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creased precipitation were strongly governed by precipitaGeoscientific
tion and CO2 showing pronounced regional patterns. Based
Development
on these results,Model
we conclude
that the combination of precipitation and CO2 should be emphasised when assessing how
climate-induced changes in soil C may affect sequestration
of Hg in soils.
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Mercury (Hg) is considered a global environmental pollutant and its dominant form in the atmosphere – gaseous elemental Hg – has a long
atmospheric
residence time (6 to
Ocean
Science
24 months), allowing for global redistribution (Schroeder
and Munthe, 1998; Fitzgerald et al., 1998; Coughenour and
Chen, 1997). Many natural sources emit Hg into the atmosphere – including volcanic sources, biomass burning and
surface evasion – but during the last 150 years, atmospheric
Solid
Earth
Hg loads are estimated to have
increased
three-to-five orders
of magnitude due to anthropogenic emissions from gold mining, coal burning, waste incineration and industrial processes
(Biester et al., 2003; Fitzgerald et al., 1998; Schuster et al.,
2002; Streets et al., 2011). Mercury is of greatest concern
when inorganic Hg is methylated and biomagnified through
The
the food chain in aquatic
andCryosphere
terrestrial ecosystems (Morel et
al., 1998; Gnamuš et al., 2000), posing high exposure to top
predators and humans.
Hg loads in remote terrestrial ecosystems are dominated
by atmospheric deposition (Fitzgerald et al., 1998), and large
pools of past Hg pollution – or “legacy” pollution – reside
in surface litter and soil horizons (Grigal, 2003; Obrist et
al., 2009). The accumulation of Hg in terrestrial ecosystems
Open Access
Open Access
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Abstract. Substantial amounts of mercury (Hg) in the terrestrial environment reside in soils and are associated with
soil organic carbon (C) pools, where they accumulated due
to increased atmospheric deposition resulting from anthropogenic activities. The purpose of this study was to examine
potential sensitivity of surface soil Hg pools to global change
variables, particularly affected by predicted changes in soil
C pools, in the contiguous US. To investigate, we included
a soil Hg component in the Community Land Model based
on empirical statistical relationships between soil Hg / C ratios and precipitation, latitude, and clay; and subsequently
explored the sensitivity of soil C and soil Hg densities (i.e.,
areal-mass) to climate scenarios in which we altered annual
precipitation, carbon dioxide (CO2 ) concentrations and temperature.
Our model simulations showed that current sequestration
of Hg in the contiguous US accounted for 15 230 metric tons
of Hg in the top 0–40 cm of soils, or for over 300 000 metric tons when extrapolated globally. In the simulations, US
soil Hg pools were most sensitive to changes in precipitation because of strong effects on soil C pools, plus a direct
effect of precipitation on soil Hg / C ratios. Soil Hg pools
were predicted to increase beyond present-day values following an increase in precipitation amounts and decrease following a reduction in precipitation. We found pronounced
regional differences in sensitivity of soil Hg to precipitation, which were particularly high along high-precipitation
areas along the West and East Coasts. Modelled increases
in CO2 concentrations to 700 ppm stimulated soil C and Hg
accrual, while increased air temperatures had small negative
effects on soil C and Hg densities. The combined effects of
increased CO2 , increased temperature and increased or de-
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is many orders of magnitude larger than atmospheric pools
(Obrist, 2007). Fate processes and potential changes in terrestrial Hg storage have important implications for global cycling of Hg, including implications for back-evasion of Hg
to the atmosphere or runoff to aquatic systems (Obrist, 2007;
Smith-Downey et al., 2010). For example, bi-directional flux
behaviour that Hg shows between terrestrial components and
the atmosphere (Ericksen et al., 2006; Fritsche et al., 2008) is
of concern for atmospheric Hg loads...(Ericksen et al., 2005;
Harris et al., 2007; Pokharel and Obrist, 2011; Obrist et al.,
2010b). Re-emissions of Hg from terrestrial surfaces – also
termed secondary emissions – have the potential to become
increasingly important due to a cumulative effect of past and
ongoing pollution loads accumulating in surface reservoirs.
In terrestrial ecosystems, Hg mainly is bound to organic
matter and carbon (C). In general, Hg depth distributions in
soils follow those of soil organic matter, with the highest
concentrations found in near-surface layers and decreasing
concentrations with depth (Aastrup et al., 1991; Andersson,
1979; Meili, 1991; Obrist et al., 2009). Studies also show
corresponding spatial distribution patterns of organic matter
and Hg in top soils and litter across multiple sites (Grigal,
2003; Skyllberg et al., 2000; Obrist et al., 2009; Obrist et
al., 2011). For example, Lag and Steinnes (Lag and Steinnes,
1978) reported positive correlations between organic matter
and Hg (with r 2 of 0.58 and 0.55, respectively) content across
Eastern and Northern Norway humus layers, and Obrist et
al. (2011) showed regressions between soil organic C and
Hg content with coefficient of determination, r 2 , up to 47 %
across 14 US forest sites.
Given these correlations between organic matter and Hg,
we hypothesised that climate-induced changes in terrestrial
C pools might have direct implications for Hg sequestered
therein (Obrist, 2007). It is well known that soil C is highly
sensitive to climate change – including changes in temperature, precipitation and carbon dioxide (CO2 ) concentrations
(Zheng et al., 2009; Reich and Schlesinger, 1992; Jobbagy
and Jackson, 2000; Treseder et al., 2003; Natali et al., 2008).
Atmospheric CO2 concentrations have been steadily increasing since 1850 and are now about 100 ppm higher than preindustrial levels (Wigley, 1983), with recent increases among
the strongest observed in historic times (e.g., 0.9 Gt C yr−1
from 2000 to 2005 compared to 0.8 Gt C yr−1 from 1990 to
1999; IPCC, 2007). Increases in CO2 concentrations are estimated to raise mean global surface temperatures between
1.8 ◦ C to 4 ◦ C by 2100, depending on emission scenarios
(IPCC, 2007). Responses of terrestrial C to climate change
are complex: first, elevated atmospheric CO2 concentrations
cause “CO2 fertilisation,” stimulating live and dead biomass
accrual and sequestering excess C (Luo et al., 2004; Oren
et al., 2001; Norby and Iversen, 2006; Ainsworth and Long,
2005); second, warming experiments show that increasing
soil temperatures stimulate soil heterotrophic respiration,
thereby releasing sequestered C back into the atmosphere
and decreasing soil C residence time (Oechel et al., 2000;
Biogeosciences, 10, 2393–2407, 2013

Rustad et al., 2001; Melillo et al., 2002); third, such C release upon warming only may occur under moist conditions
while under dry conditions, soil respiration seems insensitive to temperature increases (Luo et al., 2001a). The sensitivity of soil C to altered precipitation is also variable; some
studies show increases in soil C accumulation with increasing precipitation...(Jobbagy and Jackson, 2000; Zhou et al.,
2002; Wang et al., 2005; Callesen et al., 2003; Saiz et al.,
2012), but there is evidence that soil C may not change significantly (Zhou et al., 2009). A meta-analysis of the results
from global change experiments (Wu et al., 2011) indicates
that, overall, increased precipitation increases net C uptake
by up to 56 %, while decreased precipitation decreases net
C balance by up to 45 %. Ultimately, such changes in net C
balance will translate into changes in soil C as soil C pools
are formed by the long-term difference between C input and
C release from soils.
The goal of our study was to perform sensitivity analyses
to assess how potential changes in soil C induced by climate
change may affect Hg sequestered in soils. We built on a spatial investigation of soil Hg and C across 14 US forest ecosystems that showed strong correlations between accumulation
of soil Hg and soil C at a continental scale (Obrist et al.,
2011; Obrist et al., 2012). We used a commonly employed
global C model (Community Land Model CASA version 3.5;
CLM-CASA) (Oleson, 2004; Randerson et al., 1997) to simulate soil C densities (in g m−2 ) in the contiguous US. We
simulated soil Hg by including Hg / C ratios (obtained from
the empirical relationships of Hg / C ratios with precipitation, latitude and clay content) to the carbon cycle model and
explored the potential sensitivity of soil Hg to changes in soil
C and climate variables.
An important notion is that model predictions for soil Hg
are based on observed, present-day statistical relationships
between soil Hg and soil C, precipitation, latitude and soil
texture, found across 14 field sites. Specifically, our approach
was not intended to simulate the complex biogeochemical
processes that affect terrestrial Hg storage – including regional and local atmospheric deposition, retention capacity
of Hg, redox reactions, export from soils and many others. Statistical correlations of Hg to variables used in this
study were assumed to stay constant under future conditions.
While this may not be correct, our results allow exploration
of which climate variables are most sensitive to affecting soil
Hg sequestration through underlying soil C changes and direct effects of changed environmental conditions. In addition, our model allows evaluation of regional patterns where
strongest sensitivity of both soil C and Hg are expected to
occur.
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2.1

Methods

T: +0°C, +3°C, +6°C
P: +0%, +50%, -50%

Model implementation to predict present-day and
future soil C and Hg densities

Our modelling simulations are based on the Community
Land Model, version 3.5 (CLM3.5) (Oleson, 2004; Oleson
et al., 2008), which is predominantly used in the Community Earth System Model (CESM) and Community Atmosphere Model (CAM). This model allows assessment of the
physical, chemical and biological processes by which terrestrial ecosystems are affected across a variety of spatial
and temporal scales – including solar and long-wave radiation interactions with vegetation canopy and soil, soil and
snow hydrology, heat transfer and other biogeophysical processes. For simulation of biogeochemical processes (i.e., soil
C densities), we used the CASA (Carnegie-Ames-Stanford
Approach) sub-model, modified for use in global climate
models (Randerson et al., 1997). Each model grid cell was
divided into five primary land cover types (glacier, lake, wetland, urban, vegetation), and vegetation land cover type was
represented by 15 plant functional types – each of which
was represented as a fraction of a grid cell inferred from
1 km satellite data (Bonan et al., 2002b; Bonan et al., 2002a).
CLM-CASA’ simulates gross primary productivity (GPP)
and converts it to net primary productivity (NPP), assuming
that plants use 50 % of the newly acquired C for autotrophic
respiration. NPP is then partitioned into three live C pools
(stems, leaves, and roots) by three coefficients that vary with
plant functional type and water availability. In forests, a fraction of NPP is allocated to stems; whereas in grasslands, NPP
is partitioned between roots and leaves. If the plant functional
type is water-limited at the particular time step, more C is allocated to roots. From the live pools, C transfers to the dead
pools: first to litter and eventually to soil pools, respiring CO2
at each step of the transfer (Eq. 1):
dX(t)
= −ξ1 (t)ACX (t) + ξ2 (t)BU (t)
dt

(1)

where dX(t)
dt is change in each C pool at each time step, ξ1 (t)
is the function of the influence of climate on C loss from each
pool; A is a 12 × 12-sized matrix of partitioning coefficients
between C pools, which includes soil texture and lignin influence on soil decomposition; C is the diagonal matrix of
baseline C transfer coefficients, or the C loss rate at 25 ◦ C;
X (t) is a 12 × 1-sized vector of C pools (three live pools and
nine dead pools); ξ2 (t) is the function of water limitation of
NPP partitioning between three live pools; B is the vector of
the partitioning coefficients of NPP to the three live pools;
and U (t) is NPP.
We first used the CLM-CASA model to simulate soil C
distribution in terrestrial ecosystems in the contiguous US.
We then added an Hg component (Eq. 2) to the biogeochemistry module of the CLM-CASA model to predict soil Hg
densities. Mercury was implemented into the model using
www.biogeosciences.net/10/2393/2013/
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Fig. 1. Structure of the model run.

statistical relationships between Hg / C ratios and latitude,
precipitation, and soil texture observed in a field investigation of 14 forest sites across the US (Obrist et al., 2011). Hg
levels were calculated based on the following linear multiregression model:

ln

Hg
C


= 0.066 · Lat + 0.001 · P + 0.05 · Clay + 3.059 041


Hg =

C · Hg
C

(2)



1 000 000

(3)

−1
where Hg
C is an Hg / C ratio (µg g ), Lat is latitude (degrees), P is annual precipitation (mm), Clay is clay content
in the soil (%), Hg is Hg density in the top 40 cm of soil
(µg m−2 ), and Cis organic C density in the top 40 cm of soil
(g m−2 ). This linear multi-regression model for Hg / C ratios
showed a coefficient of determination, r 2 , of 50 %. In Obrist
et al. (2011), we found that a multi-regression model with Hg
concentration (as opposed to Hg / C ratios) would increase r 2
from 0.50 to 0.87; but we chose to use Hg / C ratios in our
model because terrestrial C models generally predict soil C
densities (in g m−2 ) rather than C concentrations and conversion of C densities to C concentrations would require soil
bulk densities which are not spatially available for the CLMCASA model.
To examine the effects of changing temperature, precipitation, and atmospheric CO2 , we first ran (or spunup) the model until equilibrium state was reached (i.e.,
when annual net ecosystem C exchange was close to zero;
Fig. 1). The model was spun up for 4000 years according
to the method described in the Carbon-Land Model Intercomparison Project (C-LAMP) by (Randerson et al., 2009).
The model was cycled through atmospheric forcing data
(three-hourly temperature, wind speed, precipitation, photosynthetically active radiation, humidity and surface pressure)
(Qian, 2006) using climate data averaged for the period from
1948 to 1978 in the US.
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Simulation scenarios to assess sensitivities of soil
C and Hg densities to global change factors

To simulate the sensitivity of soil C and Hg densities to
various climate factors, we implemented three levels of
treatments for each variable: 280, 390, and 700 ppm for
CO2 ; +0 %, +50 %, and −50 % from present-day levels
for precipitation; and +0 ◦ C, +3 ◦ C, and +6 ◦ C increase in
mean annual temperature compared to present-day levels
(Fig. 1). The CO2 and temperature changes were based on the
changes projected by IPCC (IPCC, 2007). Ensemble model
projections for the mean global precipitation range from
2.8 % to 6.6 % increase (Emori and Brown, 2005). However,
precipitation change is highly variable on the regional scale;
for instance, in Central USA precipitation amount is projected to decrease by up to 25 % compared to the present-day
levels, and in Northeast and Northwest of USA precipitation
is anticipated to increase by about 10 % (Emori and Brown,
2005). However, Zhang et al. (2007) showed that models do
not represent regional variability well. For instance, models
underpredicted historical 75-year trend in precipitation by
300 % along 30° N latitude, by 176 % along 40° N, and by
900 % along 50° N (Zhang et al., 2007). Hence, we decided
to change precipitation uniformly across USA by higher fractions than the ones predicted by (Emori and Brown, 2005).
To obtain the atmospheric CO2 level of 390 ppm, we gradually increased CO2 concentrations for 300 years to reach
390 ppm. We then kept it constant for the next 100 years
of the model run. To obtain CO2 levels of 700 ppm, we
gradually increased CO2 concentrations to 390 ppm for 300
years. We then gradually increased the CO2 concentration
for 100 years until it reached 700 ppm by the end of 2100.
We increased the mean annual temperature and precipitation
amount during these last 100 years of model runs for all runs.
2.1.2

Calculating combined effects of changes in CO2 ,
temperature, and precipitation

We calculated six main effects representing impacts of individual climate change variables, 12 two-way interactive
effects (data not shown, but used to calculated three-way
effects), and eight three-way interactive effects combining
changes in CO2 levels, temperature and precipitation. To calculate main and interactive effects, we used the method described earlier by (Luo et al., 2008). We calculated the main
effect of an environmental factor by averaging nine simple
effects of each environmental factor. For example, the effect
of reduced precipitation under unchanged temperature and
CO2 concentration was calculated as follows:
P−50 %1 = (C280 T+0 P−50 % − C280 T+0 P+0 % )

(4)

where C280 T+0 P−50 % represents the model run with unchanged temperature and CO2 concentrations, but with reduced precipitation. In similar ways, we calculated eight
other simple effects of decreased precipitation using all comBiogeosciences, 10, 2393–2407, 2013

binations of temperature and precipitation conditions, then
averaged the effects for a main effect for reduced precipitation conditions. The same operation was repeated for the
remaining five main effects.
Two-way interactive effects were calculated by averaging
three simple effects of two variables altered simultaneously
and subtracting the main effects of the corresponding variables. The simple effects were calculated as follows:
P−50 % × T+3 1 = (C280 T+3 P−50 % − C280 T+0 P+0 % )
−P−50 % − T+3 )

(5)

where P−50 % ×T+3 1 is the simple effect of simultaneously reduced precipitation and increased temperature;
C280 T+3 P−50 % is the model run with increased temperature (by 3 °C), decreased precipitation and unchanged CO2 ;
C280 T+0 P+0 % is the control run, P−50 % is the main effect of
reduced precipitation, and T+3 is the main effect of the 3 ◦ C
temperature increase. The same calculation was performed
for two other simple effects for reduced precipitation and increased temperature. We then averaged the simple effects and
subtracted from the average the main effects of reduced precipitation and increased temperature. We completed the same
calculation for 11 other two-way interactive effects.
Three-way interactive effects were calculated by subtracting the main and two-way interactive effects from model runs
with simultaneously altered CO2 , temperature, and precipitation:
P−50 % × C+110 × T+3 = (C+110 T+3 P−50 % − C280 T+0 P+0 % ) (6)

−P−50 % − T+3 − C+110 − P−50 % × C+110 − C+110 × T+3
−P−50 % × T+3
where P−50 % × C+110 × T+3 is the magnitude of the threeway interactive effect between reduced precipitation, increased CO2 , and increased temperature; C+110 T+3 P−50 %
is the model run in which we simultaneously decreased the
precipitation amount while increasing CO2 and temperature;
P−50 % , T+3 , and C+110 are the main effects of decreased precipitation, temperature increased by 3 ◦ C, and CO2 increased
by 110 ppm; P−50 % ×C+110 , C+110 ×T+3 , and P−50 % ×T+3
are two-way interactive effects of reduced precipitation and
increased CO2 , increased CO2 and increased temperature,
and decreased precipitation and increased temperature.
To assess the strength of the two-way and three-way interactive effects, we calculated their strength relative to the
averaged magnitude of the main corresponding effects. The
relative strength for the two-way interactive effect was calculated as follows:
I2 =

2 × T+3 × P−50 %
|P−50 % | + |T +3 |

(7)

where I2 is a relative strength of the two-way interaction,
T+3 × P−50 % is the magnitude of the two-way interactive
effect of increased temperature and reduced precipitation,
www.biogeosciences.net/10/2393/2013/
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Fig. 2. Modelled present day carbon (A) and mercury (B) denities in the top 40 cm of soils of the contiguous United States. Comparisons of
modelled and observed data of soil C and Hg densities (C and D).

P−50 % is the main effect of reduced precipitation and T+3
is the main effect of increased temperature. The three-way
interactive effect was calculated as follows:
I2 =

2 × T+3 × P−50 % × C+110
|P−50 % | + |T +3 | + |C+110 |

(8)

where T +3 × P−50 % × C+110 is the magnitude of the threeway interactive effect between increased temperature, reduced temperature and increased CO2 ; and C+110 is the main
effect of increased CO2 .
The effects of the combined environmental variables for
each run were calculated as the sum of all corresponding
main and interactive effects.
3
3.1

Results and discussion
Model evaluation and comparisons to observations
and other model data

Figure 2a and b show present-day soil C and Hg densities
for the top 40 cm of soils as predicted by the model for the
contiguous US Top soil C under present-day CO2 concentrations, temperature and precipitation ranged from 0.78 to
29.34 kg m−2 . Spatial heterogeneity of soil C is mainly controlled by NPP, soil residence time, and human disturbance
(e.g., conversion of grasslands to croplands) (Zhou and Luo,
www.biogeosciences.net/10/2393/2013/

2008; Guo et al., 2006). Both NPP and soil C residence time
depend on temperature and precipitation. Apart from climate,
soil residence times depend on soil texture and lignin content
(Parton et al., 1987). If soil C is rich in lignin, the decomposition rate of soil C will be slower, increasing its residence
time; soils higher in clay content tend to stabilise more C, increasing soil C residence time. Previous study of soil C distribution in the conterminous US revealed that apart from land
use change, precipitation has the most evident positive effect
on soil C; and, within narrow precipitation ranges, temperature controls soil C stocks and soil C decreases nonlinearly
with increase in temperature (Guo and Gifford, 2002). We
were able to duplicate general patterns of topsoil C distribution (Fig. 2a) in agreement with observational (Group, 2000;
Guo et al., 2006) and modelling studies (Randerson et al.,
2009). For example, we predicted that (i) lowest soil C densities would occur in the arid West and Midwest, caused by
a combination of unfavourable climatic conditions for plant
productivity (i.e., aridity) and land use (extensive areas occupied by croplands); (ii) higher C stocks in the forested
zones of the northwestern, northeastern and southeastern US
caused by higher plant productivity and higher annual rainfall; and (iii) latitudinal increases in soil C along the East
and West Coasts in accordance with predicted temperature
effects.
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In Fig. 2c, we compare C densities obtained by our simulation with observed soil C densities. For observed C, we
used the IGBP-DIS gridded soil C dataset with 5 × 5 arc
minute resolution (Group, 2000). We found a good regression coefficient, r 2 , between these two datasets of 0.49, indicating that our model simulation agreed relatively well with
the observed data in regards to spatial patterns predicted for
soil C distribution in the US. We found, however, that our
modelling predictions underestimated soil C densities compared to the data from IGBP-DIS by approximately 60 %,
and corrected modelled data for this underprediction. Discrepancies between observed values and model predictions
can be explained by potential underestimation of soil C residence times; for instance, the residence times for slow, passive, and whole soil C pools produced by the CLM-CASA
model for the Duke Forest were 9, 88 and 10 years, respectively; whereas Luo et al. (Luo et al., 2001b) reported 31, 885
and 47 years for the same C pools. The cause for such underprediction may lie in underestimation of the lignin effect on
soil residence times by the model, as well as underprediction
of the effect of soil texture on soil C residence times (Parton
et al., 1987).
Figure 2b shows predicted soil Hg densities for the continental US, and Fig. 2d shows predicted soil Hg densities
and observed Hg densities at 14 field observation sites plus
additional published data found in sites across the US (Stamenkovic et al., 2008; Ma et al., 1997; Obrist et al., 2011;
Amirbahman et al., 2004; Cohen et al., 2009; Demers et al.,
2007; Dicosti et al., 2006; Dreher and Follmer, 2004; Grigal,
2003; Engle et al., 2006; Nater and Grigal, 1992; Natali et
al., 2008). On average, observed and predicted soil Hg densities were within 15.6 % of each other (r = 0.47, P = 0.024).
Best agreement was generally observed in sites located in
Florida, Washington, California, Nevada, North Carolina and
Tennessee, while Hg stocks were under and overpredicted
at sites in Maine, New Hampshire and the Great Lakes region. Clearly, inaccuracies in predicted soil C densities directly affect predicted Hg densities because soil C density
forms the underlying variability for Hg density predictions
that are based on Hg / C values. Furthermore, the coefficient of determination of the multiple linear regression model
for Hg / C ratios used to estimate Hg distribution is 0.50;
hence, significant variability in the distribution of soil Hg
must be explained by factors that are not included in our
model. Many factors, including biogeochemical processes,
spatial/temporal aspects of field sampling, regional pollution
effects and others can explain the discrepancies between field
observations and the model.
Spatial distribution patterns of model predictions generally agreed with those of soil Hg densities observed across
field sites (i.e., Fig. 2d). Distribution of soil Hg densities also
agreed well with observed and interpolated distribution of
Hg concentrations, as extrapolated in a previous manuscript
(Obrist et al., 2011). In that study, top soil Hg concentrations
were extrapolated to the contiguous US based on a multiBiogeosciences, 10, 2393–2407, 2013
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Fig. 3. Comparison of change in soil carbon in response to environmental factors reported in the literature to the change obtained in
this study.

regression model with an r 2 of 0.88; these results showed
a clear trend of increasing Hg concentrations with increasing latitude and highest Hg concentrations in the northeastern
and northwestern US, in accordance with the predicted soil
Hg density distributions in Fig. 2b: highest soil Hg densities
were found in two sites located in Washington State and a
site in Maine, while southwestern and midwestern pool sizes
showed among the lowest soil Hg densities of all sites. Total soil Hg mass (0–40 cm depth) estimated based on these
model results accounted for 15 230 metric tons of Hg across
the US. When extrapolating these results further, we estimated a global Hg surface soil pool of over 300 000 metric tons, which is almost two times the amount estimated by
Corbitt et al. (2011)
In Figure 3, we compared sensitivity of soil C densities to
variation in global change variables of our model simulations
(as presented in Figs. 4 to 6) and those reported by Treseder
et al. (2003), Natali et al. (2008); Pepper et al. (2005);
Coughenour and Chen (1997); Cox et al. (2000); Cramer
et al. (2001); Lichter et al. (2005); Lu et al. (2008); Shen
et al. (2009); Talmon et al. (2011) and Wang et al. (2011).
Specifically, we assessed the sensitivity of soil C densities
to individual climate change variables, including increases in
temperature, CO2 , changes in precipitation patterns and combinations of these factors. We found, in general, good agreement in the direction of the soil C density changes: 91 % of
analysed data point pairs agreed in the direction of soil C
density changes in the models; in only about 9 % of predictions did we find that our model predicted different direction
of soil C changes. For example, when comparing effects of
CO2 on soil C, we found relatively good correlation of predicted effects (r = 0.5, p = 0.04). Most models, including
ours, predicted soil C to increase significantly under elevated
CO2 , with the exception of the DayCent model (Pepper et
www.biogeosciences.net/10/2393/2013/
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al., 2005), which projected a decrease in soil C under elevated CO2 due to nitrogen limitation. Without the DayCent
model data, the coefficient of determinations between ours
and other simulations increased further (r = 0.6, p = 0.018).
Still, there are some discrepancies in regard to the magnitude of predicted soil C changes between our model and
other model predictions; in particular, our simulations generally overpredicted effects of CO2 increases and temperature, plus CO2 increases on soil C content compared to other
simulations. Our CLM-CASA model simulations on average
overpredicted CO2 effects by 8.4 % compared to other model
simulations; without the DayCent model data, however, these
differences in CO2 effects reduced to 5.7 %. In addition, our
model underpredicted the combined effects of changes in
temperature, CO2 , and precipitation. Such differences may
have been due to the use of different climate change scenarios: we compared model outputs from the simulation scenarios that differed from ours by 1 ◦ C in temperature, up to
100 ppm in CO2 , and up to 20 % in precipitation. Also, differences in model structures may have caused discrepancies
in the predicted climate effect on soil C, including parameterisations of water and nutrient limitations.
3.2

3.2.1

Sensitivity of soil C and Hg densities to individual
climate change variables
Sensitivity to change in air temperature

Increases in air temperature (top panel) caused consistent decreases in soil C densities across all regions of the
US; such responses to temperature have been well characterised and attributed to more significant stimulation of heterotrophic respiration with increasing temperature (Wu et al.,
2011; Rustad et al., 2001; Zheng et al., 2009; Reich and
Schlesinger, 1992) compared to temperature-induced stimulation of NPP (Rustad et al., 2001). The average C loss
predicted by our model for a temperature increase of 6 ◦ C
is estimated at 10 % and is similar to six models that predicted an average soil C decrease of 11 % when temperature
was increased by 5 ◦ C (Cramer et al., 2001). Regional differences for soil C densities show that most pronounced losses
are expected in the central and southeastern US (between 20
and 30 %). Observational studies by Guo et al (2006) reveal
a polynomial relationship between soil C and temperature
in high precipitation forests, such that soil C increases upon
temperature change from 8 ◦ C to 11 ◦ C, but not (or slightly
decrease) upon temperature change from 8 ◦ C to 15 ◦ C. Our
spatial predictions agree with the above patterns: we observe
very small decreases (and slight increases) in soil C densities in the northeast and northwest, while more southern
sites showed pronounced losses of soil C densities. Guo et
al. (2006) also indicated pronounced soil C losses (17 to
32 %) with temperature increases of 3 ◦ C and 6 ◦ C in a region
with 1000–1150 mm precipitation ranges. Such precipitation
corresponds, for example, to southeastern forests where our
www.biogeosciences.net/10/2393/2013/
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simulations predicted significant decreases in soil C as well.
Guo et al. (2006) also report that drier grassland areas are
more sensitive to temperature increase than forest areas with
similar precipitation or forest areas with higher precipitation. In Fig. 4a, we observe that grasslands (e.g., in Texas,
Kansas, Nebraska and South Dakota) tend to lose more C
than forested areas (e.g., in Idaho, Washington, Maine) under temperature increases.
Based on the multi-linear model used for Hg soil density prediction, effects of temperature on soil C densities
will directly and linearly feedback to soil Hg densities because Hg / C ratios are directly multiplied by underlying soil
C densities and because temperature has no direct statistical relationships with Hg / C ratios (as opposed to precipitation, see below). Hence, our sensitivity analyses predicted
identical changes in soil Hg compared to soil C, with losses
averaging 4.7 % for a 3 ◦ C increase in mean annual temperatures and 10 % with a 6 ◦ C increase across the continent.
Responses of soil Hg densities are predicted to be highly
regional and are expected to follow the spatial patterns discussed above in regards to soil C densities: the strongest responses on soil Hg densities are expected in the south and
central US where our model predicts losses in soil Hg densities up to 30 % of present-day levels. Further losses would be
expected in the southern US and Great Plains while low sensitivity to air temperature is expected in the northeastern and
northwestern US where soil C densities are not particularly
sensitive to changes in temperature.
Our statistical modelling approach does not allow for characterisation of underlying processes that lead to changes in
soil Hg densities, but it seems reasonable to assume that areas showing pronounced changes in soil C are those that
might be most sensitive to changes in Hg that are generally sequestered in such C pools. Hence, it is likely that soil
Hg pools most sensitive to temperature changes are those located in the central and southern US, while northwest and
northeast areas show little sensitivity. We must, however, put
strong limitations on the magnitude of predicted changes in
soil Hg densities because using direct (i.e., linear) relationships between soil Hg and C changes that result from our
model implementation are highly unlikely in reality. For example, linear responses between Hg and C changes might
be expected upon complete loss of both Hg and organic C
pools (e.g., that may occur in surface organic horizons during wildfires) where significant Hg losses have in fact been
observed (Artaxo et al., 2000; Brunke et al., 2001; Friedli et
al., 2001; Sigler et al., 2003; Turetsky et al., 2006; Obrist et
al., 2008). In contrast, however, the few experimental studies
that correspondingly measured the fate of Hg upon C mineralisation indicate that only a small fraction of Hg may be subject to volatilisation losses upon evasion of CO2 (Fritsche et
al., 2008; Obrist et al., 2010b), which would indicate a much
smaller magnitude of soil Hg losses compared to that of C.
The biogeochemistry of terrestrial Hg is very complex, including various deposition and emission pathways (Graydon
Biogeosciences, 10, 2393–2407, 2013
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Fig. 4. Main effects of temperature, precipitation and CO2 on top soil carbon (A, C, E) and top soil mercury densities (B, D, F). The values
are expressed as the fractional change of present-day pools.

et al., 2008b; Gustin et al., 2008), redox transformations between volatile and non-volatile Hg forms (Lalonde et al.,
2001; Obrist et al., 2010a), and methylation and demethylation processes (Ullrich et al., 2001). The statistical approach
used in this study does not allow simulating individual biogeochemical processes, and clearly the quantitative response
of Hg upon changes in soil C will depend on these underlying
processes and need to be addressed by further experimental
studies.
3.2.2

Sensitivity to precipitation changes

Of the three variables tested, we found that changes in precipitation had the highest sensitivity for soil Hg densities
(note different scales in Fig. 4). Unlike effects of temperature, our model predicted that precipitation affects soil Hg
and soil C densities (Fig. 4c and d) in different ways. This
is because changes in precipitation patterns affect underlying soil C densities and also Hg / C ratios used to calculate
soil Hg densities. For soil C densities, changes in precipitation patterns are highly regional; a 50 % decrease in precipitation, for example, would decrease soil C densities – up to
33 % – in the central part of the US and up to 18 % in Florida;
Biogeosciences, 10, 2393–2407, 2013

soil C densities, alternatively, remained relatively unchanged
in many west coast regions with precipitation change; soil C
densities even would decrease slightly in the northeast with
increased precipitation. If we divided regions by precipitation gradients, we generally observed that with precipitation
below 850 mm per year, a 50 % decrease in precipitation
would lead to strong decreases in soil C (34 % on average)
and, hence, these decreases have greatest implications across
the arid western and midwestern US.
We observed the same patterns under increased precipitation. For instance, more humic areas (such as coastal areas
and southeastern US) showed less sensitivity to precipitation changes. Such patterns in soil C change are supported
by Guo et al. (2006), who reported an increase in soil C,
on average by 23 %, with a 50 % increase in precipitation if
the original annual precipitation were up to 700 mm. Altered
precipitation influences both NPP and soil respiration (Wu
et al., 2011; Huxman et al., 2004). Soil respiration generally
is more sensitive to precipitation in dry areas compared to
wet areas (Wu et al., 2011), thereby increasing sensitivity to
respective changes in arid regions. NPP in areas with high
rainfall also is less sensitive to additional precipitation compared to arid regions (Huxman et al., 2004). Hence, in mesic
www.biogeosciences.net/10/2393/2013/
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regions, additional precipitation will cause little to no change
in NPP and little increase in soil respiration; in dry regions,
additional precipitation particularly will stimulate NPP – but
less so heterotrophic respiration – resulting in net gains in
C accumulation (Wu et al., 2011). Drought conditions will
cause a disproportionately large C imbalance in arid ecosystems – despite relatively uniform water use efficiency – compared to mesic regions due to strong sensitivity of soil respiration to reduced rainfall (Wu et al., 2011; Huxman et al.,
2004).
The sensitivity of soil Hg densities to precipitation is spatially different compared to that of soil C densities, which is
due to the additional effect that precipitation has on Hg / C
ratios. We previously observed that annual precipitation is
positively correlated to soil Hg concentrations across US
forests (Obrist et al., 2011), and the multi-regression equation above (Eq. 2) accounts for this influence also in regard
to Hg / C ratios. Hence, soil Hg densities are expected to decrease under reduced precipitation more than would be expected purely due to changes in soil C, and increase more
than soil C under increased precipitation scenarios. Assuming linearity between soil C and soil Hg changes, we found
that effects of increased precipitation on Hg / C ratios alone
accounted for about 53 % of the changes in soil Hg densities,
which in reality is likely even higher. Our model sensitivity study indicated that sensitivity of soil Hg changes follows
precipitation gradients across the US. For example, assuming
linearity between soil C and Hg changes, a 50 % decrease in
annual precipitation would decrease Hg stocks by 10 % of
present day values in southern California and Arizona, but
would be much stronger (up to 75 %) in the northwest as
well as along the US east coast. Further, lower sensitivities
to changes in precipitation are predicted to occur in the arid
intermountain west, while sensitivities increase gradually towards the east coast and were particularly high in the eastern
and southeastern US.
Aside from the direct effects of soil C on soil Hg densities
discussed above, a variety of other processes could explain
responses of Hg concentrations and Hg / C ratios to changes
in precipitation. For example, precipitation amounts may directly lead to changes in wet deposition loads (NADP, 2011)
leading to changes in soil Hg densities (although such effects
may be highly nonlinear due to “washout” effects (Lamborg
et al., 1995; Landis et al., 2002; Lyman and Gustin, 2008;
Mason et al., 1997; Faı̈n et al., 2011). Further, correlations
between annual precipitation and soil Hg may be caused by
canopy wash-off and throughfall deposition which in forest
ecosystems is a significant deposition flux (Demers et al.,
2007; Rea et al., 1996; Graydon et al., 2008a), and such deposition loads likely would be efficiently retained in ecosystems
(e.g., soils generally retain more than 90 % of Hg deposited
with rainfall; Ericksen et al., 2005; Harris et al., 2007; Graydon et al., 2009; Hintelmann et al., 2002). Other reasons for
effects of precipitation on soil Hg storage are different representations of biomes and soil types in different climate zones.
www.biogeosciences.net/10/2393/2013/
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Sensitivity to changes in CO2 concentrations

Increased CO2 concentrations showed the second highest
sensitivity on soil Hg densities. As with effects of temperature, changes in CO2 levels only affect soil Hg densities
through changes in underlying soil C pools in our model;
hence, spatial responses to CO2 concentration changes are
equivalent for soil Hg and C, and the patterns described below, hence, apply for both soil C and Hg densities. When
we increased CO2 by 110 ppm from 280 ppm, soil C and Hg
densities increased by up to 22 %, with the most responsive
areas located in water-limited western lands. When CO2 levels were increased by 420 ppm from 280 ppm, soil C and Hg
densities increased by up to 50 %. Many studies are available
on effects of CO2 concentration on terrestrial C; in general,
studies show that increased CO2 leads to a fertilisation effect
(Ainsworth and Long, 2005; Norby et al., 2005). Additional
CO2 leads to increased water use efficiency (Eamus, 1991),
plant productivity (De Graaff et al., 2006), plant light-use efficiency (Kubiske and Pregitzer, 1996), and generally also to
increased tissue C / N ratios (De Graaff et al., 2006; Luo et
al., 2006). Soil C tends to increase in grasslands (10 %) more
than in forests (6 %), with a CO2 increase to 550 ppm (Luo et
al., 2006). These patterns of expected changes in soil C and
Hg densities to CO2 increases are reflected in our predicted
sensitivity maps: for example, the Great Plains show a higher
sensitivity to changes in CO2 concentrations as compared to
northwestern and northeastern forests; the arid intermountain
west and the southwestern US shows strong sensitivities of
soil C density; and smaller changes are expected to occur
along coastal areas and in the southeastern US. Changes in
soil C densities are mainly due to stimulation of NPP (i.e.,
CO2 fertilisation effect), as evident by predicted whole plant
C increases for most biomes under increasing CO2 ; through
time, however, progressive nitrogen limitation decreases the
response of plant productivity to CO2 increases in nutrient
poor areas (Oren et al., 2001; Luo et al., 2004; Norby and
Iversen, 2006). Although some studies indicate an increase
in soil respiration with elevated CO2 , carbon dioxide has no
stimulation effect on cumulative soil respiration during the
long-term (Bader and Korner, 2010; Johnson et al., 2001;
Tingey et al., 2006).
Two studies using Free-Air-CO2 -Enrichment (FACE) experiments showed that a CO2 increase from 393 ppm to
549 ppm at the Oak Ridge FACE site increased soil Hg content by 33 %; an increase in CO2 from 382 ppm to 582 ppm at
the Duke FACE site increased soil Hg content by 21 % (Natali et al., 2008). These soil Hg increases were preliminarily
attributed to corresponding increases in top soil organic C
content, suggesting that changes in soil C may directly cause
changes in soil Hg. Effects of CO2 on Hg accumulation, however, may in fact not be limited to changes in underlying soil
C densities; Millhollen et al. (2006) showed that plant exposure to elevated CO2 led to lower foliar Hg concentrations in
plants; they also suggested that leaf Hg uptake is controlled
Biogeosciences, 10, 2393–2407, 2013
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Fig. 5. Combined effects of changes in temperature, precipitation and CO2 on soil carbon (A, C) and soil mercury (B, D) densities. A and
B represent the three way interactive effects with CO2 concentrations of pre-industrial levels (–110 ppm of present-day), and C and D show
effects with CO2 elevated by 420 ppm from present-day levels. Values are expressed as the fractional change of present-day pools.

by leaf physiological processes, including stomatal conductance which is typically reduced under elevated CO2 . Natali
et al. (2008) also found slightly lower foliar Hg concentrations in elevated CO2 treatments, but the differences were not
significant. Further studies are needed to assess additional effects that changes in CO2 concentrations may have on Hg
cycling to accurately assess effects of global change.
3.4

Combined effects of climate-change variables on
soil C and Hg densities

Climate change factors are not purely additive, but can show
strong interactive effects between factors, which affects calculation of the combined effects of changes in temperature, precipitation and CO2 concentrations. Luo et al. (2008)
found that the most significant interactive effects occurred
between CO2 and precipitation, and we found similar model
simulation results. For example, interactive effects between
changes in precipitation and CO2 can be expected (as discussed in Sect. 3.2.3) because the response of change in CO2
is highly dependent on soil water availability across different
US regions. Hence, the response of CO2 is highly dependent
on soil water status, and any combination of changes in preBiogeosciences, 10, 2393–2407, 2013

cipitation and CO2 will show interactive effects on the predicted sensitivity of soil C and soil Hg densities. We found
that other combinations of climate variables (such as temperature and precipitation) had relatively minor interactive
effects; for these combinations, the response to climate variables is close to the additive effect of individual global climate variables.
Figure 5 shows the combined sensitivity of the three tested
climate variables on soil C and soil Hg densities. In general,
we found similar responses to changes in environmental variables as highlighted above. Since the strongest sensitivity for
soil C and Hg densities was predicted to occur in response
to changes in precipitation (Sect. 3.2.2), changes in precipitation also mainly drove the changes when all three variables
were combined. These interactive effects also showed that
soil C and Hg densities were least sensitive to temperature
changes compared to CO2 and precipitation changes; hence,
we found relatively small additional differences in precipitation changes compared to the greater effects of CO2 . Figure
5 highlights the sensitivity of soil C and soil Hg densities,
suggesting it may be most important to focus on effects of
CO2 and precipitation and their combinations, as these show
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greatest sensitivity and strong interactive effects. This is in
agreement with the results of both modelling studies and
meta-analyses, focusing on the effects of precipitation and
CO2 on the C cycle (Luo et al., 2008; Housman et al., 2006;
De Graaff et al., 2006; Natali et al., 2008).

4

Conclusions

In conclusion, our study assessed potential sensitivity of
changes in climate variables on soil C density distribution
across the US, which we used to assess how this might affect
soil Hg pools that show correlations to soil C distributions.
It is important to note that our study was not intended to
simulate process-driven and biogeochemical changes in Hg
cycling under climate change, but rather was based on statistical relationships of Hg to soil C and other environmental
variables observed in the field under present-day conditions.
Our study indicated a high sensitivity (on average +16 %
of present-day levels) with a CO2 increase from 390 ppm to
700 ppm for soil C densities, which is likely to show strong
potential for significant changes in soil Hg due to their association. This result is in agreement with field observations
showing that soil Hg is sensitive to CO2 -induced increases
in soil C pools in two experimental forest CO2 manipulation
studies (Natali et al., 2008). Unlike effects of CO2 , changes
in precipitation patterns were anticipated to show dissimilar spatial changes for soil C and soil Hg, in particular, because precipitation was expected to affect both soil C and
soil Hg / C levels. Both soil C and soil Hg were only moderately sensitive to increases in temperature, and the resulting
regional patterns were mainly determined by stimulation of
NPP. Finally, the combined effects of the three climate variables indicated that overall response is highly driven by the
combination of CO2 and precipitation. Under increasing CO2
and precipitation, we expect stimulation of soil Hg densities
due to large-scale increases in soil C densities, plus direct
effects of increased precipitation. Under decreasing precipitation and increasing CO2 , however, our model predicted
losses of soil C densities and associated losses in soil Hg.
Our simulations strongly indicated that the overall response
of climate change on soil C and soil Hg densities is likely to
be highly regional.
This study cannot pinpoint the fate or underlying processes
that cause losses or increased accumulation of Hg in soils.
On regional scales, however, scenarios that result in losses
of Hg from soils might increase mobilisation of Hg and adversely affect watershed and ecosystem health in these respective regions; conversely, increased soil accumulation of
Hg might increase immobilisation and sequestration of Hg
thereby potentially reducing bioavailability and exposure. On
a global scale, increased soil Hg storage might be beneficial in reducing time periods of surface-atmosphere cycling
and re-emissions of Hg, reduced atmospheric exposure and
global re-distribution; conversely, if significant soil Hg are
www.biogeosciences.net/10/2393/2013/
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re-emitted due to global change or ecosystem disturbances,
the legacy of past anthropogenic pollution sources will continue to cycle through environmental compartments. Given
the enormous global storage pool of Hg in surface soils, further experimental studies that focus on fate of terrestrial Hg
are needed.
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and Schlesinger, W. H.: Elevated CO2 differentiates ecosystem
carbon processes: deconvolution analysis of Duke forest FACE
data, Ecological Monographs, 71, 357–376, doi:10.1890/00129615(2001)071[0357:ECDECP]2.0.CO;2, 2001b.
Luo, Y., Su, B. O., Currie, W. S., Dukes, J. S., Finzi,
A., Hartwig, U., Hungate, B., Murtrie, R. E., Oren, R.
A. M., Parton, W. J., Pataki, D. E., Shaw, R. M., Zak,
D. R., and Field, C. B.: Progressive Nitrogen Limitation of Ecosystem Responses to Rising Atmospheric Carbon Dioxide, BioScience, 54, 731–739, doi:10.1641/00063568(2004)054[0731:PNLOER]2.0.CO;2, 2004.
Luo, Y., Hui, D., and Zhang, D.: Elevated CO2 stimulates net accumulations of carbon and nitrogen in land ecosystems: a metaanalysis, Ecology, 87, 53–63, doi:10.1890/04-1724, 2006.
Lyman, S. N., and Gustin, M. S.: Speciation of atmospheric mercury
at two sites in northern Nevada, USA, Atmos. Environ., 42, 927–
939, doi:10.1016/j.atmosenv.2007.10.012, 2008.
Ma, L. Q., Tan, F., and Harris, W. G.: Concentrations and distributions of eleven metals in Florida
soils, Journal of Environmental Quality, 26, 769-775,
10.2134/jeq1997.00472425002600030025x, 1997.
Mason, R. P., Lawson, N. M., and Sullivan, K. A.: The concentration, speciation and sources of mercury in Chesapeake Bay precipitation, Atmos. Environ., 31, 3541–3550, doi:10.1016/S13522310(97)00206-9, 1997.
Meili, M.: The coupling of mercury and organic matter in the
biogeochemical cycle — towards a mechanistic model for
the boreal forest zone, Water Air Soil Pollut., 56, 333–347,
doi:10.1007/BF00342281, 1991.
Melillo, J. M., Steudler, P. A., Aber, J. D., Newkirk, K.,
Lux, H., Bowles, F. P., Catricala, C., Magill, A., Ahrens,
T., and Morrisseau, S.: Soil Warming and Carbon-Cycle
Feedbacks to the Climate System, Science, 298, 2173–2176,
doi:10.1126/science.1074153, 2002.
Millhollen, A. G., Obrist, D., and Gustin, M. S.: Mercury accumulation in grass and forb species as a function of atmospheric carbon dioxide concentrations and mercury exposures in air and soil, Chemosphere, 65, 889–897,
doi:10.1016/j.chemosphere.2006.03.008, 2006.
Morel, F. M. M., Kraepiel, A. M. M., and Amyot, M.: The chemical
cycle and bioaccumulation of mercury, Ann. Rev. Ecol. Syst., 29,
543–566, doi:10.1146/annurev.ecolsys.29.1.543, 1998.
Mercury Deposition network: http://nadp.sws.uiuc.edu/lib/data/
2010as.pdf, 2011.
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