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Abstract Plants accumulate significant amounts

of atmospheric mercury (Hg) in aboveground

biomass, likely sequestering over 1,000 Mg of

atmospheric Hg every year. This large mercury

uptake could be strong enough to affect tropo-

spheric Hg levels and might be partially respon-

sible for seasonal variations in atmospheric Hg

observed at Mace Head, Ireland. The fluctuations

of Hg concentrations coincide temporally with

the annual oscillation of carbon dioxide (CO2) in

the Northern Hemisphere, which is a result of

seasonal growth of vegetation. Therefore, declin-

ing Hg concentrations in spring and summer

may be attributed in part to plant uptake of

atmospheric Hg. Further, the increase of Hg

concentrations during non-active vegetation peri-

ods might partially be due to plant-derived Hg

emitting back to the atmosphere during carbon

mineralization. The implications of these propo-

sitions are that past and future changes in biomass

productivity and organic carbon pools may have

had—and may continue to have—significant

effects on atmospheric Hg levels. Specifically,

large losses in soil and biomass carbon pools in

the last 150 years could have contributed signif-

icantly to observed increases in atmospheric Hg

pollution. The roles of vegetation and terrestrial

carbon pools should receive detailed consider-

ation on how they might attenuate or exacerbate

atmospheric Hg pollution.

Keywords Atmospheric mercury � Plant

mercury uptake � Carbon mineralization �
Mercury sequestration � Seasonality

Introduction

Atmospheric mercury (Hg) pollution in the last

150 years has greatly increased Hg deposition to

terrestrial and aquatic ecosystems (e.g., Biester

et al. 2003; Fitzgerald et al. 1998; Schuster et al.

2002). The cycling of Hg through terrestrial

ecosystems includes a complex and not fully

understood suite of deposition, emission, and re-

emission processes of various atmospheric Hg

species (e.g., Grigal 2002; Gustin et al. 2006). One

important aspect is that above-ground plant

biomass accumulates substantial amounts of Hg

through the growing season, with reported mid-

point concentrations in plant foliage of 24 lg kg–1

(Grigal 2002) and lower concentrations observed

in woody tissues (e.g., averaging 6 lg kg–1; Fleck

et al. 1999; Grigal et al. 2000; Moore et al. 1995;

Pang 1997; Zhang et al. 1995a, b). There is strong

evidence that Hg allocated in above-ground plant

compartments is of atmospheric origin while root
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Hg originates mainly from soil uptake. The

evidence is based on (1) limited translocation of

Hg from roots to other plant compartments

(Beauford et al. 1977; Godbold and Hüttermann

1988; Lindberg et al. 1979), (2) the known ability

of plants to assimilate airborne Hg by stomatal

uptake (Hanson et al. 1995), (3) limited xylem Hg

transport (Bishop et al. 1998), (4) measured net

deposition of elemental gaseous Hg to vegetated

surfaces (Obrist et al. 2006), and (5) combined

air/soil exposure experiments where above-

ground plant Hg levels are generally a function

of atmospheric Hg levels independent of soil Hg

exposures (Ericksen et al. 2003; Frescholz et al.

2003; Milhollen et al. 2006a, b). Above-ground

plant Hg uptake thus represents an important

pathway for atmospheric Hg deposition to terres-

trial ecosystems via litterfall and plant senescence

(e.g., Lindberg et al. 1996; Munthe et al. 1995).

Similarly, the decomposition of Hg-laden plant

litter in the soil represents a potential pathway for

Hg to return to the atmosphere. These two

processes have not received adequate consider-

ation in the discussion of how they may affect

atmospheric Hg levels and pollution.

Results and Discussion

Globally, net primary production on land is

estimated at 60 Pg of carbon per year, of which

roughly half is allocated to aboveground plant

compartments (Saugier et al. 2001). Based on

reported plant Hg concentrations, global above-

ground biomass production likely accounts for

over 1,000 Mg of atmospheric Hg uptake per year

(Table 1). This is a substantial part of the total

atmospheric Hg burden of 5,000 Mg (Mason

et al. 1994)—or of the 2500 Mg estimated to

reside in the lower 5 km of the troposphere

(Banic et al. 2003). Figure 1a shows seasonal

patterns of published long-term atmospheric

records of total gaseous Hg (TGM) and carbon

dioxide (CO2) at Mace Head, Ireland from

September 1995 to November 2001 (Ebinghaus

et al. 2002; Tans and Conway 2005). In the

Northern Hemisphere the concentration of atmo-

spheric CO2 increases in winter and declines in

summer as a result of seasonal growth of vegeta-

tion (Hall et al. 1975), an oscillation which is well

noticeable at this remote station exposed to air

masses from the North Atlantic Ocean. A corre-

sponding oscillation occurs with atmospheric Hg,

which is lowest at the end of the growing season

in September, and 20% higher at the start of the

northern vegetation growth period in March. The

observed annual atmospheric Hg oscillation has

been explained with the occurrence of higher

levels of atmospheric oxidants in summer leading

to removal of atmospheric pollutants and by

higher fossil fuel burning during the winter

months (Slemr and Scheel 1998). I propose that

the observed decline in atmospheric Hg with the

onset of the growing season in the Northern

Hemisphere may be partially attributed to plant

Hg uptake. The slope between atmospheric Hg

and CO2 (0.02 ng Hg m–3 per 1 ppmv change in

CO2) corresponds to 20 lg Hg kg–1 biomass, a

value close to commonly reported plant Hg

concentrations. Similar seasonal variations have

Table 1 Estimation of global annual plant Hg uptake from the atmosphere based on published tissue mercury concen-
tration (see text) and net primary productivity (NPP) data from Saugier et al. (2001)

Annual global NPP (Pg C/yr) 60

Annual biomass production (=NPP · 2; Pg/yr) 120
50% forests/shrublands 50% grasslands/others
60 60

Annual above-ground biomass production (Pg/yr) 55% of 60: 33 45% of 60: 27
30% leaves 70% wood 100% leaves 0% wood
9.9 23.1 27 –

Tissue Hg concentration (ppb) 24 6 24 –
Annual atmospheric Hg uptake (Mg Hg/yr) 237.6 138.6 648.0 –
Sum 1024.2

Conversion of NPP to annual biomass production is based on 50% (w/w dry mass) carbon content in biomass
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been observed in other stations in the Northern

Hemisphere (Banic et al. 2003). Seasonal patterns

of Hg are weak and reversed (Slemr et al.

2006)—or completely absent (Baker et al.

2003)—in the Southern Hemisphere where a

smaller land mass also causes only minor CO2

oscillations (Steele et al. 2002; Fig. 1B).

The increase in Hg during winter months in the

Northern Hemisphere may be due to anthropo-

genic and natural Hg emissions exceeding depo-

sition processes. However, consideration should

also be given to the possibility of Hg emissions to

the atmosphere due to organic carbon minerali-

zation. Recent experimental field and laboratory

studies in fact show that Hg emissions correlate

with soil respiration rates in terrestrial soils, with

increased soil respiration leading to increased Hg

emissions (Fritsche et al. 2006, 2007; Wickland

et al. 2006). A lack of plant activity in the

dormant season along with Hg losses associated

with carbon mineralization may impede the

potential of ecosystem to sequester other emis-

sion sources resulting in higher atmospheric

mercury concentrations. It is important to con-

sider the possibility of re-emissions of atmospher-

ically derived biomass Hg when estimating

biological impacts on atmospheric Hg cycling.

For example, 121 Pg of biomass and soil carbon

was lost to the atmosphere during the last

150 years due to climate and land use changes

(Prentice et al. 2001). If all Hg associated with

this carbon pool was emitted to the atmosphere,

this would have contributed more than 2,000 Mg

of Hg to the atmosphere. The notion of Hg losses

from biomass burning has received considerable

attention before (e.g., Artaxo et al. 2000; Friedli

et al. 2001; Veiga et al. 1994), including potential

consequences of global-change induced altera-

tions in the occurrence of wildfires (Turetsky

et al. 2006). However, detailed study of the role

of vegetation and of the fate of plant litter and

soil carbon related Hg during mineralization

processes is needed in light of the changes in

terrestrial carbon pools that are expected to occur

as a result of global environmental change.

Ultimately, the size of the biomass Hg pump

and the degree of Hg re-emissions during carbon

losses will determine the capacity of terrestrial

ecosystems to attenuate—or to exacerbate—

atmospheric Hg pollution.
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Fig. 1 (A) Northern hemispheric seasonal variation of total
gaseous mercury (TGM) and carbon dioxide (CO2) concen-
trations between September 1995 and December 2001
measured at Mace Head, Ireland (53�20¢ N). Data on
TGM are from Ebinghaus et al. (2002). CO2 data are from
Tans and Conway (2005). (B) TGM and CO2 concentrations
between September 1995 and June 1999 in the Southern
Hemisphere. TGM data are from Baker et al. (2003)
measured at Cape Point, South Africa (34�21’ S) and were
lumped by the authors into four seasons (Mar–May; Jun–
Aug, Sep–Nov, Dec–Feb). No published data are available
for CO2 at Cape Point so CO2 data are from Steele et al.
(2002) measured at Cape Grim, Australia (40�41¢ S)
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