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[1] This research introduces the concept of a ‘‘CO2 fertilization factor for soil carbon’’ (sCF). The sCF is a



measure of an ecosystem’s capacity to increase soil carbon storage in response to elevated carbon dioxide levels. This paper describes the mathematical derivation of sCF and illustrates how sCF can be determined experimentally, using data from a white oak study. I have developed this concept to compare the results of carbon dioxide enrichment experiments having different soil carbon turnover times, different levels of CO2 enrichment, and different lengths of exposure to elevated carbon dioxide levels. The sCF can also be used to estimate increases in soil carbon uptake due to observed contemporary increases in atmospheric carbon dioxide levels. Although the approach used here may seem oversimplified, I present it as a simple way of estimating the extent to which elevated levels of CO2 could increase soil carbon storage. I have determined a sCF of 1.18 for a white oak ecosystem using soil carbon and radiocarbon measurements. If major terrestrial ecosystems have similar sCF values, CO2 fertilization may be transferring enough carbon from the atmosphere to soil to balance the global carbon budget. Components: 9887 words, 10 figures, 3 tables. Keywords: biogeochemistry. Index Terms: 0315 Atmospheric Composition and Structure: Biosphere/atmosphere interactions; 1615 Global Change: Biogeochemical processes (4805) Received 24 December 2003; Revised 22 February 2004; Accepted 22 March 2004; Published 7 May 2004. Harrison, K. G. (2004), Soil carbon CO2 fertilization factor: The measure of an ecosystem’s capacity to increase soil carbon storage in response to elevated CO2 levels, Geochem. Geophys. Geosyst., 5, Q05002, doi:10.1029/2003GC000686.



1. Introduction [2] Several lines of research suggest that the terrestrial biosphere is removing large amounts of carbon dioxide from the atmosphere [Ciais et al., 1995; Keeling et al., 1996; Rayner et al., 1999; Battle et al., 2000; Schimel et al., 2001], but the location of the stored carbon is unknown. One possible location is in soil: soil carbon and radioCopyright 2004 by the American Geophysical Union



carbon measurements collected worldwide suggest that soil carbon has the potential to significantly alter atmospheric carbon dioxide levels and to be the location of the ‘‘missing sink’’ [Harrison, 1996]. The mechanism for removing carbon dioxide from the atmosphere is also unknown. CO2 fertilization is one possible mechanism. CO2 fertilization is an increase in plant growth in response to elevated atmospheric carbon dioxide 1 of 18
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that the overall effect of CO2 enrichment on soil carbon was small. Loya et al. [2003] have observed that CO2 enrichment raised soil carbon levels by six percent. Harrison et al. [2004] found that soil carbon accumulation rates for white oaks exposed to 660 ppm of carbon dioxide were 14% greater than their ambient counterparts after four years.



Figure 1. Conceptual model. This figure illustrates the concepts of dynamic carbon storage (upper portion) and CO2 fertilization (middle and lower portions). It is based on the work of Harrison et al. [1993] and Harrison [1996]. SCI equals the soil carbon input; I equals the active soil carbon inventory; t equals the turnover time of active soil carbon; (DCO2/CO2) equals the fractional change in atmospheric carbon dioxide concentration; SCF equals the soil carbon CO2 fertilization factor; SCL equals soil carbon loss; and k equals the decay constant. See sections 2 and 3 in the text.



levels [Strain and Cure, 1985; Bazzaz and Fajer, 1992; Wullschleger et al., 1995]. CO2 fertilization may be slowing the accumulation of carbon dioxide in the atmosphere by increasing carbon accumulation in terrestrial vegetation and soil. [3] Several studies have looked at changes in soil carbon associated with carbon dioxide enrichment. Hungate et al. [1999] have found that elevated carbon dioxide levels increased soil carbon input. Van Kessel et al. [2000] have observed that total soil carbon was not increased by carbon dioxide enrichment. Schlesinger and Lichter [2001] have reported that the elevated soil carbon inventory at the Duke FACE site was 20% higher than the ambient inventory after three years of treatment; however, pre-treatment depth intervals (0–7.5, 7.5–15, 15–35 cm) differed from post-treatment depth intervals (0–15, 15–30 cm). Hagedorn et al. [2003] have found



[4] Although these empirical results are interesting, they do not provide information about the amount of additional carbon being stored in soil because of CO2 fertilization today. To remedy this, I have developed the concept of ‘‘CO2 fertilization factor for soil carbon’’ (sCF). I have attempted to devise the simplest model that will fit the available observations, following the law of parsimony (i.e., Occam’s Razor). The sCF model contains only two variables, turnover time and sCF, which are fully constrained by actual soil carbon and radiocarbon measurements. [5] As will be described in detail below, Figure 1 illustrates two key concepts developed in this paper: dynamic carbon storage and carbon dioxide fertilization. Soil contains about 1500 billion tons of carbon [Schlesinger, 1997]. The top portion of the figure shows that a reservoir of soil carbon that contains 600 billion tons of carbon and has a 25-year residence time will exchange 24 billion tons of carbon with the atmosphere every year [Harrison, 1996]. The inventory of the carbon in the reservoir will remain constant if the flux in and the flux out do not change, even though the mean life of carbon in the reservoir is 25 years. This is an example of dynamic carbon storage. The middle portion of the figure shows how carbon might accumulate if elevated atmospheric carbon dioxide levels increase the flux of carbon to the soil. In this case, the soil carbon reservoir accumulates carbon at a rate of 2 billion tons per year, because the carbon losses lag the carbon inputs. This is an example of how carbon dioxide fertilization can increase carbon storage. A sCF value of 1.0 was used to estimate soil carbon uptake (see below). The lower portion of Figure 1 shows the net carbon accumulation when atmospheric carbon dioxide levels reach and maintain a level of 560 ppm, at 2 of 18
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At this point, I define the soil carbon CO2 fertilization factor (sCF): sCF ¼ ðDSCI=SCIÞ=ðDCO2 =CO2 Þ:



2. Mathematical Derivation of the Soil Carbon CO2 Fertilization Factor



ð6Þ



Soil carbon inputðSCIÞS ¼ I=t



ð1Þ



sCF equals the fractional change in soil carbon input divided by the fractional change in atmospheric carbon dioxide levels. For example, a sCF of 0.35 implies that a doubling of CO2 would eventually result in a 35% increase in soil carbon storage. Section 4 shows how soil carbon inventory and radiocarbon measurements can be used to estimate sCF. sCF can be substituted into equation (4) to produce a simpler equation:



Soil carbon lossðSCLÞ ¼ k * I;



ð2Þ



ðSCIÞE ¼ I=t þ I=t * ðDCO2 =CO2 Þ * sCF :



[6] The derivation of the soil carbon CO2 fertilization factor (sCF) is based on a simple box model. The box has an inventory of soil carbon (I), a flux of carbon into the box, and a flux of carbon out of the box:



where t is the soil carbon turnover time, I is the soil carbon inventory, (SCI)S is the steady state soil carbon input, and k is the decay constant (equal to 1/t). At steady state, the soil carbon input equals the soil carbon loss, and the inventory of soil carbon remains constant. Hence the exchange flux equals the inventory divided by the turnover time (I/t). [7] The flux of carbon into the box may increase. For example, at elevated carbon dioxide levels, plants may increase the amount of carbon added to soil because of increased water-use efficiency and decreased photorespiration [Bazzaz and Fajer, 1992]. The increased flux can be represented by adding an additional term to the steady state flux: ðSCIÞE ¼ ðSCIÞS þ DðSCIÞ:



ð3Þ



The soil carbon input at elevated carbon dioxide levels [(SCI)E] equals the steady state or ambient soil carbon input [(SCI)S] plus the increase in soil carbon input due to CO2 fertilization [D(SCI)]. D(SCI) can be expanded into more terms to show how it relates to the steady state soil carbon input and the increase in atmospheric carbon dioxide levels: DðSCIÞ ¼ I=t * ðDCO2 =CO2 Þ * ðDSCI=SCIÞ=ðDCO2 =CO2 Þ: ð4Þ



Equation (3) can then be rewritten as ðSCIÞE ¼ I=t þ I=t * ðDCO2 =CO2 Þ * ðDSCI=SCIÞ=ðDCO2 =CO2 Þ:



ð5Þ



ð7Þ



The soil carbon input at elevated carbon dioxide concentrations equals the input at ambient atmospheric carbon dioxide concentrations (i.e., the steady state input), plus the steady state input, multiplied by the fractional change in the atmospheric carbon dioxide level, multiplied by the soil carbon CO2 fertilization factor. The elevated input will equal the steady state input if the fractional change in atmospheric carbon dioxide levels is zero, or if sCF is zero.



3. Dynamic Soil Carbon Storage [8] Like other natural systems, some components of the carbon system are constantly in flux. This dynamism is essential to understanding how terrestrial and oceanic carbon pools respond to natural and anthropogenic perturbations. Just as a savings account balance will increase over time if the amount of money deposited exceeds the amount withdrawn, so, too will the soil carbon inventory increase if the flux into soil exceeds the flux out, despite high turnover. [9] Large pools of carbon that exchange significant amounts of carbon with the atmosphere are the most likely candidates to change atmospheric carbon dioxide levels [Harrison et al., 1993]. You can store carbon in a dynamic pool, even if it has a fast turnover time, as I will now illustrate. Consider a carbon pool having 500 billion tons of carbon and a 25-year turnover time. The exchange flux (I/t would be 20 billion tons of carbon/year or about 3 of 18
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Except for sCF, all of the parameters in this equation can be measured. The soil carbon accumulation can be directly measured, the inventory of soil carbon can be directly measured, the fractional change in atmospheric carbon dioxide levels is known, and the soil carbon turnover time can be determined using soil radiocarbon measurements. Thus sCF can be estimated on the basis of measurements of the other parameters (see Section 6).



Figure 2. Active soil carbon input versus loss: I = 500 billion tons C, t = 25 years, sCF = 0.35. In this CO2 fertilization simulation, I double carbon dioxide levels in the atmosphere after 25 years. I assume that this doubling will increase the active soil carbon inventory by 35% (i.e., sCF = 0.35). I use a turnover time of 25 years for active soil carbon. The values used for this example are based on the work of Harrison et al. [1993] and Harrison [1996]. Carbon accumulates in the soil because soil carbon loss exceeds soil carbon oxidation.



[11] Eventually, the loss of soil carbon due to decomposition will equal the increased soil carbon input and a new steady state will be reached. The rate at which the steady state is achieved depends on the turnover time. For soil carbon, which has a 25-year turnover or e-folding time, it will take several decades to reach steady state. The lag between soil carbon input and soil carbon loss will allow soil to accumulate carbon (Figure 3). Figures 2 and 3 demonstrate the concept of dynamic storage. Carbon pools having the greatest potential to influence carbon dioxide levels in the atmosphere will have a large exchange flux.



one-third of terrestrial net photosynthesis; altering this flux would dramatically change atmospheric carbon dioxide levels. To illustrate this pool’s influence, suppose that sCF is 0.35. Doubling carbon dioxide levels will increase the reservoir of soil carbon by 35%. Let us assume, in this case, that carbon dioxide levels rise instantaneously from 280 ppm (the pre-industrial value) to 560 ppm after 25 years. The increased flux of carbon to the soil can be determined using equation (7) (Figure 2). The flux of carbon leaving the soil can be calculated using equation (2). The rate of carbon loss will also increase, but this increase will lag behind the soil input increase, due to CO2 fertilization. [10] The accumulation of soil carbon depends on the difference between the soil carbon input (SCI) and the soil carbon loss (SCL): soil carbon accumulation ¼ SCI  SCL:



ð8Þ



Equation (8) can be expanded:   Soil carbon accumulation ¼ I=t þ I=t * ðDCO2 =CO2 Þ * sCF    1=t * I :



Figure 3. Active soil carbon accumulation: I = 500 billion tons C, t = 25 years, sCF = 0.35. This plot integrates the difference between the input and loss shown in Figure 1, to show the carbon accumulation. The turnover time of 25 years is the time it takes to reach 70% of the steady state value. These results illustrate how soil carbon could be slowing the increase of carbon dioxide accumulation in the atmosphere. 4 of 18
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of carbon losses from the soil. Researchers have shown that carbon dioxide enrichment can increase the flux of carbon to soil [DeLucia et al., 1999; Lichter et al., 2000]. Researchers have also found that the decomposition rates change at elevated carbon dioxide levels [Hu et al., 2001; Loya et al., 2003]. Increases in temperature may also increase the rate of soil organic matter decomposition [Trumbore et al., 1996].



Figure 4. Passive soil carbon input versus loss: I = 500 billion tons C, t = 5000 years, sCF = 0.35. This simulation is identical to the active soil carbon simulation in Figure 2, with one exception: the soil carbon pool has a 5000-year turnover time instead of the 25-year turnover time used in Figure 2. This example illustrates the importance of soil carbon turnover time. The increase in passive soil carbon input is negligible.



[12] Carbon pools having slow turnover times are unlikely to influence atmospheric carbon dioxide levels. Suppose you have a pool of carbon with an inventory of 500 billion tons and a 5,000-year turnover time. How much of this carbon exchanges with the atmosphere? It would be 0.1 billion tons C/year, which is a small fraction of net terrestrial photosynthesis. Assume that doubling atmospheric carbon dioxide levels will increase this pool of carbon by 35% (i.e., sCF = 0.35). As in the previous case, I consider an instantaneous increase in carbon dioxide levels from 280 ppm to 560 ppm after 25 years. Figure 4 illustrates how this pool would respond to increased atmospheric carbon dioxide levels. Figure 5 illustrates that the inventory of this carbon pool would change by only a negligible amount over time. Carbon pools having turnover times greater than several thousand years are unlikely candidates for hiding the ‘‘missing sink.’’ [13] sCF reflects changes in the rate of soil organic input and changes in the rate of soil organic carbon decomposition. CO2 fertilization will likely change the rate of carbon additions to the soil and the rate



[14] Many known and unknown processes influence how soil carbon inventories respond to elevated carbon dioxide levels. sCF integrates all of these process into one parameter that is fully constrained by changes in soil carbon and soil radiocarbon (see section 4). There are no unconstrained or poorly-constrained variables.



4. Using Soil Carbon Inventory and Radiocarbon Measurements to Determine the Soil Carbon CO2 Fertilization Factor (SCF) [15] The increase in soil carbon caused by CO2 fertilization can be measured directly in CO2 enrichment experiments. This increase, along with soil radiocarbon measurements, can thus be used to determine sCF, following equation (9).



Figure 5. Passive soil carbon accumulation: I = 500 billion tons C, t = 5000 years, sCF = 0.35. The increase in soil carbon storage is negligible. 5 of 18
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atmospheric pulse to estimate soil carbon turnover times. For example, Figure 6 shows how a 12-year carbon pool and a 25-year carbon pool would respond to an atmospheric increase. The 12-year pool of soil carbon shows a greater response to the atmospheric radiocarbon pulse than the 25-year pool does.



Figure 6. A radiocarbon sensitivity test using a model simulation of a CO2 enrichment experiment. Atmospheric nuclear bomb testing almost doubled the level of radiocarbon in the atmosphere around 1964. A carbon pool having a 12-year turnover time will respond to the radiocarbon pulse faster than a carbon pool having a 25-year turnover time. In 1990 the atmospheric radiocarbon values were reduced by 50% for the depleted splits to simulate the start of a CO2 fertilization experiment. The radiocarbon levels drop because the CO2 added to increase CO2 levels contains no radiocarbon in this example. As before, the 12-year carbon pool responds faster that the 25-year pool. The difference in soil radiocarbon values between the ambient and elevated soil can be used to estimate soil carbon turnover times. This figure was generated using a radiocarbon model developed by Harrison et al. [1993].



[16] Soil carbon input cannot be measured directly. Processes that add carbon to soil include input from throughfall, root exudation, and litter and root decomposition. Inputs from these processes cannot be measured precisely or accurately, so the soil carbon input must be determined indirectly. Fortunately, soil carbon input can be determined by soil radiocarbon measurements. [17] Harrison et al. [1993] have summarized the work of numerous researchers who have used the near-doubling of atmospheric radiocarbon levels in 1964 to estimate soil carbon turnover times. Atmospheric radiocarbon levels increased because of nuclear-bomb testing. Since the rate of radiocarbon penetration into the soil depends on the soil carbon turnover time, researchers have used the



[18] The same approach can be used to determine the soil carbon turnover times in carbon enrichment experiments, if the enrichment gas is depleted in radiocarbon. This depletion creates a ‘‘negative pulse.’’ The resulting difference in soil radiocarbon values between soil under vegetation exposed to ambient carbon dioxide and radiocarbon levels and soil beneath vegetation exposed to elevated carbon dioxide levels and depleted radiocarbon levels is shown in Figure 6. This ‘‘negative radiocarbon pulse’’ can be used to estimate soil carbon turnover times, because the rate of radiocarbon decrease in the pool depends on the turnover time. The 12-year pool of soil carbon shows a greater response to radiocarbon depletion than the 25-year pool. Using soil radiocarbon measurements to determine soil carbon turnover times is analogous to ‘‘pulsechase’’ experiments. [19] Figure 6 was generated using the following equation: 14



 C=C t ¼



14



Ct1 þ



14



Cin 



14



Cout 



14



 Cdecay =I:



ð10Þ



The radiocarbon-to-total-carbon ratio at time step ‘‘t’’ equals the radiocarbon that was present in the previous time step, plus the radiocarbon added to the box, minus the radiocarbon from the box, minus the radiocarbon that has decayed. This approach is analogous to using bomb radiocarbon as a dye tracer and has been used to estimate the oceanic uptake of atmospheric carbon dioxide. Although this approach may seem oversimplified, it is a parsimonious way of estimating soil carbon turnover times. [20] Figure 7, generated using equation (9), illustrates the relationship between soil carbon inventory, turnover time, and sCF. Carbon pools with the largest size, fastest turnover time, and greatest sCF 6 of 18
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will remove the greatest amount of carbon dioxide from the atmosphere. [21] Samples were collected from a white oak experiment at the Global Change Field Research Site in Oak Ridge, TN, where two chambers of white oak trees were exposed to elevated (ambient + 300 ppm) CO2 and two chambers remained ambient [Harrison et al., 2004]. Mahoney and Harrison [2003] have described the procedure used to collect soil and determine the soil carbon inventories. Harrison et al. [1993] have described the procedure for making soil radiocarbon measurements.



5. Results Figure 7. A CO2 fertilization sensitivity test. This figure shows how the soil carbon CO2 fertilization factor (sCF = 0.35), soil carbon turnover time, and degree of carbon dioxide enrichment influence the increase in active soil carbon over time. Greater sCF values and higher levels of CO2 enrichment result in larger increases in active carbon. Faster turnover times lead to a faster response to CO2 enrichment. These hypothetical responses were generated using a CO2 fertilization model [Harrison et al., 1993]. Other factors may influence the active soil carbon accumulation rate.



[22] Table 1 shows the carbon and radiocarbon results the white oak experiment described above. The soil beneath the elevated chambers had 14% more carbon than the soil beneath the ambient chambers [Harrison et al., 2004]. This difference was statistically significant. The elevated chambers had slightly lower radiocarbon values than the ambient chambers, because the carbon dioxide used to elevate CO2 levels was depleted in radiocarbon. For example, the vegetation had a radiocarbon value of 108.12 ± 0.54% modern in the elevated chamber and 114.96 ± 0.65% modern in the ambient chamber. Soil radiocarbon values



Table 1. White Oak Carbon and Radiocarbon Resultsa Depth, cm



pMC



0–5 5 – 10 10 – 20 20 – 30



105.95 ± 0.54 102.59 ± 0.59 95.77 ± 0.72 92.06 ± 0.50



Total 0–5 5 – 10 10 – 20 20 – 30 Total



Total C, g C/cm2 0.098 0.090 0.155 0.143



Active Fraction



Ambient CO2 Concentrations ± 0.011 73% ± 0.012 68% ± 0.015 57% ± 0.010 52%



0.486 ± 0.015 104.54 ± 0.58 101.88 ± 0.52 94.54 ± 0.54 88.93 ± 0.58



Elevated (Ambient + 300 ppm) CO2 Concentrations 0.127 ± 0.030 79% 0.098 ± 0.016 74% 0.173 ± 0.021 62% 0.157 ± 0.017 52% 0.555 ± 0.033



Active C, g C/cm2



Passive C, g C/cm2



0.072 0.061 0.088 0.074



0.026 0.029 0.067 0.069



0.295 ± 0.011



0.191 ± 0.023



0.101 0.073 0.107 0.082



0.026 0.025 0.066 0.075



0.362 ± 0.016



0.193 ± 0.026



a



The fraction of active carbon decreases with increasing depth. The elevated chambers had 14% more total carbon and 23% more active carbon than the ambient chambers.
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increased with increasing depth because the amount of active soil carbon decreases with increasing depth [Harrison et al., 1993]. I also obtained a soil sample from 170–180 cm. This soil had a radiocarbon value of 58.1 ± 0.39% modern and a corresponding age of about 4500 years.



6. Determining the Soil Carbon CO2 Fertilization Factor (SCF) for the White Oak Experiment [23] The radiocarbon data in Table 1 can be used to estimate the inventory and turnover times of active and passive soil carbon. The change in active soil carbon inventory can be used to derive the soil carbon CO2 fertilization factor. [24] Deep soil can be used to estimate the turnover time of passive soil carbon [Harrison et al., 1993]. This technique assumes that the amount of active soil carbon decreases with increasing depth. The deep soil carbon value for this site was 58.1% modern, which corresponds to a 4500-year soil carbon turnover time. [25] The difference between the radiocarbon levels in the treatment chambers and the control chambers can be used to determine the turnover time of active soil carbon, as illustrated in Figure 8. This figure was derived using equation (10) and the parameters of the white oak experiment: 4 growing seasons, 300 ppm carbon dioxide enrichment, and the radiocarbon levels of the atmosphere and the enriched atmosphere. Greater differences between ambient and elevated soil radiocarbon values signify faster turnover times. After four growing seasons, the difference between the elevated and ambient surface soil was 1.41% modern. This average difference translates into an 18-year turnover time for active soil carbon (Figure 8). [26] Although soil consists of a mixture of active and passive components, Harrison et al. [1993] have demonstrated that only the active soil carbon inventory increases in a time frame like that of this study. On the basis of their model, radiocarbon measurements can be used to determine the inventory of active carbon for both elevated and ambient chambers. In 1994, a soil carbon pool



Figure 8. Using radiocarbon measurements to derive active soil carbon turnover times. This figure was generated using the parameters for the white oak experiment: 4 growing seasons, 300 ppm carbon dioxide enrichment, and the radiocarbon levels of the atmosphere and enriched atmosphere. Larger differences in radiocarbon correspond to faster soil carbon turnover times. The turnover time for the active soil carbon is about 18 years for the white oak experiment.



having an 18-year turnover time would have had a radiocarbon value of 124% modern on the basis of Harrison et al.’s [1993] model. The passive component would have had a radiocarbon value of 58.1% modern. The 0–5 cm soil, which measured 105.95% modern in the ambient chambers, would thus consist of a 73% active and 27% passive mixture: ð0:73Þð124% modernÞ þ ð0:27Þð58:1% modernÞ ¼ 105:95% modern:



The 0–5 cm soil (104.54% modern) in the elevated chambers would likewise be calculated as a mixture of 79% active and 21% passive: ð0:79Þð117% modernÞ þ ð0:21Þð58:1% modernÞ ¼ 104:54% modern:



The elevated chambers had a radiocarbon value that was lower than the ambient chambers by 7% modern. The elevated chambers had 14% more total soil carbon, on average, and 23% more active 8 of 18
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to 0.019 g C cm2 yr1 by the conclusion of the experiment. Carbon has accumulated because there is a lag between increased soil carbon input and increased soil respiration. The system will eventually reach steady state only when the soil carbon input equals the soil carbon loss. At the start of the experiment, the soil carbon input was greater than the soil carbon loss because of the contemporary increase in atmospheric CO2 levels. [29] I have calculated the radiocarbon value for the 0 to 30 cm interval for the ambient chambers using the 4500-year turnover time for the passive carbon (58.1% modern). The 4500-year turnover time represents the ‘‘best guess’’ value for the passive soil carbon turnover time. Figure 9. Using the observed 23% increase in active carbon to derive a soil carbon CO2 fertilization factor (sCF). This relationship was derived using the parameters of the white oak experiment and a CO2 fertilization model [Harrison et al., 1993]. The parameters were the active soil carbon turnover time (18 years), the duration of the experiment (4 growing seasons), and the carbon dioxide elevation (ambient + 300 ppm). The sCF was 1.18 for the white oak CO2 enrichment experiment.



soil carbon, on average, than the ambient chambers (Table 1).







ð58:1%Þ 0:191 g C=cm2







 þ ð124%Þ 0:295 g C=cm2 =0:486 g C=cm2 ¼ 98:10%:



The passive radiocarbon value is multiplied by the passive soil carbon inventory from Table 1. The active radiocarbon value is multiplied by the active soil carbon inventory from Table 1. These values are averaged to obtain a 98.10% value for the 30-cm profile for the ambient chambers. [30] The same calculation can be repeated for the elevated chambers, which have a higher inventory



[27] This 23% increase in active carbon, and the 18-year turnover time for active soil carbon can be used to calculate the soil carbon CO2 fertilization factor (Figure 9). This figure was generated using the parameters of the experiment and equation (9). The greater the percent change in active soil carbon, the greater the sCF. The value of sCF for this white oak open-top chamber experiment was 1.18. [28] Figure 10 illustrates how soil carbon may have accumulated in the white oak CO2 enrichment experiment. In this simulation, carbon dioxide levels are elevated to 300 ppm above ambient carbon dioxide levels for four years, the soil carbon turnover time is 18 years, and the final active-carbon soil inventory is 0.36 g C/cm2. The soil carbon input increased from 0.018 g C cm2 yr1 to 0.033 g C cm2 yr1. Soil carbon loss increased slowly from 0.016 g C cm2 yr1



Figure 10. White oak input versus loss. The soil carbon input was derived from equations (2) and (5). Sources for soil carbon input include litter decomposition, root decomposition, root exudation, and dissolved organic carbon in throughfall. 9 of 18
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Table 2. Model Sensitivity Tests Active C, g C/cm2



sCF



0.295 0.362



1.18



Ambient Elevated



Passive Test 1: Increase Passive Soil Carbon Turnover Time From 4500 to 6200 Years 6200 0.164 18 0.322 6200 0.163 18 0.392



1.18



Ambient Elevated



Passive Test 2: Decrease Passive Soil Carbon Turnover Time From 4500 to 3800 Years 3800 0.207 18 0.279 3800 0.211 18 0.344



1.25



Ambient Elevated



Active Test 1: Increase Ambient Chamber Active Carbon Turnover Time to 25 Years 4500 0.19 25 0.30 4500 0.21 18 0.35



0.85



Sensitivity Test



Passive t Years



Ambient Elevated



4500 4500



Passive C, g C/cm2



Active t Years



Best Guess: Based on Available Data 0.191 18 0.193 18



Active Test 2: Change Active Soil Carbon Turnover Time From 18 to 4 Years (Case A) and From 18 to 130 Years (Case B) Case A 4500 0.21 4 0.35 0.40 Case B 4500 0.21 130 0.35 3.5



of active carbon, but a lower radiocarbon value for the active soil component (117% modern):   ð58:1%Þ 0:193 g C=cm2



 þ ð117%Þ 0:362 g C=cm2 =0:555 g C=cm2 ¼ 96:52%:



The passive radiocarbon value is multiplied by the passive soil carbon inventory from Table 1. The active radiocarbon value is multiplied by the active soil carbon inventory from Table 1. These values are averaged to obtain a 96.52% value for the 30-cm profile for the elevated chambers. These values will be used in the sensitivity tests that follow.



7. Experimental Limitations and Model Sensitivity [31] Below, I explore the errors associated with several model assumptions, using a series of sensitivity tests that delimit the extent of possible errors (Table 2). The soil carbon and soil radiocarbon models assume that the turnover time of passive carbon is 4500 years and does not vary with depth, that the turnover time of active soil carbon can be represented by one value, and that the active soil carbon turnover time in the ambient chambers is the same as the soil carbon turnover times in the elevated chambers. The lack of pre-



treatment soil carbon and radiocarbon data and the small amount of radiocarbon depletion in the enrichment gas limits the robustness of my analysis. With a stronger radiocarbon signal, the uncertainties of methods introduced in this paper would be greatly reduced.



7.1. Passive Sensitivity Tests [32] The first two sensitivity tests examine how the results would change if the passive soil carbon turnover time varied (Table 2). I have assumed that the passive soil carbon turnover time was 4500 years (e.g., 58.1% modern) for this site because of the absence of active soil carbon in the deep soil [Harrison et al., 1993]. This is based on a soil sample that was collected from a depth of 170 to 180 cm at the site. It is in good agreement with the average value of deep soil collected from temperate sites worldwide. The radiocarbon value for these sites was 55.1 ± 8%, which corresponds to a turnover time between 3800 (63.1% modern) and 6200 (47.1%) years for passive soil carbon.



7.1.1. Passive Test 1: Increase Passive Soil Carbon Turnover Time From 4500 to 6200 Years [33] To test the sensitivity of sCF to changes in passive soil carbon turnover times, I recalculated 10 of 18
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sCF using a 6200-year turnover time (47.1% modern) instead of the 4500-year turnover time that was observed at this site. [34] Using a 47.1% modern carbon value (6200-year turnover time) would have resulted in an active carbon inventory of 0.322 g C/cm2 for the ambient chamber: 



 ð47:1%Þ X g C=cm2 þ ð124%Þ ð0:486  XÞ g C=cm
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2







=0:486 g C=cm



2



ern) instead of the 4500-year turnover time that was observed at this site (Table 2). [37] Using a 63.1% modern carbon value for passive would have resulted in an active carbon inventory of 0.279 g C/cm2 for the ambient chamber: 



ð63:1%Þ X g C=cm2







 þ ð124%Þ ð0:486  XÞ g C=cm2 =0:486 g C=cm2







¼ 98:10%



¼ 98:10%



The mass of the passive carbon, X, equals 0.164: 



ð47:1%Þ 0:164 g C=cm2







The mass of the passive carbon, X, equals 0.207: 



ð63:1%Þ 0:207 g C=cm2







 þ ð124%Þ 0:279 g C=cm2 =0:486 g C=cm2 ¼ 98:10%



 þ ð124%Þ 0:322 g C=cm2 =0:486 g C=cm2 ¼ 98:10%



The ambient chambers had an active soil carbon inventory of 0.322 g C/cm2 at the conclusion of the CO2 enrichment experiment.



The ambient chambers had an active soil carbon inventory of 0.279 g C/cm2 at the conclusion of the CO2 enrichment experiment.



[35] Using a 47.1% modern carbon value (6200-year turnover time) would result in an active carbon inventory of 0.392 g C/cm2 for the ambient chamber:



[38] Using a 63.1% modern carbon value (3800-year turnover time) would result in an active carbon inventory of 0.344 g C/cm2 for the ambient chamber:







ð47:1%Þ X g C=cm2











ð63:1%Þ X g C=cm2







 þ ð117%Þ ð0:555  XÞ g C=cm2 =0:555 g C=cm2 g ¼ 96:52%



 þ ð117%Þ ð0:555  XÞ g C=cm2 =0:555 g C=cm2 ¼ 96:52%



The mass of the passive carbon, X, equals 0.163:



The mass of the passive carbon, X, equals 0.211:











ð47:1%Þ 0:163 g C=cm2







 þ ð117%Þ 0:392 g C=cm2 =0:555 g C=cm2 ¼ 96:52%



ð63:1%Þ 0:211 g C=cm2







 þ ð117%Þ 0:344 g C=cm2 =0:555 g C=cm2 g ¼ 96:52%



The elevated chambers had an active soil carbon inventory of 0.392 g C/cm2 at the conclusion of the CO2 enrichment experiment. The elevated chamber would have 22% more active carbon than the ambient chamber and the sCF would be 1.18, which is the same as my 4500-year value (Figure 9).



The elevated chambers had an active soil carbon inventory of 0.344 g C/cm2 at the conclusion of the CO2 enrichment experiment. The elevated chambers would have had 23.3% more active carbon than the ambient chambers, and the sCF would have been 1.25, compared to 1.18 for the 4500year value (Figure 9).



7.1.2. Passive Test 2: Decrease Passive Soil Carbon Turnover Time From 4500 to 3800 Years



7.2. Active Sensitivity Tests



[36] To further test the sensitivity of sCF to changes in passive soil carbon turnover times, I recalculated sCF using 3800-year turnover time (63.1% mod-



[39] The next three sensitivity tests examine how the sCF would change if the ambient chambers had a soil carbon turnover time of 25 years instead of 18 years (active test 1), if the active soil carbon turnover time was 4 years (active test 2, case A), 11 of 18
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and if the active soil carbon turnover time was 130 years (active test 2, case B). These tests explore extreme scenarios that are not likely.



7.2.1. Active Test 1: Increase Ambient Chamber Active Carbon Turnover Time From 18 to 25 Years [40] The first active sensitivity test explores the assumption that the soil carbon turnover times for the elevated and ambient chambers are the same (Table 2). I consider how the results would differ if the ambient rings had a 25-year turnover time and the elevated chambers had an 18-year turnover time. For the ambient chambers, the passive soil carbon inventory would remain the same (0.19), and the active soil carbon inventory would increase from 0.295 to 0.30. The elevated chambers would have 17% more active carbon and the sCF would decrease from 1.18 to 0.85 (Figure 9). Uncertainties of this nature could have been avoided by collecting pre-treatment soil samples.



7.2.2. Active Test 2: Decrease//Increase Active Soil Carbon Turnover Time [41] The largest errors associated with the derivation of sCF stem from the weak radiocarbon signal due to the enrichment gas being barely depleted in radiocarbon. The difference in the mean soil radiocarbon in the surface soil (0–5 cm) between the elevated site and ambient site soil was only 1.41% modern carbon: ð105:95  0:54% modern CÞ  ð104:54  0:58% modern CÞ ¼ 1:41% modern C:



The 1.41% modern carbon difference translates into an 18-year active soil carbon turnover time (Figure 8). Since a recovering site in South Carolina has a 12-year turnover time [Harrison et al., 1995] and the average turnover time for temperate forests and grasslands in their native state is 25 years [Harrison, 1997], an 18-year turnover time for active soil carbon appears reasonable for this recovering temperate site.
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7.2.2.1. Case A: Decrease Active Soil Carbon Turnover Time From 18 to 4 Years



[42] The highest possible value for the difference between the ambient and elevated chambers would produce ð105:95 þ 0:54% modern CÞ  ð104:54  0:58% modern CÞ ¼ 2:53% modern C:



This difference of 2.53% would translate into an active soil carbon turnover time of 4 years (Figure 8) and a sCF of 0.4. A 4-year turnover time for the active carbon is not reasonable because it falls outside of the expected 12- to 25-year range discussed above. 7.2.2.2. Case B: Increase Active Soil Carbon Turnover Time From 18 to 130 Years



[43] Using the lowest possible value for the difference between the ambient and elevated chambers produces: ð105:95  0:54% modern CÞ  ð104:54 þ 0:58% modern CÞ ¼ 0:29% modern C:



This difference of 0.29% would translate into an active soil carbon turnover time of 130 years (Figure 8) and a sCF of 3.5. As with the 4-year possibility, a 130-year turnover time for the active carbon is not reasonable, because it falls outside of the expected 12- to 25-year range.



7.3. Summary of Sensitivity Tests [44] For this study, I have assumed that the turnover time of passive carbon is 4500 years and does not vary with depth, and that the turnover time of active soil carbon can be represented by one value. The sensitivity tests outlined above (Table 2: ‘‘passive tests 1 and 2’’) show that these assumptions remain robust and have relatively little effect on sCF. [45] I also assume that the soil carbon turnover time in the ambient chambers is the same as the soil carbon turnover time in the elevated chambers. ‘‘Active test 1’’ shows that increasing the active soil carbon turnover time from 18 years to 25 years would change sCF to 0.85, which is significantly 12 of 18
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lower than the ‘‘best guess’’ value. This assumption could have been avoided if pre-treatment samples had been collected, which would have made it possible to determine the active soil carbon turnover times directly for both chambers. The largest uncertainty illustrated by the sensitivity tests was caused by the small amount of radiocarbon depletion in the enrichment gas (‘‘active test 2’’). With a stronger radiocarbon signal, the uncertainties of methods introduced in this paper would have been greatly reduced. Overall, however, the method for determining sCF appears robust.



8. Discussion [46] Below, I discuss the strengths and weaknesses of my approach for determining sCF. My goal has been to develop the simplest theoretical and analytical approach to quantify the amount of carbon stored because of carbon dioxide enrichment. In comparing my approach to others, I will use Occam’s Razor. The law of economy states that the simplest competing theory or approach is preferable. This theme is echoed by Harte [2002], who states that an overdependence on overly-complex models hinders progress in earth science. Specifically, he suggests that models with numerous adjustable parameters, in addition to being inscrutable by nature, can be adjusted to support (or contradict) any hypothesis. In contrast, I have developed a parsimonious model that contains only two variables (turnover time and sCF) that are fully constrained by soil carbon and radiocarbon measurements. The infinite complexities of the system are imbedded into just two parameters. Similarly, the nonfractionation approach used in this study appears simpler and less affected by uncertainties in model parameters than other approaches.



8.1. Using Megamodels to Determine the Soil Carbon CO2 Fertilization Factor [47] Models that calculate the accretion of carbon using known annual inputs include the Century and Rothamsted models. Both models are very sensitive to the turnover time of soil carbon. In
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the Century model, plant residue is divided into structural and metabolic components. These two components are then converted into active, slow, and passive soil carbon [Parton et al., 1993; Schimel et al., 1994]. The Century model’s active soil carbon component has a turnover time that ranges from 1 to 5 years. This pool consists of live microbes, microbial products, and soil organic material, and its decomposition rate (and turnover time) has been determined using Sørenson’s [1981] laboratory incubation data of cellulose in soils. The Century model’s slow soil carbon pool consists of soil organic material that has been physically protected by clay minerals or in chemical forms that are resistant to decomposition. The turnover times range from 20 to 50 years, on the basis of the observed long-term cellulose decay rate from Sørenson’s [1981] experiment. This rate was observed between days 360 and 1600 of the experiment. The passive soil organic material (e.g., lignin) is chemically recalcitrant and/or physically protected and has been assigned a turnover time of 800 to 1200 years on the basis of the radiocarbon age of a soil fraction measured by Martel and Paul [1974]. The turnover times of the various soil organic material pools can be adjusted in modeling to take into account clay content, soil moisture, and temperature. This modeling approach has successfully predicted carbon concentrations for several ecosystems. [48] The Rothamsted model takes a known input of organic carbon and partitions it into two fractions: decomposable plant material and resistant plant material [Jenkinson, 1990]. The resistant plant material decays to form CO2, microbial biomass, and humus. The turnover time for the humus pool is 50 years. This turnover time has been derived from experiments that measured decomposition rates of radiocarbon-labeled plant material in different soils for ten years. The model also includes a pool of inert organic material with a hypothetically infinite turnover time (i.e., no radiocarbon) that has been used to reconcile radiocarbon measurements with radiocarbon values predicted by the model. As in the Century model, the rate constants for the decomposition of soil humus can be adjusted for different clay content, moisture, and temperature. 13 of 18
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[49] The Century and Rothamsted models were designed to predict soil carbon concentrations for a given climate and soil characteristics. Both of these approaches determine the inventory and turnover time of belowground carbon pools by indirect methods; unlike the approach for finding sCF outlined here, they do not use in situ soil radiocarbon measurements, so they are not wellsuited for quantifying the exchange of carbon between the atmosphere and soil. Knowing this exchange is essential for determining sCF. Therefore the Century and Rothamsted models are not well-suited for determining the sCF. The law of economy suggests that a simpler approach be used in favor of more complicated approaches.



8.2. Using Soil Fractionation Approaches to Determine the Soil Carbon CO2 Fertilization Factor [50] Soil carbon turnover times can also be estimated by making radiocarbon measurements of soil carbon fractions. Researchers have found that different chemical and physical fractions have widely different turnover times [Campbell et al., 1967; Scharpenseel et al., 1968; Martel and Paul, 1974; Goh et al., 1976]. Fractionation schemes attempt to divide soil carbon into labile and resistant pools or fractions. Labile fractions have fast carbon turnover times and resistant fractions have slow carbon turnover times. Trumbore [1993] has summarized the various fractionation approaches. Fractionation techniques include separation by density and chemical properties, and produce estimates of turnover times with an uncertainty of at least 10 years for labile pools [Trumbore et al., 1996]. This uncertainty occurs because the labile fractions contain significant amounts of passive carbon, and results in an overestimate of active soil carbon turnover times, which will have a very large effect on the determination of sCF (Figure 7). Similarly, fractionation approaches may underestimate passive soil carbon turnover times because their resistant fraction contains active carbon. Torn et al. [1997] suggest that the clay content and the mineralogy of soil may affect soil carbon turnover times. However, their results may also be interpreted to mean that clay content and mineralogy
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can alter the effectiveness of fractionation schemes. This alternate interpretation was not addressed in their paper. [51] Below, I compare the fractionation and nonfractionation approaches for determining sCF (Table 3). I specify the results of a four-year CO2 fertilization experiment that enriched carbon dioxide levels by 300 ppm from 1989 to 1994 to be the basis for the comparison (Table 3, specified column). The soil below the vegetation contained a pool of active carbon having a turnover time of 25 years and an inventory of 0.53 g C/cm2 and a pool of passive carbon having a turnover time of 6000 years. The sCF for this ‘‘thought experiment’’ was 0.35, which resulted in the accumulation of 0.031 g C/cm2 after four years of carbon dioxide enrichment (ambient + 300 ppm CO2). The average radiocarbon value for the soil in 1989 was 88.33% modern: ðð0:53Þð124:9% modernÞ þ ð0:47Þð47:1% modernÞ ¼ 88:3% modern:



The radiocarbon value of a carbon pool having a 25-year turnover time in 1989 was 124.9% modern, and the radiocarbon value of a carbon pool having a 6000-year turnover time in 1989 was 47.1% modern. [52] If the nonfractionation approach underestimates the turnover time by 1500 years, what effect would this underestimate have on sCF? As discussed earlier, the nonfractionation approach would determine the incorrect inventories of active and passive carbon. This error would result from an incorrect estimate of the turnover time of passive soil carbon (Table 3, nonfractionation approach column). For example, if the nonfractionation approach suggested that the passive carbon turnover time was 4500 years instead of 6000 years, this would result in an active soil carbon inventory of 0.45 g C/cm2 instead of the actual 0.53 g C/cm2 value. The resulting sCF would be 0.42, 20% higher than the actual value. The sCF was derived using a 25-year turnover time, the observed increase in soil carbon, and the parameters of the experiment. The strength of the nonfractionation approach is that the turnover time of the active soil 14 of 18
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Table 3. Comparing Fractionation and Nonfractionation Approaches Using Sensitivity Testsa



Active t, years Active carbon inventory, g C/cm2 Passive t, years Passive carbon inventory, g C/cm2 Carbon change, g C/cm2 sCF a



Specified



Nonfractionation Approach



Fractionation Approach



25 0.53



25 0.45



48 0.53



6000 0.47



4500 0.55



5000 0.47



0.031 0.35



0.031 0.42



0.031 0.63



The actual parameters are specified in a thought experiment described in the text.



carbon pool is correctly determined, even if the passive soil carbon turnover time is determined incorrectly. [53] The fractionation approach would overestimate the turnover time of the active carbon and underestimate the turnover time of the passive carbon (Table 3, fractionation approach column). For example, if the labile fraction contained 90% active carbon and 10% passive carbon, the resulting radiocarbon value would be 117.2% modern:



approach (i.e., the nonfractionation approach) be used in favor of more complicated approaches (i.e., fractionation approaches), given that the fractionation approach is inherently more errorprone than the nonfractionation approach (80% versus 20%). Further, fractionation approaches require more radiocarbon measurements and sample-handling than the bulk carbon approach described here, increasing the expense of the project and increasing the likelihood of sample contamination.



ð0:9Þð124:9% modernÞ þ ð0:1Þð47:1% modernÞ ¼ 117:2% modern:



9. Dynamic Soil Carbon Storage and Other Research



The 117.2% modern radiocarbon value yields a 48-year turnover time for the active carbon, almost twice as long as the actual 25-year value. Using this 48-year turnover time, the observed increase in soil carbon, and the parameters of the experiment would result in a sCF determination of 0.63. The derived sCF is 80% higher than the specified value. In contrast, the nonfractionation approach produced an estimate of sCF that was within 20% of the specified value.



[55] Consider again the bank account analogy from section 3. Regardless of the rate of deposits and withdrawals (whether they are made daily, monthly, or annually), the accounting principles remain constant: deposits that exceed withdrawals will result in net savings, or, in the analogy, an increase in carbon inventory.



[54] Because the turnover times and inventories of soil carbon cannot be quantified with fractionation schemes at present, these approaches are ill-suited for determining sCF. The inclusion of even small amounts of active carbon in the passive fraction and vice versa can cause large errors in the determination of sCF, as demonstrated above. The law of economy also suggests that the simpler



[56] Many researchers have concluded that pools of carbon having long turnover times, such as the passive soil carbon pool, have very little potential to influence atmospheric carbon dioxide levels, and I agree with these conclusions. No mechanism could increase the input of carbon to passive soil enough to remove a significant amount of carbon dioxide from the atmosphere. Deep soil carbon consists mostly of passive carbon having a 5000-year turnover time and is therefore unlikely to be the location of the missing sink (Figures 4 and 5). 15 of 18
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[57] Researchers should not, however, confuse passive carbon’s shortcomings with that of all soil carbon. But some have done just that. For example, researchers have used rates of passive soil carbon accumulation, increases in the concentration of carbon dioxide in soil pore spaces, and the lack of change of soil carbon in deep soil to conclude that soil cannot be the location of the ‘‘missing sink.’’ [58] Schlesinger [1990] measured the rate of carbon accumulation in ancient soil and found very low rates of accumulation since the last ice age. This approach measures carbon accumulation rates of only passive soil carbon; the active carbon originally present in the soil had been lost due to age. Using rates of carbon accumulation in ancient soil as an indicator of potential carbon accumulation in modern soil is analogous to looking for tritium trapped in ice core bubbles that are 100,000 years old. The tritium, which has a half-life of about 12 years, will have all decayed. Similarly, the active soil carbon, which has a turnover time of 12 to 25 years, will no longer be present in ancient soil. In short, Schlesinger’s [1990] approach ignores the possibility that carbon pools having rapid turnover times can act as a carbon sink. [59] Schlesinger and Andrews [2000] have concluded that carbon dioxide enrichment could not increase soil carbon storage because any additional carbon added to soil would be consumed by substrate-limited microbes. However, 1500 billion tons of organic carbon are currently present in soil, and the microbes do not appear eager to eat it. Schlesinger and Andrews’ [2000] conclusion was based on measurements of carbon dioxide concentrations in soil beneath trees exposed to elevated and ambient carbon dioxide levels. They observed that the ‘‘elevated’’ soil had 30% higher concentrations of carbon dioxide than the ‘‘ambient’’ soil. They attribute half of this increase to microbial oxidation. Their approach fails to consider the possibility that the soil carbon input may increase faster than soil carbon loss. Their approach is analogous to concluding that a bank account balance must decrease if the amount of money withdrawn
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increases. In short, Schlesinger and Andrews [2000] have assumed that increased oxidation of soil organic material will exceed the increased flux of carbon to soil due to CO2 fertilization without having measured either flux. [60] Researchers have observed that elevated carbon dioxide levels have increased soil carbon storage and concluded that soil carbon could not be the location of the ‘‘missing sink’’ because the observed increases occurred at shallow depths rather than deep depths [Schlesinger and Lichter, 2001; Davidson and Hirsch, 2001]. These researchers failed to consider the possibility that carbon pools having rapid turnover times can store carbon if the rate of carbon loss lags behind the rate of carbon increase (Figures 1, 2, and 3).



10. Conclusion [61] Soil is not the only location where the missing carbon could be sequestered. The carbon may be sequestered in several different pools, including soil carbon, forest floor litter, aquatic sediments, and as dissolved inorganic and organic carbon in the ocean. CO2 fertilization is not the only process that can remove carbon dioxide from the atmosphere. Other processes include climate change, anthropogenic nitrogen deposition, changing planktonic species composition in the ocean, and changing land use. For example, researchers have suggested that changing land use may be removing large amounts of carbon dioxide from the atmosphere [Fan et al., 1998; Caspersen et al., 2000; Pacala et al., 2001; Houghton, 2003; Segal and Harrison, 2003]. [62] In this research, I have tried to explain the concept of dynamic carbon storage and to introduce the concept of the ‘‘soil carbon CO2 fertilization factor’’ (sCF). It is my hope that these concepts will be used by global change geochemists worldwide. This paper shows the mathematical derivation of sCF and, more importantly, it shows how soil carbon and radiocarbon measurements can be used to estimate sCF empirically, using results from a white oak study 16 of 18



Geochemistry Geophysics Geosystems



3



G



harrison: co2 fertilization factor



[Harrison et al., 2004]. The sCF enables scientists to compare the results of carbon dioxide enrichment experiments having different soil carbon turnover times, different levels of CO2 enrichment, and different lengths of exposure to elevated carbon dioxide levels. Even though the sCF has been derived from a stepwise increase in carbon dioxide levels, it can be used to effectively estimate increases in soil carbon uptake due to the observed, gradual contemporary increases in atmospheric carbon dioxide levels.
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