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Abstract:

Peatlands contain large reservoirs of carbon and have the ability to act as sources or sinks
for carbon dioxide, however the response of carbon flux to climate change and anthropogenic
influences remains uncertain. Here | describe a model developed to predict the influence of
climate change factors on carbon fluxes and rates of sulfate reduction in a peatland system. The
model found that increased sulfate deposition to peatlands causes a large increase in carbon flux
as aresult of increased sulfate reduction. Climate warming causes a substantially smaller
increase in flux, and increased plant uptake and atmospheric CO, concentration were not found
to impact soil-atmosphere carbon exchange significantly. Asaresult, warmer temperatures
projected for the next decade could induce peatlands to become a greater source of carbon to the
atmosphere, further increasing temperature and causing a positive feedback. Control of global
sulfate deposition could be an important factor in mitigating future climate change due to

increased CO; in the atmosphere.

Introduction:

While peatlands cover only 5% of the terrestria surface of the globe, they may have an
important role in the global carbon budget because they store approximately a third of the
world’ s soil carbon (Gorham, 1991; Aselmann and Crutzen, 1989). Long-term average carbon
accumulation rates are typically on the order of 23gC/m2/yr (Gorham, 1995), which is
equivalent to ten percent of the annual net primary production of peatland vegetation (Gorham,

1995). Thisimpliesthat peatlands are functioning as a carbon sink. A recent estimate for carbon



dioxide sequestration in peatlands is 0.076Pg of carbon per year globally (Aselmann and
Crutzen, 1989). Thisisa particularly important characteristic of peatlands today, with the
mounting concerns about global warming and the increase in atmospheric CO, as aresult of
anthropogenic activities such as the burning of fossil fuel.

Coupled models of the atmosphere, biosphere and hydrosphere predict that climate
change will impact the global climate cycle, and the ability of terrestrial ecosystemsto act asa
sink for carbon (ex. Cox et a, 2000). These models predict a positive feedback, where increases
in carbon dioxide emissions from terrestrial sources as a result of warming contribute to further
climate warming and carbon release. Thisis exacerbated by the increased use of fossil fuelsin
developing countries (Mélillo, personal communication). Some models predict that in aslittle as
50 yearsterrestrial ecosystems will switch to being net sources of CO, to the atmosphere,
because of a greater increase in respiration relative to photosynthesis (Cox et a, 2000). This
prediction is not certain, however, and depends primarily on the sensitivity of soil respiration
processes to warming (Méelillo et al 2002). Under warmer temperatures, rates of microbia
processes should increase (Jenkinson et al, 1991; Kirschbaum, 1995), thus releasing more CO-
into the atmosphere and causing the positive feedback predicted by many coupled climate
change models.

Many northern peatlands are dominated by anaerobic metabolism due to subsurface
saturation and slow water turnover times. Under these conditions anaerobic microbial
respiration becomes the dominant metabolic pathway. Microbially-mediated dissimilatory
sulfate reduction is one means of anaerobic metabolism involving the oxidation of organic
carbon to CO; though the use of sulfate as an electron acceptor (Schlesinger, 1997). Although
sulfate reduction has not generally been thought to be as important in freshwater wetlands asin

coastal wetlands, the sulfate pool in peatlands dominated by Sohagnum can turn over rapidly and



support high rates of sulfate reduction (Vile et al 2003). Because of this process, atmospheric
sulfur deposition can play an important role in the total respiration of a system, and thus in the
peatlands ability to act as a sink for carbon. This could be of particular importance in Asia,
where emissions of SO, to the atmosphere remain high, and where the fourth largest global
peatland areaislocated (Bridgham et al, 2000).

There are a variety of anaerobic carbon mineralization reactions possible within a
peatland other than sulfate reduction. Nitrate reduction is the most favorable, but anaerobic
conditions and plant uptake typically cause this process to be insignificant (Lang et al 1993).
Methanogenesisis typically less energetically favorable than sulfate reduction, but is the
dominant pathway in many peatlands with low sulfur inputs. However, when thereisa
significant input of sulfate to the peatland, sulfate reduction becomes more important to total soil
respiration (Vile et al, 2003). Additionally, in sulfate reduction two moles of carbon are
mineralized for each mole of sulfate reduced, compared with one mole of carbon mineralized in
both aerobic respiration and methanogenesis (Conrad, 1989). Thus a shift in the importance of
sulfate mineralization can have a potentially large impact on the carbon dioxide production
resulting from microbial respiration, and thus has the potential to cause a shift to greater carbon
mineralization rates and a net loss of carbon from the peatland. The effect of increased rates of
sulfate reduction on rates of methanogenesisis currently being debated (Vile et al 2003).

When considering the impact of climate change on microbial respiration, it is important
to also consider the interactions between soil chemistry and vegetation. Plants compete with
microbes in the soil for essential nutrients, and plant uptake of sulfate could potentially have an
impact on its availability in the soil. Vegetative biomass and thus plant uptake of sulfate could
be expected to increase with either increased loading of limiting elements (N or P) or asa

feedback effect of increased temperature and atmospheric CO..



In this paper | have developed a model of a peatland system to evaluate the potential
impacts of severa aspects of climate change and anthropogenic influences on sulfate reduction

rates and the exchange of CO, with the atmosphere as a result of changing soil respiration.

Model Description:

To assess the impacts of climate change and anthropogenic forcings on peatland carbon
exchange and microbial respiration | constructed a model of atheoretical peatland system
(Figure 1). The model peatland has a shallow peat depth (~50cm) divided into nine layers
(designated by the letter j), each with a thickness of 5cm. Microbial and soil processes are the
same within each layer, and interactions between the chemistry of adjacent layers occurs via
diffusion. In this simplified model rates of groundwater flow are negligible, and movement of
species occurs through simple diffuson. New inputs to the system come either from the
atmosphere (though diffusion or deposition), plant interactions, or diffusive exchange between
the bottom soil layer and the underlying groundwater. Because the soil substrate is peat, | also
assume that supply of organic matter does not limit microbial processes.

To determine the important factors influencing sulfur dynamics, | examined sulfur
cycling in wetlands from several different sources (Fenchel et al, 2000; Mitsch & Gosselink,
2000; Schlesinger, 1997; Stumm & Morgan, 1981). Within each soil layer in the model | have
modeled the feedbacks that influence two respiration processes, aerobic respiration and sulfate
reduction. Since there is some debate asto how rates of methanogenesis are affected by the rates
of sulfate reduction, | assume for the purposes of the model that there is no feedback between the
two and that methanogenesis is constant under conditions of the changing importance of sulfate

reduction (Watson and Nedwell, 1998).



Since cycling in the soil does not take place solely with regard to one element, the model
was split to account for fluxes in oxygen, carbon and sulfur. The pools of the same compound
with respect to different elements are related by molar ratios. Each modeled chemical speciesis
preceded by a letter representing which element it is represented in terms of. For example,
0OS0O4 (sulfate in terms of moles of oxygen) is four times SSO4 (sulfate in terms of moles of
sulfur).

The model simulates the size of the pools of sulfate (SSO4) within each layer of the soil
and other compounds essential to the chemical cycling of sulfur, including hydrogen sulfide
(SH2S), bicarbonate (CHCO3 and OCHCO3), and oxygen (O02). The model also smulatesthe
soil carbon dioxide pool (CCO2 and OCO2) that is influenced by sulfate reduction and aerobic
respiration. For simplicity, effects of carbon dioxide concentration on microbial processes have
not been incorporated into the model, since there remains some debate about the specific effects
of CO, concentration on soil processes.

The rates of many of the equations in the model are dependent on the redox status of the
soil. For smplicity, redox processes that depend on the presence of oxygen are represented as
occurring when oxygen levels are above 0.001M by means of an oxygen parameter (m) defined
asequation 1 (Table 1). Processes that only occur under anaerobic conditions occur when the
oxygen concentration is below 0.001M.

Microbially mediated processes were modeled with Michaglis-Menten equations that
depend on either one or both reactants in the process. The rate of sulfate reduction (equation 2,
Table 1) depends only on the concentration of sulfate since organic carbon supply is not limiting
(Boudreau and Westrich, 1984), and aerobic respiration (equation 3) depends only on the
concentration of oxygen in the soil layer. Microbia sulfide oxidation (equation 4) depends on

both the oxygen and sulfide concentrations in the soil, since both potentialy limit the rates of



sulfide oxidation. Uptake of sulfur by plants (equation 6) is modeled as a saturating process that
depends on the sulfate concentration in the soil and saturates at a maximum value (Umax) that is
dependent on the maximum growth rate of the plant. This value is constant, since | assume that
vegetative growth is limited by either nitrogen or phosphorus and not by a factor within the
modeled system.

Of particular importance to the implications of the model toward carbon balance isthe
carbon dioxide and bicarbonate equilibrium in the soil. Inputs to these pools come as products of
aerobic and anaerobic respiration, and the equilibrium between the two within the soil is
dependent on pH. The carbon equilibrium equation (equation 5) calculates the difference
between what the concentrations of the two species would be in equilibrium and then adjusts the
two concentrations so they approach these values. The equilibrium values are important because
the proportion of inorganic carbon present as carbon dioxide is able to exchange with the
atmosphere via surface soil, controlling the ability of the soil to retain carbon.

The microbial and chemical processes in the individual soil layers are tied together by
diffusion equations. Between layers simple diffusion occurs for each solute down its
concentration gradient (equations 8,9). In addition, each chemical diffusesinto or out of the
underlying groundwater (equation 10) following smple diffusion, which has a magjor influence
on the chemistry of the entire soil profile. For gaseous elements, diffusion aso occurs between
the top soil layer and the atmosphere (equation 11), as gasses dissolve into solution according to
Henry'sLaw. Rates of oxygen diffusion from the atmosphere into surface soil limits oxygen
availability to the system, and the diffusion of this oxygen through layers of the sediment is

limited by the rapid uptake in surface layers via microbial respiration.



Parameterization:

The values of the concentrations of O,, H,S, and CO, were calculated using Henry's Law
(at 20°C and 1 atm) and the average concentration of these gasses in the atmosphere
(Schlesinger, 1997). These concentrations for O, and H,S were incorporated into the equations
for each element (equation 11; 0,=0.273MO, H,S=0.20MS) and the value for CO, was defined
as a parameter (ATMeq) so that it could be manipulated. Diffusion rate parameters were chosen
by fitting concentration data with personal observation of typical dissolved oxygen levelsin New
Y ork peatland soils (generaly zero below 10cm). Thisresulted in the top two or three layers of
soil being oxic (on average) with the lower layers being anoxic.

A pH of 7 was chosen for the simulations based on the observation that the peatlands|’ve
studied in New Y ork tend to be circum-neutral. Thisis particularly true for the band of the
northeastern US and Canada that is dominated by carbonate bedrock (Brady & Weil, 1999). |
parameterized the carbonate-CO; equilibrium within the soil using equilibrium equations and K
values for carbon species modeled after Cosby et a (1985) and assuming a temperature of 293K.
The parameters for sulfate reduction were based on the values for saltwater systems (Rm=0.02,
Boudreau and Westrich, 1984) with some manipulation. | chose the remaining parameters
(Table 2) to fit with my general expectations about how peatland chemistry should behave in
equilibrium based on personal observation and general principles of nutrient cycling.

| assigned values for drivers such as groundwater concentrations of nutrients based on the
preliminary equilibrium concentrations obtained for the state variables in the model (Table 3). |
assumed that the groundwater was enriched in most elements relative to the active microbial
zone of the soil and chose values that seemed in logical proportion. Based on the preliminary

equilibrial choseinitial state variable concentrations that were of the same order of magnitude as



the equilibrium values to better approximate a natural state, and assigned the surface soil layer

gas concentrations in equilibrium with the atmosphere (Table 4).

Anaysis:

| ran the model initially in what | consider a pristine state. There was no sulfate
deposition from the atmosphere, atmospheric gas levels were representative of today’' s average
global values, and microbial processes occur in my best approximation of their natural rates.
This model settled at equilibrium by 500 days, with the top 3 layers of the soil aerobic. Overall,
soil column aerobic respiration rates exceeded sulfate reduction rates, and the peatland was a
small source of CO, to the atmosphere.

The first factor | manipulated in the model was sulfate deposition. Prior to the addition
of thisterm, there was no external supply of sulfate to the soil system other than internal cycling
through H,S oxidation. | added 0.5M/day to the system from 500 to 1500 days, then ceased the
deposition and examined itsimpact. The primary result of this addition was an increase in rates
of sulfate reduction. Over the course of the sulfate addition, sulfate reduction rapidly became the
dominant microbial pathway. This can be seen when examining the total soil respiration ratesin
each layer of the soil (Figure 2). In the top three layers of the soil respiration rates only
increased a small amount over their pristine rates, while the total respiration in the bottom layers
increased dramatically. The middle soil layers (layers 5 and 6) had larger increases than the very
bottom layers because the bottom layers lost sulfate to the groundwater more rapidly than they
could reduce it. Because of these increased rates of microbial respiration, carbon dioxide
concentrations in the soil increased, and the flux of carbon dioxide from the sediment to the
atmosphere increased (Figure 3). When | removed sulfate deposition the model returned to its

pristine state, with the magnitude of carbon flux identical to itsinitial value.



The next scenario | investigated was increased plant uptake, either due to fertilization or
change in dominant species cover. | doubled the rate of plant uptake of sulfate to investigate its
impact on carbon exchange. Overall rates of soil respiration decreased as a result of the removal
of sulfate from soil water, with a corresponding decrease in rates of sulfate reduction (Figure 4).
Soil in layers 5-8 had the largest decrease in respiration, while surface layers had no visible
change in rates. However, the magnitude of the depression in respiration was very small, on the
order of 10"-6, and did not have a significant impact on CO, in the surface soil layer or CO; flux
from the soil (Figure 7).

Global warming had a more significant impact on carbon exchange. | worked with the
assumption that microbial metabolism would double for every ten degrees of warming. | then
examined the changes that would occur as aresult of an increase of 10°C by doubling rates of
aerobic respiration, sulfate reduction, and H,S oxidation. Under these conditions, the surface
soil respiration had the greatest response, showing increased soil respiration as aresult of more
rapid microbial processes (Figure 5), and demonstrating that under warmer conditions without
sulfate deposition aerobic respiration dominates total soil respiration. We also see a
corresponding increase in both surface soil CO, (Figure 6) and CO-, flux out of the soil (Figure?).

The final scenario | examined was the effect of increased CO, on physical processesin
the peatland. | assumed that the concentration of CO, in the atmosphere would double, causing a
doubling in the amount that is dissolved in water in equilibrium with the atmosphere. Because |
didn't consider direct feedbacks of CO, on microbial processes, this scenario did not have an
effect on microbial respiration. It did however affect the amount of CO, dissolved in the surface
layer of the soil (Figure 6). Since more CO; can be dissolved in the surface layer under

conditions of increased atmospheric CO,, a smaller amount of CO; is actually escaping from the



soil (Figure 7). This scenario therefore decreases the ability of the peatland to act as a source for

CO..

Discussion:

Overadl, the change in carbon dioxide flux to the atmosphere as a result of most scenarios
is small when compared to the pristine (control) situation (Figure 8). To a measurable
approximation (three to four decimal places), increasing plant uptake and atmospheric CO,
concentrations does not make a difference in overall carbon flux from the peatland. Global
warming has a larger impact, although only causes an increase of 33% over the pristine
condition. Sulfate deposition, on the other hand, causes a substantial difference in CO; flux,
causing the flux to be over 40 times that of the pristine state. One implication of these resultsis
that the system’s low initial sulfate concentrations were responsible for very low rates of sulfate
reduction, and that the system has the potential for much higher rates of sulfate reduction than
are found in the pristine state. It also shows that the anaerobic zone has the potential to be avery
important factor in controlling carbon dynamics within the system.

The small response of the model to changing temperature and CO, in the atmosphere as
well asto increased plant uptake show that the system is well buffered with respect to internal
changes in carbon pools and recycling rates. Even under large external forcings, the system
shows little change in its carbon fluxes and reservoirs. This may be partly due to the absence of
methanogenesis in the model, which may also respond to changes in temperature and climate,
adding to the response of sulfate reduction to climate change parameters. However, if the
peatland modeled here is a representation of the sensitivity of northern peatlands to climate
change, then prediction that peatlands will convert from a carbon sink to a carbon source as a

result of climate change may be true. Although the magnitudes of the change in carbon flux



from peatlands in the model are small, they are represented as fluxes in moles of carbon per liter
of water in the surface soil per day. Over the vast stretches of peatlands in the northern latitudes
this change in flux could be dramatic. Also, one prediction of climate change modelsisthat the
northern latitudes will warm more than equatorial latitudes, potentialy causing alarger changein
flux than we would predict just based on changesin the global average temperature.

The model also implies that the potential importance of sulfate reduction to overall
microbia processes within peatlands has been underestimated. The model in the pristine
condition demonstrates low sulfate reduction rates, which is comparable to observed natural
systems. Inthe model, large increases in sulfate flux (an order of magnitude higher than surface
SO,* levels) cause correspondingly large increases in sulfate reduction. This result suggests that
sulfur cycling in peatlands is indeed an important process in the mineralization and cycling of
carbon and that sulfate deposition, particularly in Asia and areas without federal regulations on
sulfur emissions, can have a large detrimental impact on these systems. |f we are to control the
response of these wetlands to climate change, mitigating sulfur emissions around the globe
would go along way to alleviating carbon emissions from sulfate reducers. Otherwise the fluxes
of carbon to the atmosphere resulting from sulfate reduction will be very high, causing
substantial increases in atmospheric CO, concentrations, and potentially contributing to climate
change and adverse effects on terrestrial and aquatic ecosystems.

More research into the interactions between sulfate reducing and methanogenic microbial
populations and the introduction of this relationship into the model would increase its accuracy
and help us predict whether the outcomes of the model would actually occur should similar
circumstances happen in the world. Another way to improve the accuracy of the model
predictions would be to consider a hydrogen ion budget for the system, to assess the effect these

climate changes would have on pH of the soil, which would then affect reaction rates and the



equilibrium between bicarbonate and carbon dioxide in soil water. Finally, this model appliesto
a peatland that has exchange with underlying groundwater, but no actual groundwater flow
through it. Modeling hydrologic delivery would make this model more applicable to a variety of
different peatland habitats, and thus more representative of the response of the broad area of

northern peatlands to climate change.
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Figure 1. Simplified Model Diagram. General fluxes are shown for processes within all soil layers. Exchanges with the atmosphere and groundwater are not shown.
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Table 1. Model Equations

For every soil layer, these processes occur:

1. Oxygen Parameter: m? 1 (1 if anoxic, O if oxic)

b
173023

?w ?

? * ?
2. Sulfate Reduction (S): sF167 58 047,
5Ks? S04 %

? * ?
3. Oxic Respiration (O): F 47 30r8P 0027, 5 5 2
5KF42002 5

2 * * 2
4. H2S Oxidation (S): sF5723 2 Q027 H2S 3,9,
72kF5? 002* SH2S?

5. Carbon Equilibrium (C): cF19? Y:pH ? 6.1%* CHCO3* 3.33? CCO2"* kc

U max* Eo* SS0O4
U max? Eo* S04

7. FeS Precipitation (S): sF137? ‘alpha* SH2S™* m

6. Plant Uptake (S): sF187?

For layers 2 to 9, diffusion between a layer (2-9) and the layer above (1-8) occurs for all
chemical speciesin alayer:

DIFFaqG * “Concentrationayer ?j :? Concentrationlayer :j ? 17
5

8. GasDiffusion ?

Gas diffusion applies to CO, (F2 and cF2), O, (F8), and H,S (sF12)

DIFFaqS* “Concentrationayer j %:? Concentrationlayer tj ?1%::
5

9. SAltDiffuson ?

Salt diffusion applies to SO,%(F7 and sF7) and HCOs* (F20 and cF20)

For layer 9, diffusion into the soil column comes from underlying groundwater:

DIFFaq(SorG) * “Concentrationgroundwater : ? Concentrationdayer %j 217

5
Diffusion carries the same flux designations as above.

10. Diffusion ?



For layer 1, exchange of gaseous elements between the water and the atmosphere:

11. AtmExchange ? DIFFatm* “Concentrationlayer 1%? Conc*ATMeq::
. , i

Occursfor CO, (cF2,F2) O, (F8) and H,S (sF12)

Derivatives.

dCCO2dt[j]:=-cF2[j]+cF2[j+1] +cF4][j] +cF19[j]
dCHCO3dt[j]:=-cF20[j]+cF20[j+1] +cF16[j]-cF19[]]
dSSOA4dt[j]:=-sF7[j] +sF7[j+1]-sF18[j]-sF16[j] +sF5[j] +(Sdep* SdepP[j])
dSH2Sdt[j]:=-sF12[j]+sF12[j+1]+sF16[j]-sF5[j] +sF14driver-sF13[j]
dOO2dt[j]:= -F8[j]+F8[j+1]-F5[j]-F4[j]

dOCO2dt[j]:=2* dCCO2dt[j]

dOSOA4dt[j]:=4* dSSOA4dt[|]

dOHCO3dt[j]:= 3*dCHCO3dt[j]



Table 2. Parameters, descriptions, and their initial values.

Parameter Description

Oresp Oxic respiration constant

bl H,S oxidation constant

apha FeS ppt rate constant

kF5 H,S Oxidation Half Saturation

kF4 Respiration Half Saturation

kc Carbon Equilibrium Rate Constant

Rm Max SO4 reduction

ks SO,” red half saturation

Umax Max S uptake

Eo limited S supply rate

DIFFagG Diffusion constant for gasses

DIFFagS Diffusion constant for salts

DIEFatm erlif#asngg constant for atmospheric
Concentration of CO; in equilibrium

ATMeq with atmosphere 2

w oxygen parameter

b oxygen parameter rate exponent

Table 3. Drivers, descriptions, and their initial values.

Driver

Sdep
sF14driver

pH
gH20CHCO3
gH20CCO2
gH20SH2S
gH20SS04
gH200CO2
gH200S04
gH20002
gH200OHCO3

Description

Atmospheric Sulfate Deposition
Organic S Oxidation

pH

Groundwater HCOs*> C
Groundwater CO, C
Groundwater H2S™S
Groundwater SO4™S
Groundwater CO, O
Groundwater SO, O
Groundwater O, O
Groundwater HCOz* 0O

0.5
0.3

0.5

0.00121

0.001
10

moles S/L
moles O/L
day™

moles S/L/d
moles S/L/d

moles S/L/d

moles C/L

unitless
unitless

Units

moles S/L/d
moles S/L/d
-log[H"]
moles C/L
moles C/L
moles S/L
moles S/L
moles O/L
moles O/L
moles O/L
moles O/L



Table 4. State Variables and their initial values.

State Var. Initial Value  Units
CC0O21 0.0012 molesC/L
CC0O22 0.041 moles C/L
CCO023 0.055 moles C/L
CC0O24 0.067 moles C/L
CCO25 0.079 moles C/L
CCO26 0.09 moles C/L
CCO27 0.101 moles C/L
CCO28 0.112 moles C/L
CCO29 0.118 moles C/L

CHCO31 0.0093 moles C/L

CHCO32 0.0138 moles C/L

CHCO33 0.0181 molesC/L

CHCO34 0.02227 molesC/L

CHCO35 0.02633 molesC/L

CHCO36 0.03035 molesC/L

CHCO37 0.03401 molesC/L

CHCO38 0.03832 molesC/L

CHCO39 0.048 moles C/L
SS041 0.03447 molesS/L
SS042 0.02381 molesS/L
SS043 0.01353 moles S/IL
SS044 0.00677 molesS/L
SS045 0.002972 moles S/IL
SS046 0.000924 molesS/L
SS047 0.000268 moles S/L
SS048 0.00007680 moles S/L
SS049 0.00002043 moles S/L
SH2S1 0.2393 moles S/IL
SH2S2 0.2897 molesS/L
SH2S3 0.3405 moles S/L
SH2%4 0.3855 moles S/L
SH2S5 0.4221 moles S/L
SH2S6 0.4493 moles S/IL
SH2S7 0.4699 moles S/IL
SH2S8 0.4851 moles S/L
SH2S9 0.4951 moles S/L

State Var. |nitial Value Units
0021 0.1117 moles O/L
0022 0.0401 moles O/L
0023 0.0129 moles O/L
0024 0.0039 moles O/L
0025 0.0013 moles O/L
0026 0.00084 moles O/L
0027 0.00062 moles O/L
0028 0.00042 moles O/L
0029 0.00021  moles O/L

0CO021 0.0024 moles O/L
0C022 0.082 moles O/L
0CO023 0.11 moles O/L
0C024 0.134 moles O/L
0OCO025 0.158 moles O/L
0OCO26 0.18 moles O/L
OCO27 0.202 moles O/L
0CO028 0.224 moles O/L
0C029 0.236 moles O/L
0S041 0.13788 moles O/L
0S042 0.09524  moles O/L
0S043 0.05412 moles O/L
0S044 0.02708 moles O/L
0S045 0.011888 moles O/L
0S046 0.003697 molesO/L
0Ss047 0.00107 moles O/L
0S048 0.000307 molesO/L
0S049 0.0000817 molesO/L

OHCO31 0.02883 moles O/L

OHCO32 0.04129 molesO/L

OHCO33 0.05244 moles O/L

OHCO34 0.06782 molesO/L

OHCO35 0.07798 moles O/L

OHCO36 0.09205 moles O/L

OHCO37 0.10204 molesO/L

OHCO38 0.11595 moles O/L

OHCO39 0.14401 molesO/L
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Figure 3. The effect of sulfate deposition on soil-atmosphere CO2 exchange as
shown through deviations from the pre-deposition pristine values. Deposition
spanned from t=500 to 1500.
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Figure 2. The effect of sulfate deposition on total soil respiration in each layer of
the soil profile. Deposition of 0.5M/day began at t=500 and ended at t=1500.
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Figure 4. Soil respiration response to increased plant uptake, assuming plant uptake
doubles at t=500.
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Hgure 5. Soil respiration response to global warming, assuming a 10°C increase in
local temperature at t=500.
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Figure 6. Effect of perterbations on CO2 in surface soil layer
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Figure 7. Effect of perturbations on CO2 Flux to Atmosphere from soil
column. Values are deviations in CO2 flux from the pristine values.
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Figure 8. Flux of CO2 to the atmosphere at steady state
following disturbance compared with the pristine situation.
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