.10 for oak, 0.36 for
spruce and 0.44 for pine. We evaluated the total forested area of Europe to amount to 192.672 ·
106 hectares (ha) which is the sum of the forested area reported for the EU28 (160.931 · 106 ha;
comprising the EU countries as in 2015 including the United Kingdom) [291], Norway (12.141 ·
106 ha) [292], Ukraine (9.657 · 106 ha) [293], Belarus (8.633 · 106 ha) [294] and Switzerland (1.31
· 106 ha) [295]. The global land area of temperate forests is approximately 1.04 · 109 ha [154].

A.15 Uncertainty assessment of foliar Hg uptake fluxes and of

flux extrapolation

We calculated the relative standard error of foliar Hg uptake fluxes per site and tree species
(rel.se f lux) by error propagation of i) the relative standard error of the regression slope of Hg
content in foliage of all sampled trees (per site and tree species) normalized to leaf area over
sampling time (rel.seuptake) and ii) the relative standard error of mean LAI values (per tree
species) from literature (rel.seLAI). For coniferous tree species and for sampling sites where
foliage samples had been obtained from top canopy (Hölstein, Hyltemossa, Norunda, Svart-
berget) we additionally propagated the relative standard error of mean needle age correction
factor (rel.seage) and the relative standard error of mean tree height correction factor (per tree
species) (rel.seheight).
Uncertainty assessment for deciduous (tree species at sites where foliage samples where not
strictly taken from top canopy is calculated according to error propagation rule [261, 262]:

rel.se f lux; deciduous =
√
(rel.seuptake)2 + (rel.seLAI)2

The foliar Hg uptake flux coniferous tree species is corrected for the presence of various needle
age classes and thus the error propagation is extended to

rel.se f lux; coni f er =
√
(rel.seuptake)2 + (rel.seLAI)2 + (rel.seage)2

Foliar Hg uptake fluxes for tree species exhibiting a mean LAI values > 3 and at sites were
foliage samples were taken from top canopy calculate according to Eq. 2.6:

uptakeF[ng Hg m−2
ground months−1] = uptakeRtopcanopy;lea f area · (3 + c fheight · (LAI − 3))
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The corresponding error propagation of the flux (Eq. 2.3) is calculated as:

rel.setop canopy f lux; deciduous =

√
(rel.seuptake)2 +

√
(rel.seuptake)2 + (rel.seLAI)2 + (rel.seheight)2

In case of top canopy sampled spruce with a mean LAI > 3 the standard error of the age
correction rel.seage has to be taken into account:

rel.setop canopy f lux; spruce =√√
(rel.seuptake)2 + (rel.seage)2 +

√
(rel.seuptake)2 + (rel.seLAI)2 + (rel.seheight)2 + (rel.seage)2

The relative standard error of cfage (rel.seage) is calculated by error propagation of the relative
standard errors of Hg accumulation rates (rel.seRAR) and the relative biomass of n needle age
classes (y0, y1,. . . , yn) (Sect. A.6):

rel.seage =
√
(RBy0)2 · (seRAR;y0)2 + (RBy1)2 · (seRAR;y1)2 + ... + (RByn)2 · (seRAR;yn)2

The relative standard error of cfheight (rel.seheight) is calculated by error propagation of the
relative standard errors of the regression slopes of Hg concentrations (mass Hg per dry weight)
over sampling time (rel.seconc.reg.) in top canopy and ground foliage and the relative standard
errors of mean leaf mass per area (LMA) (rel.seLMA) of respective top canopy and ground
foliage:

rel.seheight =√√
(rel.seconc.reg. ground)2 + (rel.seconc.reg. canopy)2 +

√
(rel.seLMA ground)2 + (rel.seLMA canopy)2

Both relative standard errors rel.seconc.reg. and rel.seLMA were calculated per tree species by
using data from Hölstein. Additionally, we derived rel.seLMA from LMA data by Stancioiu and
O’Hara (2006) [139] for spruce at Hyltemossa, Norunda and Svartberget because LMA values
by Stancioiu and O’Hara (2006) [139] were more generically determined for a range of trees of
various height, diameter and age. Stancioiu and O’Hara (2006) [139] fitted a curve to their LMA
data reading:

LMA−1 = a + b · ln(PACL)

with PACL denoting the percentage of above canopy light (for top canopy foliage samples we
generically set PACL = 90% and for ground samples PACL = 10%). Using the standard error of
the intercept a and the standard error of the slope b rel.seLMA reads:

rel.seLMA =
√
(rel.sea)2 + ln(PACL)2 · (rel.seb)2
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Mean foliar Hg uptake fluxes per tree species were obtained by averaging species-specific foliar
Hg uptake fluxes over multiple sites. For sites where foliage samples were taken from the tree
canopy averaging over multiple sites per tree species was only possible for pine and spruce
as beech and oak were exclusively sampled at one site (Hölstein). The standard error of mean
foliar Hg uptake flux per species (pine/spruce) calculates as

se f lux per species =
√
(seuptake; site 1)2 + (seuptake; site 2)2 + ... + (seuptake; site n)2

with n being the number of sites.
The average foliar Hg uptake flux per unit ground area for Europe was determined as the
average foliar Hg uptake flux of different tree species weighted with the relative proportion
(rel.prop.) of the respective tree species in Europe. The corresponding standard error of the flux
calculates as

seaverage f lux Europe =√
(sespecies 1)2 · (rel.propspecies 1)2 + (sespecies 2)2 · (rel.propspecies 2)2 + ... + (sespecies m)2 · (rel.propspecies m)2

with m being the number of species.
In a final step the average foliar Hg uptake flux for Europe is extrapolated to Europe by mul-
tiplication with the forested land area of Europe. Thus the standard error of this extrapolated
value is equally multiplied with the forested land area of Europe.
Sources of error that we could not be quantified in this study was the uncertainty of the pro-
portion of tree species in Europe which was taken from Brus et al. [153] and possible unknown
biases during sampling. Additionally, it is currently not quantified to which extend the physio-
logical status of trees e.g. regarding drought stress impacts foliar Hg uptake rates.
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Supporting Information: Physiological and
climate controls on foliar mercury uptake by
European tree species

This Supporting Information is associated with the research article with the title “Physiological
and climate controls on foliar mercury uptake by European tree species” (DOI: 10.5194/bg-
2021-239)

https://doi.org/10.5194/bg-2021-239
https://doi.org/10.5194/bg-2021-239
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B.1 Description of tree species groups

TA B L E B . 1 . Classification of samples from different tree species within the processed dataset (i.e.
after outlier correction) into groups of tree species and respective total number of samples within the
processed dataset, including samples from all needle age classes.

Tree species group Tree species n samples

ash Fraxinus excelsior 10

beech Fagus sylvatica 372

birch Betula pendula 1

Douglas fir Pseudotsuga menziesii 55

fir
Abies alba 162

Abies borisii regis 3

hornbeam Carpinus betulus 10

larch Larix decidua 3

oak

Quercus petraea 133

Quercus robur 101

Quercus (mix: Quercus petraea and Quercus robur) 42

Quercus cerris 4

Quercus ilex 4

Quercus frainetto 2

Quercus pubescens 1

pine

Pinus sylvestris 413

Pinus nigra 125

Pinus pinaster 19

Pinus cembra 13

Pinus mugo arborea 10

Pinus nigra subsp. laricio 3

spruce
Picea abies 2073

Picea sitchensis 10
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B.2 Overview of forests plots in 2015

F I G U R E B . 1 . Overview of forest plots, at which Hg foliage samples were harvested from different tree
species groups during the sampling year 2015. The enlarged map view at the top right depicts sampling
locations of the Bio-Indicator Grid in Austria. Use of base map authorized under European Commission
reuse policy [107].
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B.3 Determination of the beginning of the growing season

B.3.1 Matching of observations from the PEP725 database to forest plots

We matched observations on the beginning of the growing season of coniferous trees (flushing
of current-season needles) from the Pan European Phenological database PEP725 [179] to the
corresponding closest forest plot of the respective sampling year (2015 or 2017) within our
database. It was necessary to complement start-of-season modelling (Sect. B.3.2) with conifer
data from an external database, because the utilized PROBA-V LAI modelling method by
Bórnez et al. [183] (see Sect. B.3.2) is validated with observations of deciduous tree species
(beech, oak, birch, maple) only. Phenological observations of PEP725 sites are classified by
BBCH (Biologische Bundesanstalt, Bundessortenamt and chemical industry) phenological scale.
We used data for the beginning of the season (needle age class: y0) of BBCH codes 10, 11, 13,
31, 60, 61 and 223. These BBCH codes correspond to the following growth stages: first leaves
separated (BBCH 10); first true leaf, leaf pair or whorl unfolded, first leaves unfolded (BBCH
11); 3 true leaves, leaf pairs or whorls unfolded (BBCH 13); leaf unfolding (>= 50%) (BBCH 223);
rosette 10% of final length (BBCH 31); first flowers open (BBCH 60); beginning of flowering
(BBCH 61). Matching was performed using the nearest neighbor function matchpt from the R
Biobase package [180] on coordinates of forest plots and PEP725 observation sites. We executed
the nearest neighbor matching twice. In the first round, we gave latitude, longitude and altitude
as input to the matching function. In a second round, we exclusively matched latitude and
altitude of forest plots with a difference between plot and PEP725 observation point larger
than three degrees of latitude or 30 m of altitude (12% of plots). As a result, spatial distances
between forest plots and PEP725 observation points are less than three degrees of latitude and
30 m of altitude, with an exception of around 6% of forest plots for which no such close PEP725
observation points were available. A lack of close PEP725 observation points was the case
for forest plots in Norway (10 degrees of latitude), Greece (9 degrees of latitude), a few sites
in Southern France/Corsica, Southern Switzerland and Austria, and one site in England and
Romania respectively (3 – 6 degrees of latitude). Exceedances of a distance of 30 m of altitude
between forest plots and PEP725 observations emerged for only 1% of sites with the maximum
altitude distance being 350 m. As a result, the average beginning of the season DOY (needle
age class: y0) for conifers (86% spruce plots, 13% pine plots, 1% other conifers) is 127 ± 14 d
which is one day earlier than the average start-of-season PEP725 observations for spruce from
1970 – 2009 [296].
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B.3.2 PROBA-V LAI modelling of the beginning of the growing season

We utilized the leaf area index (LAI) product by Copernicus Global Land Service based on
PROBA-V satellite imagery at a resolution of 300 m and 10 days [182] to model the start of
the growing season for deciduous trees as validated by Bórnez et al. [183]. This approach
is part of the threshold based methods for growing season modelling. Figure B.2 gives an
exemplary temporal sequence of PROBA-V LAIs from a forest plot in Switzerland. We defined
the start of the growing season as the point in time when the LAI exceeds the 30% percentile
threshold of the amplitude between minimum LAI at the beginning of the growing season and
maximum LAI at peak season. Bórnez et al. [183] found a 30 % percentile amplitude threshold
to perform best (root mean squared error of 12.5 days; R2 = 0.62) for PROBA-V LAI modelling
when modelling results for the beginning of the growing season were compared to 359 ground
phenological observations of deciduous tree species in Europe. In the present ICP Forests
database there were three forest plots for which PROBA-V LAI modelling yielded unrealistic
results, as the beginning of the growing season was either too early (forest plot Gontrode in
2017) or too late (forest plots Ehrhorn and Maron in 2015) in the season given their respective
latitude and altitude. We replaced the beginning of the growing season DOY (day of year)
at these three plots with 119 (April 29th) which equals the average beginning of the growing
season DOY of deciduous tree species of the present dataset. Figure B.3 presents an overview of
the modelling results for beginning of the growing season DOYs at each deciduous forest plot
per latitude. The coefficient of correlation of linear regression between beginning of growing
season DOYs and latitude was positive and significant (p < 0.01), so as a tendency, the beginning
of the growing season DOYs modelled here correspond to expected latitudinal differences. The
average beginning of the growing season DOY (mean ± s.d. in days) is 120 ± 10 d for beech and
111 ± 11 d for oak. This average beginning of the growing season DOY for beech is consistent
within an accuracy of 2 days with 7840 PEP725 observations from Central Europe between the
years 1970 – 2009 [296]. For oak, the modelled beginning of the growing season is 13 days
earlier than the respective average DOY from 6400 PEP725 observations between 1970 – 2009
[296]. This 13 d discrepancy could be due to the fact that the PEP725 oak beginning of season
data evaluated by Basler [296] comprise observations mainly from Germany, while 26% of oak
samples in the current data set originated from more southern latitudes < 48°.
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F I G U R E B . 2 . Temporal development of the Copernicus LAI (leaf area index) values derived from
PROBA-V satellite images [182] at the Swiss forest research site Bettlachstock in 2017. The beginning of
the growing season is defined as the date, at which the LAI value exceeds the 30 percentile threshold
of the amplitude between minimum LAI early in the year and maximum LAI at peak season following
a modelling approach by Bórnez et al. [183]. Here the beginning of the growing season corresponds
to May 6th 2017. This date is one week later than the average beginning of the growing season of this
dataset for beech, which represents the main tree species at Bettlachstock. Given that Bettlachstock is
located at 1101 m - 1196 m above sea level, however, May 6th is a plausible beginning of the growing
season for beech at this site.
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F I G U R E B . 3 . Start-of-season DOY (day of year) at ICP Forests Level II plots resulting from growing
season modelling approach after Bórnez et al. [183]
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B.4 Foliar Hg concentration over the growing season

F I G U R E B . 4 . Average foliar Hg concentrations (ng Hg g−1
d.w.) per forest plot of pine and spruce samples

versus respective sampling date (day-of-year of both 2015 and 2017). At some pine and spruce forest
plots sampling took place in winter after 31st of December, such that day-of-year > 365. Error bars denote
± one standard deviation between multiple foliage samples at one forest plot. All samples represent
current-season values.
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B.5 Foliar Hg uptake per tree species

F I G U R E B . 5 . Median daily foliar Hg uptake (ng Hg g−1
d.w. d−1) of different tree species arranged from

highest to lowest value. Error bars give the value range within each tree species and n indicates the
number of sites at which the respective tree species were sampled in sum in the years 2015 and 2017.
Foliar samples of evergreen coniferous tree species consist of needles of the current season. Quercus
represents a mix of samples from Quercus petraea and Quercus robur.

B.6 Atmospheric Hg(0) concentrations from EMEP stations

In order to get a better understanding of the variation in atmospheric Hg(0) in Europe during
the growing seasons 2015 and 2017, we obtained air Hg data from the European Monitoring
and Evaluation Programme (EMEP) [66, 111]. Air Hg measurements for 2015 and 2017 were
available at 6 stations (Table B.2, Fig. B.6). Measurements from one station (Iskrba) between
May - Sept. 2015 were excluded from the dataset due to abnormally low air Hg values (0.41
± 0.13 ng m−3; mean ± sd). Selection of stations was based on availability of measurements
in Europe at the relevant time intervals. The temporal frequency of measurements (hourly to
6 days) and consequently the number of measurements varied between the different EMEP
stations (Table B.2).
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TA B L E B . 2 . Details on air Hg measurements at 6 EMEP stations during the growing seasons 2015 and
2017.

Station name coordinates altitude
freq. time coverage

air Hg (ng m−3)
n

(EMEP code) (lat, lon) (m) (mean ± sd)

Andøya
69.28, 16.01 380 hourly May - Sept. 2015 1.50 ± 0.09 3371

(NO0090R)
Auchencorth

55.79, -3.24 260
3hourly May - Sept. 2015 1.33 ± 0.15 1384

Moss (GB0048R) hourly May - Sept. 2017 1.40 ± 0.12 2285
BirkenesII

58.39, 8.25 219 hourly May - Sept. 2015 1.49 ± 0.24 3402
(NO0002R)
Diabla Gora

54.15, 22.07 157 6 days May - Sept. 2015 1.26 ± 0.45 23
(PL0005R)
Iskrba

45.57, 14.87 520 daily May - Sept. 2017 1.33 ± 0.80 39
(SI0008R)
Laheema

59.5, 25.9 32 hourly May - July 2015 1.40 ± 0.38 1396
(EE0009R)

F I G U R E B . 6 . Temporal resolution of air Hg at 6 EMEP stations during the growing seasons 2015 and
2017. For details on EMEP stations see Table B.2.
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B.7 Calculation of median leaf stomatal conductance from data

by Lin et al. [206]

We calculated median stomatal conductance values from a global database of leaf-level gas
exchange parameters compiled by Lin et al. [206] from literature and unpublished sources. We
exported stomatal conductance values of the following tree species from the database: beech
(Fagus sylvatica), oak (Quercus petraea, Quercus robur), spruce (Picea abies) and pine (Pi-
nus edulis, Pinus pinaster, Pinus sylvestris, Pinus taeda). All data were measured in Europe
(Denmark, Finland, France, Germany, Sweden, UK) and North America. The following data
contributors were named as data source for the data we used to calculate median stomatal
conductance per tree species: Alexandre Bosc, D. Ellsworth, Jean-Marc Limousin, John Drake,
Lasse Tarvainen, Maj-Lena Linderson, Mark Broadmeadow, Michael Freeman, Pasi Kolari, Rein-
hart Ceulemans and Mark Low. The database can be accessed at https://figshare.com/
articles/dataset/Optimal_stomatal_behaviour_around_the_world/1304289.

https://figshare.com/articles/dataset/Optimal_stomatal_behaviour_around_the_world/1304289
https://figshare.com/articles/dataset/Optimal_stomatal_behaviour_around_the_world/1304289
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B.8 Foliar Hg uptake and sample-specific nitrogen concentra-

tion

F I G U R E B . 7 . Linear regression between foliar Hg concentrations (ng Hg g−1
d.w.) and leaf nitrogen

concentration (mg N g−1
d.w.) in foliage samples from one beech (Fagus sylvatica, top) and two oak (Quercus

petraea) forest plots in Brandenburg, Germany.
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B.9 Foliar Hg uptake and Leaf Mass per Area

TA B L E B . 3 . Daily Hg uptake rates, foliar N concentrations and leaf mass per area (LMA) values (mean
± sd) presented in Fig. 3.4.

Species group

daily Hg uptake foliar N conc. LMA

n(ng Hg g−1
d.w.) (mg N g−1

d.w.) (gd.w. m−2
lea f )

(mean ± sd) (mean ± sd) (mean ± sd)

beech 0.26 ± 0.05 23.0 ± 2.8 68 ± 16 164

hornbeam 0.19 ± 0.04 18.9 ± 1.4 67 ± 11 9

pine 0.10 ± 0.02 16.1 ± 2.1 243 ± 84 35

Douglas fir 0.12 ± 6e-5 19.0 ± 2.2 284 ± 5 2

oak 0.22 ± 0.05 24.7 ± 2.7 100 ± 17 106

spruce 0.11 ± 0.02 14.5 ± 1.0 370 ± 67 33

F I G U R E B . 8 . Density (scaled to respective maximum value) within the datasets of daily Hg uptake
rates (left) and foliar N concentrations (right) of beech leaves, oak leaves, current-season pine needles and
current-season spruce needles presented in Table 3.1 and in Fig. 3.4. Data from Fig. 3.4 is a sub-dataset
of the dataset from Table 3.1. The shift in daily needle Hg uptake rates of pine and spruce between the
two datasets is possibly associated with a shift in needle N concentrations between the two datasets.
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B.10 Foliar Hg uptake and proportion of VPD threshold hours
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F I G U R E B . 9 . Average daily foliar Hg uptake rates (ng Hg g−1
d.w. d−1) of current-season pine and spruce

needles per forest plot sampled in 2015 and 2017 versus the proportion of hours within an average day
of the respective sample life periods, during which the average hourly daytime (06:00 - 18:00 LT) vapor
pressure deficit (VPD) exceeded a threshold value of 1.2 kPa, 1.6 kPa, 2 kPa and 3 kPa respectively. Error
bars denote ± one standard deviation between multiple samples at each forest plot.
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F I G U R E B . 1 0 . Average daily foliar Hg uptake rates (ng Hg g−1
d.w. d−1) of beech and oak leaves per forest

plot sampled in 2015 and 2017 versus the proportion of hours within an average day of the respective
sample life periods, during which the average hourly daytime (06:00 - 18:00 LT) vapor pressure deficit
(VPD) exceeded a threshold value of 1.2 kPa, 1.6 kPa, 2 kPa and 3 kPa respectively. Error bars denote ±
one standard deviation between multiple samples at each forest plot.
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B.11 Soil hydraulic parameters for modelling of stomatal clo-

sure

TA B L E B . 4 . Soil texture specific soil water at field capacity (SWFC) and at the permanent wilting point
(SWPWP), plant available water (PAW), and critical PAW (PAWcrit), below which plants were modelled
to start to close their stomata. PAW equals the difference between SWFC and SWPWP and PAWcrit = 0.5 ·
PAW + SWPWP. All values are taken from Saxton and Rawls [190] (Table 3 therein) and represent units
of m3 m−3.

Soil texture SWFC SWPWP PAW PAWcrit

Sand 0.10 0.05 0.05 0.075

Loamy sand 0.12 0.05 0.07 0.085

Sandy loam 0.18 0.08 0.10 0.13

Sandy clay loam 0.27 0.17 0.10 0.22

Clay 0.42 0.30 0.12 0.36

Silty clay 0.41 0.27 0.14 0.34

Clay loam 0.36 0.22 0.14 0.29

Loam 0.28 0.14 0.14 0.21

Silty clay loam 0.38 0.22 0.16 0.30

Silt loam 0.31 0.11 0.20 0.21
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F I G U R E B . 1 1 . Volumetric soil water (m3 m−3, layer 1) from the ERA5-Land hourly dataset [177] in the
region of Mazamet (France) versus sample life period of the associated ICP Forests Level II Plot (plot
code: 1-45). The lightblue line denotes the threshold value of plant available water (PAWcrit) of 0.22 m3

m−3 for the soil texture (sandy clay loam) of this forest plot (compare Table B.4).
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TA B L E B . 5 . Species-specific daily foliar Hg uptake rates (mean ± sd; ng Hg g−1
d.w. d−1; rounded to two

decimals) resolved for the sampling years 2015 and 2017 and difference between respective average daily
foliar Hg uptake rates of 2015 - average daily foliar Hg uptake rates of 2017.

Tree species group year Daily Hg uptake (mean ± sd) Diff. daily Hg uptake n sites

(ng Hg g−1
d.w. d−1) (2015 - 2017)

beech
2015 0.27 ± 0.05

0.04 51
2017 0.23 ± 0.04

Douglas fir
2015 0.12 ± 0.02

- 0.02 7
2017 0.14 ± 0.02

fir
2015 0.07 ± 0.02

- 0.005 6
2017 0.08 ± 0.02

oak
2015 0.23 ± 0.04

0.004 49
2017 0.22 ± 0.03

pine
2015 0.05 ± 0.02

∼ 0 107
2017 0.05 ± 0.02

spruce
2015 0.07 ± 0.02

- 0.003 658
2017 0.08 ± 0.02
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Supporting Information: A spatial
assessment of current and future foliar Hg
uptake fluxes across Europe

This Supporting Information is associated with the Chapter: A spatial assessment of current
and future foliar Hg uptake fluxes across Europe
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Text S1.
Zhou and Obrist [10] give an estimate of median global foliage Hg assimilation by evergreen

needleleaf forests of 61 Mg Hg year−1 and by deciduous broadleaf forests of 28 Mg Hg year−1

(Zhou and Obrist [10], Table 1 therein). This estimate is based on global data on foliar Hg
concentrations and net foliar biomass production. The global land area of evergreen needle-
leaf forests is given as 6.17 Mio km2 and of deciduous broadleaf forests as 1.12 Mio km2 [10].
Converted to the land area of coniferous (1.0 Mio km2) and deciduous forests (0.73 Mio km2) in
Europe, we obtain a total Hg assimilation of 10.2 Mg Hg year−1 for European coniferous forests
and of 18.4 Mg Hg year−1 for European deciduous forests.

F I G U R E C . 1 . Simulated areal cover (percent km−2) of pine forests in Europe (a) historically, (b) for
the time period 2061 - 2090 under the climate change scenario RCP 4.5, and (c) RCP 8.5. Geographic
distribution was derived from statistic mapping from Brus et al. [153] and projected relative abundance
probabilities under climate analogs Buras and Menzel [251] (see Sect. 4.2.1 for details).
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F I G U R E C . 2 . Absolute difference map of model outputs of forest foliar Hg uptake fluxes (g Hg km−2

day−1) from the bottom-up model - GEOS-Chem.
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TA B L E C . 1 . Overview of LAI correction factor for tree height (cfheight) and Hg uptake rate correction
factor for needle age class (cfage) obtained from Wohlgemuth et al. [165].

Tree species group cfheight cfage

Abies alba 0.68 0.79

mix of all broadleaf values 0.63 -

Betula pendula 0.63 -

Carpinus betulus 0.63 -

mix of all conifer values 0.68 0.79

Fagus sylvatica 0.56 -

Fraxinus excelsior 0.63 -

Larix decidua 0.68 -

Pinus cembra; Pinus mugo arborea; Pinus nigra
0.68 0.86

Pinus nigra subsp. laricio

Picea abies 0.68 0.79

Pinus pinaster 0.68 0.86

Pinus sylvestris 0.68 0.86

Pinus sylvestris 0.68 0.86

Pseudotsuga menziesii 0.68 0.86

Quercus cerris; Quercus frainetto;
0.7 -

Quercus ilex; Quercus pubescens

Quercus robur; Quercus petraea 0.7 -
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TA B L E C . 2 . Dataset on proportion of tree species per land area matched to dataset on foliar Hg uptake
rates by tree species groups.

Matched and aggregated tree species groups

Dataset on tree species Dataset on foliar Hg up–

proportion of land area take per tree species

(Brus et al., 2012) (Wohlgemuth et al., 2022)

Abies spp Abies alba

Alnus spp; Broadleaved misc; Castanea spp;
mix of all broadleaf values

Eucalyptus spp; Populus spp; Robinia Spp

Betula spp Betula pendula

Carpinus spp Carpinus betulus

Conifers misc mix of all conifer values

Fagus spp Fagus sylvatica

Fraxinus spp Fraxinus excelsior

Larix spp Larix decidua

Picea spp Picea abies

Pinus misc
Pinus cembra; Pinus mugo arborea; Pinus nigra

Pinus nigra subsp. laricio

Pinus pinaster Pinus pinaster

Pinus sylvestris Pinus sylvestris

Pseudotsuga menziesii Pseudotsuga menziesii

Quercus misc
Quercus cerris; Quercus frainetto;

Quercus ilex; Quercus pubescens

Quercus robur & Quercus petraea Quercus robur; Quercus petraea
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TA B L E C . 3 . Overview of all combinations of Global Climate Models (GCMs) – Regional Climate Mod-
els (RCMs) and ensemble members used for downloading simulated data of 2m air temperature and 2m
relative humidity from the Copernicus Climate Data Store in the framework of the Coordinated Regional
Climate Downscaling Experiment (CORDEX) for the two climate scenarios of Representative Concentra-
tion Pathways (RCPs) 4.5 and 8.5. RCM data on a high regional resolution (here: European domain; 0.11◦

x 0.11◦) depend on output from GCMs for lateral and lower boundary conditions. Temporal resolution
of downloaded data was 3 hours and time period was 2068-2082.

Climate scenario GCM RCM ensemble member

RCP 4.5

CNRM-CERFACS-CM5 KNMI-RACMO22E r1i1p1
ICHEC-EC-EARTH DMI-HIRHAM5 r3i1p1
ICHEC-EC-EARTH GERICS-REMO2015 r12i1p1
ICHEC-EC-EARTH KNMI-RACMO22E r1i1p1
ICHEC-EC-EARTH SMHI-RC4A r12i1p1

IPSL-CM5A-MR SMHI-RC4A r1i1p1
MOHC-HadGEM2-ES GERICS-REMO2015 r1i1p1
MOHC-HadGEM2-ES KNMI-RACMO22E r1i1p1
MOHC-HadGEM2-ES SMHI-RC4A r1i1p1
MPI-M-MPI-ESM-LR SMHI-RC4A r1i1p1

NCC-NorESM1-M DMI-HIRHAM5 r1i1p1
NCC-NorESM1-M GERICS-REMO2015 r1i1p1
NCC-NorESM1-M SMHI-RC4A r1i1p1

RCP 8.5

CCCma-CanESM2 CLMcom-CLM-CCLM4-8-17 r1i1p1
CNRM-CERFACS-CM5 CLMcom-ETH-COSMO-crCLIM r1i1p1
CNRM-CERFACS-CM5 GERICS-REMO2015 r1i1p1

ICHEC-EC-EARTH CLMcom-ETH-COSMO-crCLIM r12i1p1
ICHEC-EC-EARTH KNMI-RACMO22E r12i1p1
ICHEC-EC-EARTH SMHI-RCA4 r12i1p1

IPSL-CM5A-MR DMI-HIRHAM5 r1i1p1
MIROC-MIROC5 CLMcom-CLM-CCLM4-8-17 r1i1p1

MOHC-HadGEM2-ES SMHI-RCA4 r1i1p1
MPI-M-MPI-ESM-LR DMI-HIRHAM5 r1i1p1

NCC-NorESM1-M CLMcom-ETH-COSMO-crCLIM r1i1p1
NCC-NorESM1-M GERICS-REMO2015 r1i1p1
NCC-NorESM1-M KNMI-RACMO22E r1i1p1
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TA B L E C . 4 . Overview of relative uncertainty values for different parameters per forest tree species group
propagated by error propagation principle for every spatial tile of the forest foliar Hg uptake flux map (Fig.
4.1).

Tree species groupa relative uncertainty (ru)
LMAb DMAc LAId Forest areae cfage

f pineg totalh

Abies spp 0.36

0.1 0.44 0.40

0.03 - 0.70
Betula spp 0.61 - - 0.86
Broadleaved mixed 0.82 - - 1.02
Carpinus spp 0.18 - - 0.63
Fagus spp 0.47 - - 0.77
Fraxinus spp 0.54 - - 0.81
Larix spp 0.76 - - 0.97
Picea spp 0.75 0.03 - 0.96
Pine 0.72 0.06 0.014 0.94
Pseudotsuga menziesii 0.69 0.06 - 0.92
Quercus misc 0.28 - - 0.67
Quercus robur & Quercus petraea 0.52 - - 0.80

a See Table C.2 for an overview of tree species aggregated into tree species groups. For the
group of mixed conifer species (Table C.2), we calculated an average uncertainty value from
total uncertainty values of coniferous needle tree species groups, which equals 0.90.

b Leaf mass per area (LMA) values per tree species group were obtained from Forrester et al.
[252]. The relative uncertainty of LMA per tree species group was calculated including
the range of all LMA values within each respective tree species group: (maximum LMA -
minimum LMA)/(average LMA).

c Foliar Hg values were obtained from a dataset of Hg concentrations in foliage samples
of the ICP Forests biomonitoring network and the Austrian Bio-Indicator Grid measured
using a direct mercury analyzer (DMA) (see Sect. 4.2.1 and Wohlgemuth et al. [233]). A
DMA measurement sequence of foliar Hg concentrations was accepted when primary liquid
reference standards did not deviate by more than ± 10% from target value.

d Relative root mean square deviation (RMSD) of the leaf area index (LAI) product from
PROBA-V from LAI ground observations evaluated by Fuster et al. [182].

e The uncertainty of the proportion of tree species per forest land area (spatial resolution: 1
km2) was not evaluated by Brus et al. [153] and depends on the heterogenous availability of
national forest inventories in Europe. From the overall accuracy given in Brus et al. [153],
we estimated a relative uncertainty value of 0.4 per tree species and km2.

f Uncertainty of the correction factor (cfage) for upscaling Hg uptake rates of needles of differ-
ent age classes to whole coniferous evergreen trees (see Wohlgemuth et al. [165]).

g Relative RMSD of the linear regression slope of the average daily pine needle Hg uptake
rate vs. time proportion of VPD > 1.2 kPa (see Wohlgemuth et al. [233]).

h Total species uncertainty =
√

ru2
LMA + ru2

DMA + ru2
LAI + ru2

f or.area + ru2
c f age + ru2

pine
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