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Abstract

Mercury (Hg) concentrations in lichens and mosses can be used as surrogates for atmospheric Hg deposition
to continental surfaces. In this study we collected and analyzed Hg concentrations and isotopic composition
of epiphytic tree lichens and terricolous lichens and mosses from remote locations across the Eurasian Arctic
and sub-Arctic (50 to 72° N, 30 to 180° E). Total Hg (THg) concentrations ranged from 13 to 7700 ng g.
Epiphytic tree lichens had significantly higher median THg levels (243 ng g?) than terricolous lichens (35
ng g) and mosses (74 ng g1). THg is substantially higher in both tree lichens and terricolous lichens near
the Arctic Ocean shore, up to 300 km inland. The combined §%°Hg, A'*°*Hg, and A?°Hg signatures suggest
that the elevated coastal Hg levels are delivered by marine air masses rich in gaseous and particulate
oxidized Hg'" forms, such as HgBr,. Similar to other vegetation Hg isotope studies, inland terricolous lichen
and moss A?®Hg are near-zero, indicating a dominant (63%) atmospheric Hg° origin, followed by Hg' wet
and dry deposition. Inland tree lichens carry more positive A2°Hg of 0.15%o, similar to the atmospheric Hg"
end-member, suggesting they preferentially accumulate Hg" wet and dry deposition compared to co-located
terricolous lichens. Mosses from the European sub-Arctic show low §2°2Hg of -3.1%o, which we speculate to
result from regional soil Hg® emissions that are re-captured by mosses. Overall, the Hg isotope variability of
mosses and lichens reveal latitudinal gradients in Hg deposition pathways and identify preferential Hg® or

Hg" uptake.

Synopsis: Mercury pollutant levels in Eurasian lichen biomonitors are elevated near the Arctic Ocean due to

enhanced deposition of oxidized mercury from marine air masses.
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Introduction

Present-day anthropogenic Hg emissions (2.4 Gg y!) to the atmosphere are approximately 7 times larger
than natural volcanic and crustal degassing emission (0.34 Gg y-1) 2. Consequently, atmospheric Hg
deposition to remote sites has been found to be five to ten times higher than during pre-anthropogenic times
134 Increased atmospheric Hg loading to continental watersheds, coastal zones and the open ocean is
thought to be one of the key factors responsible for enhanced Hg bioaccumulation in both fresh water and
marine food webs °. Atmospheric Hg'" deposition pathways to terrestrial ecosystems include Hg' wet
deposition, via rain and snowfall, Hg'" dry deposition, via particle settling and gaseous Hg" scavenging on
vegetation and soil surfaces. Vegetation and soils also directly take up gaseous Hg° via foliar uptake and
sorption ®8. The relative importance of these different deposition pathways has traditionally been difficult to

constrain.

Hg stable isotope signatures of atmospheric Hg® and Hg' pools are sufficiently different so that
identification and quantification of deposition pathways becomes possible. In particular, even- (A?*Hg,
A%*Hg) and odd-Hg (A'®°Hg, A?°’Hg) mass independent isotope fractionation (MIF) signatures contrast in
rainfall Hg" from remote locations with AHg of 0.40%0 and A?®Hg of 0.17%., and gaseous HgP, with
A¥™Hg of -0.20%0 and A?®Hg of -0.05%o °. Previous studies have examined A®*Hg and A?®Hg in tree
foliage, mosses, lichens and soil and suggested that a dominant, 75% fraction of vegetation and soil Hg
derives from direct vegetation uptake of atmospheric Hg® 4. Recent work on permafrost soil Hg
concentrations 17 and Hg isotopes 820 suggested Hg® uptake also to be important in Arctic tundra
ecosystems. The fate of the permafrost Hg pool under global warming has gained interest 2122 and
understanding pan-Arctic Hg air-vegetation-soil dynamics requires more data on Hg deposition and release

pathways in inaccessible remote areas.

Natural vegetation, and in particular lichens and mosses, can act as passive collectors of atmospheric
Hg deposition 222, Lichens are symbiotic assemblages of fungi and cyanobacteria or green algae that take
up their nutrients mainly from the atmosphere. Soluble and particulate components of dry and wet
atmospheric deposition are assimilated by lichen thalli. Thalli surfaces act as ion exchange resins that
chelate soluble metals such as Hg. Early studies on lichens from remote locations and urban sites in Canada
and Europe revealed negative A®Hg of -1.0 to 0.3%. 262, Later studies on living sphagnum moss and
sphagnum peat accumulations developed a framework where A?®Hg signatures were used to quantify Hg"
wet and dry deposition, and moss Hg° uptake 2°2°. Enrico et al. also observed that A®*Hg in moss and peat
showed evidence of minor photochemical foliar Hg" reduction and Hg loss. These observations were
extended to Arctic terricolous lichens, showing that even- and odd-Hg MIF provide simultaneous

information on Hg deposition and emission 2.
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In this study we explore the Hg concentrations and isotopic composition in lichens from the Eurasian
(sub-)Arctic. At higher latitudes trees disappear from the permafrost tundra landscape. A comparison was
therefore made between epiphyte tree lichens and terricolous lichens on soils. In addition, selected moss
species were collected on soils for comparison. While it is often argued that lichens and mosses
quantitatively retain atmospheric heavy metal deposition, little is known about the potential re-emission of
volatile metals such as Hg from lichen or moss surfaces. The present work provides new insights on these
aspects of Hg biogeochemical cycling between the terrestrial and atmospheric compartments, linked via

terrestrial vegetation.
Materials and methods
Sampling

Lichen and moss samples were obtained during field campaigns across Siberia from 2004 to 2011 (Figure
1). Two terricolous lichen samples were obtained in SW Greenland in 2007. Epiphyte tree lichens from
different Bryoria, Usnea, Ramalina, Alectoria and Evernia species were collected in trees at 2m height
above ground level. Terricolous lichens from different Cladonia and Flavocetraria species and mosses from
Sphagnum and Polytrichum species were collected at ground level. Moss samples were collected in the
White Sea area only, while lichens were collected all across the Eurasian (sub-)Arctic. All samples were
transported to the lab, manually cleaned and inspected, and finely ground with a mechanical agate ball mill

during 1 minute.
Analyses

All Hg concentration and Hg isotope analyses were performed at the Midi-Pyrenees Observatory in
Toulouse, France. Hg concentrations were analyzed in duplicate with a Milestone DMA-80 atomic
absorption combustion analyzer. Lichen reference material BCR-482 (480 + 20 ng g, 26) was used for
quality control, yielding a measured average value of 467 + 40 ng g* (26, n=17). Hg stable isotopic
compositions were analyzed by multi-collector - inductively coupled plasma mass spectrometry (MC-
ICPMS, Thermo-Finnigan Neptune) after micro-wave (MARS Explorer) assisted digestion of 100-300 mg
powdered lichen in 4 mL of inverse aqua regia (3 mL HNOs, 1 mL HCI). Digests were diluted to 20 vol%
inverse aqua regia and nominal Hg concentrations of 1, 2 or 4 ng g*. A CETAC HGX-200 cold vapor
system and ARIDUS 11 desolvation unit were used to introduce gaseous Hg® and dry aerosol Tl into the MC-
ICPMS. Instrumental mass bias was corrected using Tl and the exponential mass fractionation law in a
standard-sample-standard bracketing mode. Hg stable isotopic compositions are expressed using the delta
notation relative to the NIST SRM 3133 standard:
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where **Hg represents isotopes other than *%Hg. MIF of the odd Hg isotopes is quantified using the capital

delta notation, which amounts to the difference between the observed and the theoretical **Hg values:
Axxng = Sxxng —ﬁxxx X 62°2Hg

where Sy« is the mass dependent scaling factor, e.g. 0.2520 for §!%°Hg, 0.5024 for §*°®°Hg and 0.7520 for
5?0tHg 3. 24Hg was not analyzed. Secondary reference materials UM-Almaden and BCR-482 lichen,
processed with each batch of ten samples, were used for quality control (Table 1). UM-Almaden §°%Hg of -
0.54 + 0.09%o, A°Hg of -0.03 £ 0.07%o, A?®°Hg of -0.01 =+ 0.06%o0, A?°*Hg of -0.04 + 0.09%. and BCR-482
5202Hg of -1.59 + 0.18%o, A*®®Hg of -0.63 + 0.08%o, A’®Hg of 0.06 + 0.06%o, A?°*Hg of -0.64 + 0.10%o
(mean and 2c) are in good agreement with published values 3334 Uncertainty of sample analysis was
considered to be the highest 26 value observed for UM-Almaden and BCR-482.

Results and Discussion
Hg concentrations

Total Hg (THg, Figure 2a) concentrations in all three sample types are log-normally distributed according to
Kolmogorov-Smirnov tests. Median THg levels for mosses are 74 ng g (interquartile range (IQR), 53 — 87
ng g%, n=29), for terricolous lichens 35 ng g* (IQR, 26 - 49 ng g%, n=192), for epiphyte tree lichens 260 ng
gl (IQR, 175 — 453 ng g%, n=113). This range of values is in agreement with a review of forty-three lichen
studies in relatively unpolluted or remote sites 2. A subset of the 334 THg concentrations includes co-
located mosses and terricolous lichens in the White Sea area, and co-located terricolous and epiphyte tree
lichens across the entire geographical area of study. Kolmogorov-Smirnov testing indicates that Hg
concentrations in both co-located data sets are significantly different at the p<0.001 level. Therefore, the
variable median THg levels of 35, 74 and 260 ng g* for terricolous lichens, mosses, and epiphyte tree
lichens are likely related to a combination of ecological and Hg depositional factors.

Lichen THg concentrations increase as a function of latitude for both epiphyte tree and terricolous
species (Figure 2a). Maximum epiphyte tree lichen THg reaches 7700 ng g in the Taimyr Peninsula at
72.43 °N, 101.98 °E, an area that lies 200 km southwest of the Khatanga river estuary, on the AO. Lichen
THg contents at remote background sites globally rarely exceed 400 ng g 2. Epiphyte tree lichen THg in
excess of 400 ng g™ occurs at 29 other locations, the majority of which are at latitude >63° N, from 33°E to

123° E, and generally within 300km of the AO coastline. Terricolous lichen THg, while overall lower, also
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shows maximum levels at high latitude, reaching 300 — 800 ng g* from 67 — 79 °N on Wrangel Island;
Medvejii Island and Taimyr Peninsula, all in proximity of the Arctic Ocean. High atmospheric Hg
deposition to snow covered sea-ice has been observed repeatedly during spring time atmospheric Hg
depletion events (AMDESs) **2¢. AMDESs occur during polar sunrise when photochemistry of sea-ice, snow
on ice, and sea-water derived bromide ions generates bromine radicals that oxidize a large fraction of
atmospheric HgP in the polar marine boundary layer 3. Arctic Ocean air masses containing high Br levels
have been observed to penetrate substantially into Siberia, including over the Taimyr Peninsula 38,
Consequently; the influence of AMDESs has been detected inland as far as 200 km of the coast *°, and
AMDEs deposit important amounts of atmospheric oxidized Hg" to snow on sea-ice and land. Epiphytic tree
lichens sampled along a gradient from Hudson Bay, a salt water body, showed inland decreasing Br and Hg
concentrations (up to 2080 ng gl), reaching background levels only after 600 km, and were suggested to
reflect AMDE affected air masses and Hg deposition *. Similarly, St Pierre et al. observed elevated Hg up
to 361 ng g in terricolous coastal lichens of the high Canadian Arctic “°. Older studies also find elevated Hg
up to 927 ng g in terricolous coastal lichens in Antarctica 2. We therefore hypothesize that the elevated
THg level in epiphytic and terricolous lichens across coastal Siberia is related to springtime AMDEs and
Hg" deposition. In the following, we will use Hg isotopes to further investigate this hypothesis. Lichen THg
levels were not correlated with longitude, altitude, or lichen species type. Moss samples were from a more
restricted area near the White Sea in European Russia, and did not show unusually elevated THg contents
(median 74 ng g1), compared to European mid-latitude background sites in Spain (40 — 90 ng g%; #!) and
France (24 —91 ng g*; %).

Hg stable isotopes

Hg MIF. The Hg stable isotope composition of the (sub-)Arctic lichens and mosses ranges from -5.7 to
0.4%0 for 8?°2Hg, -1.0 to 0.9%0 for A'®°Hg, and -0.05 to 0.21%o for A?®°Hg. This wide variability
encompasses that of all previously published lichen data (Figure 3). Odd-MIF data define a A*®*Hg/A%'Hg
slope of 1.05 (Figure 3c), which is typical of aqueous inorganic Hg" photoreduction observed during
experiments and in the natural environment 4243, Similar to previous work 82 we use A?®°Hg to identify the
contribution of atmospheric Hg" wet and dry deposition, and foliar Hg® gas uptake. These atmospheric Hg"
and Hg° pools have contrasting A?°Hg of 0.14%o (median; IQR 0.10 to 0.20), and -0.05%o (median; IQR -
0.08 to -0.03) respectively (°, Table 1). A>®Hg in tree lichens (median 0.15%o; interquartile range (IQR) 0.11
to 0.18%o) are systematically higher than A?®®Hg in terricolous lichens (0.02%o; -0.01 to 0.06%o), mosses
(0.03%o; 0.00-0.05%o0), and the group of coastal tree lichens (-0.02%o; -0.03 to 0.01%o), with THg > 900 ng g’
! that is potentially impacted by AMDEs. Continental tree lichens therefore appear to scavenge
predominantly the atmospheric Hg" end-member, either in the form of rainfall Hg" or as aerosol and
gaseous Hg'". Terricolous lichens and mosses have lower A?®Hg, closer to the Hg® end-member, and similar

to observations in the Pyrenees, France and Alaska, USA (Figure 3a). This suggests that foliar Hg® uptake is
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the dominant Hg sequestration pathway in terricolous lichens and mosses and amounts to 66 and 60%

respectively, based on the above atmospheric A2°Hg end-members.

We observe that tree lichens that scavenged large amounts of atmospheric Hg during AMDESs have
unusually low A%Hg of -0.02%. (Figure 3a). The likely reason for this is that the Hg'" forms scavenged
were produced regionally or even locally, in the polar boundary layer, by Br-oxidation of ambient northern
hemispheric Hg?, with low A?®Hg of -0.05%. In other words, during AMDESs Hg'" inherits its low A?**°Hg
signature directly from HgP. This is not the case for Hg" in rainfall and dry deposition which is estimated to
be predominantly formed in the middle and upper free troposphere ¢ where an unknown photochemical
reaction, possibly photoreduction 4, causes even Hg-MIF and generates opposite sign A?®°Hg in the global

free tropospheric Hg® and Hg"" pools.

Within the lichen and moss dataset, the variability of A®°*Hg (Figure 2¢) has in common with A?®Hg
that the Hg" and HgP deposition pathways control the initial A®*Hg magnitude . Atmospheric Hg'" and Hg°
end-members carry opposite A*®°Hg of 0.38%. and -0.21%. (Table 1). However, unlike A?®°Hg which is
invariant during surface earth photoreduction and re-emission processes, A*®*Hg may further evolve within
biota. Evidence for this was shown for mosses, where observed A'*®Hg was lower than that expected from
atmospheric end-member mixing %. Similarly, in the marine environment intra-cellular photoreduction of
Hg'" leaves behind residual Hg" that is depleted in odd Hg isotopes, with lower A**°Hg 6. AMDE-affected
tree lichens also have lower than expected A®Hg, and therefore show evidence of photoreductive odd-Hg
MIF (Figure 4b). This deficit in odd-Hg isotopes is similar to that observed in snow Hg" during AMDEs #'
(Figure 4b). Mosses, on the contrary show little evidence of post-depositional odd-Hg MIF as their A'%Hg
values are those expected from their A?°Hg and the A*°Hg:A?®°Hg ratio of the atmospheric end-members.
Half of terricolous lichens also do not show post-depositional odd-Hg MIF, but the other half does with both
enhanced A'®®Hg or lower than expected A®°Hg. Altogether, this suggests that the chemical Hg" compounds
(e.g. HgBr2) that deposit on the surface of epiphyte tree lichens and some terricolous lichens readily undergo
photoreductive re-emission, either before or after deposition. This photoreduction modifies the A*°Hg
signature, but not A?®°Hg. In contrast, the Hg® absorbed during intra-cellular uptake, and the Hg'" compounds
supplied by rainfall and snowfall to terricolous lichens and mosses (typically consisting of strong Hg'-
organic matter complexes “®) seem less amenable to photoreductive re-emission and odd-MIF. Across the
tree lichen dataset, notable latitudinal A'°Hg and A?®Hg gradients of -0.033%. and -0.005%. per degree
(from 49.7 to 72.5° N) are observed (Figure 2c,d), driven by the AMDE Hg deposition dynamics to tree

lichens.

Hg MDF. §%%2Hg in the (sub-)arctic lichen and moss dataset spans a large range from -5.7 to 0.4%o. $°°’Hg
of tree lichens have the most positive values, with medians of -0.38%. and 0.14%. for continental and

AMDE groups respectively. Above we suggested, based on A?®Hg, that tree lichens scavenge
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predominantly atmospheric Hg' forms, e.g. HgBr2. The median §?°?Hg of tree lichens overlaps with the
broad §2°?Hg composition of northern hemisphere rainfall Hg", and Hg® (the precursor of AMDE Hg"),
suggesting that scavenging of atmospheric gaseous or aerosol Hg' forms does not lead to measurable MDF.
Tree lichens impacted by AMDEs in the Hudson Bay also showed relatively high median §?°?Hg of -0.29%o
2'(Figures 3a,b).

Terricolous lichen and moss §°°?Hg are lower with median values of -1.25%. and -3.10%o
respectively, and a number of even lower, but also higher, outlying values occur (Figures 2b, 3a,b). Even for
co-located terricolous and tree lichen samples from the White Sea area, the 5?°?Hg difference is observed,
suggesting species-specific control factors. Vegetation Hg® uptake via stomata and directly through the
cuticle surface tissue layers is accompanied by strong, possibly diffusional, MDF of 2-3%o 2°°. The final
52°2Hg of lichens and mosses is therefore determined by the §2°Hg of the local atmospheric Hg® pool, the
proportion of Hg® uptake compared to Hg' scavenging, and the exact MDF factor which is likely species
and climate dependent. Any post-depositional reductive Hg loss from lichens and mosses can induce a shift
in the residual Hg towards heavier §?°?Hg, yet such losses are thought to be minor 2°2°, Terricolous lichen
median §2°Hg of -0.75%o observed in northern Alaska are similar to our Eurasian lichen data (Figure 3a,b).
Mosses from the White sea region also have unusually low median §°°Hg (-3.1%0) compared to moss
5202Hg in the French Pyrenees of -1.6%o 2° and -1.5%o0 >°. Any potential explanation for the low moss 52°2Hg
should therefore address both the §2°2Hg difference with co-located lichens, and with the French moss

observations.

In Figure 4c we explore a §2°2Hg vs 1/THg source mixing diagram, which shows that, to first order, a
high concentration Hg pool with low §?°?Hg, and a low concentration Hg pool with high §%°Hg are
potentially involved. In this diagram, three outliers for terricolous and tree lichens, with negative §2°Hg
<4%o also align on the mixing trend. We suggest that the mosses assimilate a specific atmospheric Hg® pool
of low §%°Hg. This pool, which dominates the overall isotope composition of moss, appears to have a
A?™Hg on the order of 0.03%o, A**°*Hg of 0.07%., and §2°?Hg of -3.1%.. Preliminary Hg isotope observations
of the Yenisei River dissolved Hg, which represents the watershed integrated soil Hg-organic carbon pool
typical of West-Siberia, show very similar mean A2°°Hg of 0.04%o, AY%°Hg of 0.14%o, and 52°2Hg of -3.0%o
(n=7, °1). We therefore suggest that the White Sea area mosses have sequestered Hg° re-emitted from
regional soils. Visibly, terricolous lichens in the same area are less efficient in sequestering Hg® than
mosses. Overall, we speculate that epiphyte tree lichens and above ground canopy preferentially intercept
Hg" dry and wet deposition, leaving less of this pool to be scavenged by near surface terricolous lichens and
mosses that are, in addition, covered by snow during the AMDE season. In in-land tree lichens, this leads to
elevated A?®°Hg dominated by Hg' deposition. Terricolous lichens and mosses growing on the active soil
layer appear to assimilate relatively larger amounts of Hg® than tree lichens, in part originating from soil Hg°

re-emissions, as indicated by the near-zero A?>°Hg and negative 52°?Hg. Co-located terricolous lichens and
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mosses suggest that mosses are more efficient in sequestering Hg, leading to higher THg concentrations and

more negative 52%2Hg.
Perspectives

Our survey of the Hg concentration and isotope composition of Eurasian lichens and mosses reveals
significant geographical and physiological differences. Hg concentrations are substantially higher in lichens
near the Arctic Ocean shore, up to 300km inland. The combined §°?Hg, A®°Hg, and A?*°Hg suggest that the
elevated Hg levels are delivered by marine air masses rich in oxidized Hg' forms, such as HgBr.. Across the
dataset, a notable latitudinal A®*Hg gradient of -0.03%o per degree is observed. It will be of interest to
investigate if this gradient is imprinted on soil Hg, and whether it can be used to monitor northern soil Hg

mobilization induced by global warming.

Similar to other vegetation Hg isotope studies, terricolous lichen and moss A?®Hg are slightly
positive, indicating a dominant (63%) atmospheric Hg° origin, followed by Hg" wet and dry deposition.
Mosses in the White Sea area show unusually low §2°2Hg, which we speculate to result from regional soil
HgP emissions that are re-captured by mosses, and less so by co-located lichens. Large variations across the
Hg isotope dataset reflect complex air-vegetation-soil Hg cycling and call for dedicated studies over the

latitudinal and biome gradients.
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Figures and Tables

Figure 1. Overview of geographical sample origin for epiphyte tree lichens (left, yellow circles), terricolous

lichens (middle, green circles), and terricolous mosses (right, blue circles).
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Figure 2. Latitudinal variation of total Hg (THg, a), and Hg isotopic composition (b, ¢, d) for epiphyte tree
lichens (black squares), terricolous lichens (red diamonds), and terricolous mosses (blue triangles).
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435  Table 1. THg concentration and Hg isotope composition of epiphyte lichens, terricolous lichens and moss.
436  Epiphyte lichens are separated into two groups, one affected by atmospheric Hg depletion events (AMDES)
437  in coastal regions, and the other not (in-land sites >300km from the Arctic Ocean coast). Q25 and Q75 refer
438  to the 25" and 75" percentiles of data variability respectively; n, number of observations; min, minimum

439  value; max, maximum value.

lichen AMDE lichen moss
lichen

THg (ng g?) epiphyte = epiphyte terricolous terricolous
n 105 7 191 28
min 112 2185 13 31
max 1159 7667 821 250
median 243 5987 35 74
Q25 172 4320 26 53
Q75 411 7424 49 87
622Hg (%)
n 22 7 20 18
median -0.35 0.16 -1.25 -3.10
Q25 -0.49 0.09 -1.83 -3.86
Q75 -0.11 0.37 -0.99 -2.65
AY°Hg (%)
median -0.18 -0.92 -0.09 0.07
Q25 -0.31 -0.99 -0.26 0.00
Q75 -0.04 -0.82 0.22 0.14
A*°Hg (%)
median 0.14 -0.03 0.02 0.03
Q25 0.11 -0.03 -0.01 0.00
Q75 0.18 -0.01 0.06 0.05
A*Hg (%)
median -0.23 -0.95 -0.15 0.00
Q25 -0.39 -1.05 -0.31 -0.06
Q75 -0.11 -0.80 0.09 0.03
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