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Abstract

Comparing soil organic carbon (SOC) stocks across space and time is a fundamental issue
in global ecology. However, the conventional approach fails to determine SOC stock in an
equivalent volume of mineral-soil, and therefore, SOC stock changes can be under- or
overestimates if soils swell or shrink during forest development or degradation. Here, we
propose to estimate SOC stock as the product of mineral-soil mass in an equivalent
mineral-soil volume and SOC concentration expressed as g C Kg! mineral-soil. This
method enables researchers to compare SOC stocks across space and time. Our results
show an unaccounted SOC accumulation of 2.4 - 10.1 g C m? year! in the 1m surface
mineral-soils in global forests. This unaccounted SOC amounts to an additional C sink of
0.12 — 0.25 Pg C year’!, which equals 30 — 62% of the previously estimated annual SOC
accumulation in global forests. This finding suggests that forest soils are stronger C sinks

than previously recognized.
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97

98 INTRODUCTION

99  Whether a given terrestrial soil functions as a sink or source of atmospheric carbon (C) depends
100  on a precise quantification of the stock and accumulation rate of soil organic carbon (SOC)
101 (Dixon et al. 1994; Richter et al. 1999; Jobbagy & Jackson 2000; Lal 2004; Stockmann et al.
102 2013). However, there are still large uncertainties in the estimation of SOC accumulation rate
103  which hampers reliable assessments of the response and feedback of terrestrial ecosystems to
104  global changes. The stock of SOC is conventionally calculated by multiplying soil mass with
105  SOC concentration (Adams 1973; Brimhall ef al. 1991) and summing up to a fixed soil depth,
106  typically 1 m (Pan ef al. 2011). Then, changes in SOC stocks are estimated across space or over
107  time. However, during soil development or degradation, soil volume for a defined soil mass
108  can either increase (expansion) or decrease (contraction), but seldom stays unchanged. The
109  conventional approach fails to define the total soil mass because it ignores changes in soil
110  volume (AV). Consequently, major problems arise when the conventional method for
111 calculating SOC stock (Post & Kwon 2000; Jandl ef al. 2014; Schuur et al. 2015) is used to
112 compare SOC across space or over time (Table 1). Since soil porosity (SP) and soil organic
113 matter (SOM) content influence soil volume as forests develop (Zhou et al. 2006; Zou et al.
114  2010), the conventional method will likely underestimate SOC stocks and SOC accumulation
115  rates for soil in developing forests with expanding soil volume. The conventional method can
116  be expressed as:
117 SOC = Sum (OC x SM) (1)
118  where SOC is SOC stock or density (g C m?), SM is soil mass (g-SM m), OC is SOC
119  concentration (g C g'!-SM), and the Sum function refers to the soil layers added up to a defined

120  soil depth H (typically, H =1 m).
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121 The conventional method for measuring SOC accumulation rate over a temporal scale
122 between t; and t2 only requires calculating SOCt; and SOCt; at the fixed soil depth of H (i.e.,
123 Ht; = Hty) and regarding the differences between SOCt; and SOCt; as the SOC accumulation
124  rate during the period. However, SMt; and SMt> may differ due to changes in soil volume
125  resulting from inconsistent SP and/or SOM content. Since an increase in SP and/or SOM,
126 which typically occurs during soil development, will likely reduce the total SM within the fixed
127  soil depth H [i.e., Sum (SMt;) > Sum (SMty)], the conventional method underestimates SOCt,
128  and SOC accumulation rate (Fig. 1).

129 To overcome this problem of changing soil volume, researchers used an approach of
130  equivalent soil mass (namely the ESM approach) to compare SOC across space and time in
131 several studies (Dalal & Mayer 1986; Ellert & Bettany 1995; Mikhailova ef al. 2000; Lee et
132 al. 2009). In these improved calculations, soil mass (SM) is the same and SMt; equals to SMt,
133 but soil sampling depths do not need to be equal. Nevertheless, this improvement ignores
134  changes in mineral-soil mass (MSM) caused by changing SOM. An increase in SOM will
135  reduce the amount of MSM included in the calculation [i.e. Sum (MSMt;) > Sum (MSMt,)],
136  resulting in an underestimate of SOCt; and the SOC accumulation rate. Furthermore, even if
137  the influence of SOM on MSM is negligible, the ESM approach generates SOC data at different
138  mineral-soil mass due to inconsistent SP (Table 1). Thus, an alternative approach is to compare
139  SOC in an equivalent mineral-soil mass (EMSM) (Tremblay et al. 2006; Poulton et al. 2003).
140 However, to compare SOC stocks and accumulation rates across space and time, the most
141  reliable and applicable approach is to make comparisons on an equivalent depth basis of
142  mineral-soil so that to avoiding biases induced by inconsistent SP and mineralogical density
143 (Poulton et al. 2003). There are still no studies that successfully bring this thought into

144  operation in SOC accumulation comparisons at different spatial or temporal scales.
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145 Here, we propose a new method to estimate SOC stocks and accumulation rates based on an
146  equivalent mineral-soil volume approach (namely the EMSV approach):

147  SOC = Sum (OCp, x MSM) (2)
148  where MSM is the mineral-soil mass in equivalent volume of basal mineral-soil (g-MSM m"
149  2); the basal mineral-soil is defined as pre-developed mineral-soil with natural porosity and
150  without organic matter; OCn, is the SOC concentration based on MSM (g C g'!-MSM), and the
151  Sum function refers to the added MSM up to a defined EMSV for any time [i.e., Sum (MSVt,)
152  =(MSVt) = EMSV] and space [i.e., Sum (MSVs) = (MSVsz) = EMSV]. We consider all soils
153  in a particular soil type starting from a pre-developed soil (Fig. 1a) and use the pre-developed
154  soil as a reference system to calculate the soil volume change (AV) of a given forest soil (Fig.
155  1b), which will quantify SOC stocks in the defined EMSV (see Materials and Methods). Using
156  this method, we then examined the patterns of soil AV change and the associated unaccounted
157  C in global forest soils using a compiled global database of forest soil properties (GFSP, Fig.
158  S1 and Supplementary Data). Finally, we re-estimated forest SOC accumulation rates on both
159  local and global scales with this new approach using the GFSP database and literature data
160  from studies of SOC accumulation in forests (Pan et al. 2011).

161

162 MATERIALS AND METHODS

163  General configuration. In order to compare SOC across space and time in the equivalent
164  mineral-soil volume (EMSV), we needed to first define the MSV (e.g., 1 m depth of basal
165  mineral-soil) and quantify the SOC in the same defined EMSV. We introduced the concept of
166  using pre-developed soils as a standard reference system practically defined as soils without
167  apparent soil developing processes (typically beneath the B horizon). We used this reference

168  system to quantify changes in soil volume (AV) resulting from changes in SP (AVsp) and/or in
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169  OM content (AVowm, Fig. 1b). We quantified the unaccounted MSM and the associated SOC
170  and, then, recalculated the SOC stocks (Modified Ceensity) and accumulation rates (Modified
171 KCéensity)- The AV for a given soil profile with a fixed sampling depth at a given time was
172 calculated by comparing the volumes derived from soil porosity (SP) and organic matter (OM)
173 with those in the reference pre-developed soil profiles. Accordingly, based on equation 2, the
174  unaccounted SOC (ACeensity) Was calculated as a product of mineral soil mass (MSM) and SOC
175  concentration (OCy) in the expanded soil horizon. In this way, SOC accumulation rates over a
176  given time interval can be calculated, and compared across space and time. The major part of
177  a given MSV has been accounted for in the conventionally sampled soil layers using equation
178 1, but a proportion of MSV may be unaccounted for due to soil volume expansion. Therefore,
179  the total SOC stock in a given MSV is the sum of the accounted and unaccounted SOC. In
180  other words, we considered that the conventional sampling depth is not enough for any given
181  soil sample to keep the defined EMSV. The new method we proposed successfully includes the
182  unaccounted mineral soil mass so that the comparison of SOC across space and time is

183  applicable. The main equations are as below:

184  Modified Cqensity = Conventional Caensity + ACdensity (3)
185  Conventional Cyensity = % x Y, (BD; X V; X OM;) 4)
185 ACensity = 1o X BDim,, X OMpy_,, X XIL; (AV) (5)
187  Conventional KCensity = Slope (Caensity-t1: Cdensity-2) (6)
188  Modified KCensity = Slope (Modified Cdensity-t1: Modified Ceensity-2) (7

189  where Modified Cgensity and Conventional Caensity refers to SOC stock estimated by the
190  conventional method and our modified method, respectively (g C m™ soil); ACdensity refers to

191  the unaccounted SOC stock (g C m™ soil) for a given sampled volume of soil if comparing


https://doi.org/10.1101/149393
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/149393; this version posted June 13, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

192 SOC in EMSV ; BD is g soil cm™ soil; V is the sampled soil volume for a given soil horizon,
193  cm®m; OM is the organic matter concentration, g OM kg™! soil; “i” refers to the number of
194  soil horizon for a given soil profile; 0.50 is the conversion factor from OM to C (Pribyl

195  2010). BDp is the BD of mineral soil (g mineral soil cm™ soil); OMn is the organic matter

196  associated with each unit of mineral soil (g OM kg™! mineral soil); AV; refers to the AV of the
197  “i’th horizon in the profile (cm® m™); “n” refers to the last (deepest) soil horizon for a given
198  soil profile; “n + 17 refers to the adjacent deeper soil horizon with volume of AV (the total
199  soil volume change for a given profile); and BDmu+1 and OMmuy+ refer to BDm and OMn, in
200 the expanded soil horizon, respectively; Conventional KCgensity refers to the SOC

201  accumulation rate in a given non-equivalent soil mass (NESM) during a given time interval
202 (g C m? year'); Modified KCqensity is the SOC accumulation rate in a given EMSV during a
203 given time interval (g C m™ year™); t1 and t2 refers to the start and end times of a given

204  duration.

205 The database of global forest soil properties (GFSP). In order to estimate the global patterns
206 of OM, SP, SPy, BD and the annual relative change in BD (RCBD, g cm™ year'), we
207  established a database for global forest soil properties (GFSP), which consists of 961 plots, and
208 4184 rows of data (Appendix S1; Fig. S1; Supplementary Data).

209  Estimation of soil volume change. The volume increases of OM (AVowm) and SP (AVsp) are
210  two major sources of soil volume change (AV). They can be estimated by comparing OM and
211 SPin the reference soil (OM = 0; SP = SPy) with those in the studied soils. The main equations
212 are below:

213 AV =YL (AVou; + AVsp,) ()
214 AVoym, = Vo, 9)

215  If the soil profile contains several horizons (n > 1), Vom and AVsp in the “i"th horizon (i <=n
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216 - 1) can be calculated as:
Vou. = BDpy X — x i 10
217 OM; — m; % To00 X 13 (10)
218 AVgp, = ASP, X V; (11)
Vi OMm;
219 Thus, AVI = (BDmi X 1000 X 3 ) + (ASPI X Vl) (12)

220  For the last soil horizons (i =n and n > 1) or if the soil profile contains only one horizon (n =

221 1), Vom and AVsp in the “n" horizon can be calculated as:

Vp+AV,  OMp,

222 Vom, = BDpp, X 20 o (13)
223 AVsp = ASP, X (V,, + AVp) (14)
224 Thus, AV, = (G222 x 2200 4 ASP,) /(1 — (S22 x 2220 4 ASP,)) X Vi (15)
225  Here,

226  BDy,, =BD; — BDi x OM;/ 1000 (16)
227 OMp, =OM;/ (1 - OM;/ 1000) (17)
228 ASP, = SP, — SP, (18)

31
1

229  Where AV refers to the total soil volume change for a sampled soil profile; “i” refers to the

230  number of soil horizon in the soil profile; BDm is the BD of mineral soil (g mineral soil cm™

[13%2)
1

231 soil); Vi is the sampled soil volume of the “i”th horizon, cm® m2; OM, refers to the organic

€619
1

232 matter content (g OM kg'! mineral soil); AV; is the soil volume change in the “i”’th horizon;
233 1.3 is the true density of OM (g cm™) (Adams 1973); SPy refers to the soil porosity in the pre-
234 developed soil, which is estimated from the averages of the minimum values of SP

235  (excluding any values > 60%) of the deep soil layers (> 40 cm) in each plot for a given biome

236  using the database of GFSP. Interestingly, the estimated SPo does not differ across biomes

237 (F22711 =1.02, P=0.363; Fig. S2), suggesting that a common SPy (43.9%) can be used in

10
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238  estimating AVsp and AVowm at the global scale.

239 If SP is not given, it can be calculated from soil BD and OM. We made an improvement to
240  the conventional equations for both BD and SP (Adams 1973; Post & Kwon 2000). We

241  partitioned soil volume into three components: (a) true volume of OM (Vowm, excluding

242 porosity within OM), (b) true volume of mineral soils (Vm, excluding porosity within mineral
243  particles), and (c) the total volume of soil porosity within both OM and mineral particles

244 (Vsp). Thereby, we introduce new equations for BD and SP as below:

245  BD = Soil mass / (Vom + VM + Vsp) (19)
246  thus for 100 g of soil sample, the equation can be rephrased as:

247  BD=100/(%OM /1.3 + (100 - %OM) /2.65 + 100 / BD x SP) (20)
248  and further rephrased as:

249  BD=(100-100 x SP)/ (%OM /1.3 + (100 - %OM) / 2.65) (21)
250  and accordingly, SP can be calculated as:

251 SP=1-BD/ 100 x (%0OM /1.3 + (100 - %0OM) / 2.65) (22)
252 where %OM is per cent by weight of OM; 2.65 is the true density of mineral soils (Post &
253  Kwon 2000). Note that when %OM is zero, our equation for SP is equal to the conventional
254  SP equation (i.e., SP =1 — BD / 2.65) indicating that the conventional equation for SP is not
255  suitable for soil with high content of OM.

256  Calculation of unaccounted C stock in the 10 cm standardized forest soil horizons. We
257  classified the database of GFSP into three biomes, three OM levels, and three soil layers. , and
258  normalized the depth of all soil horizons to 10 cm (Appendix S2). Given that the standardized
259 10 cm soil horizon is considered as an independent uniform unit (Fig. S3), we assumed that
260 BDm and OMy, in the expanded part of soil were equal to those in the 10 cm soil horizons.

261  Thus, to calculate the Modified Caensity and ACaensity, the equations 3 - 5 can be simplified as:

11
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262 Modified Cqensity = (BDm % (V+ AV) /1000) x OMm x 0.50 (23)
263 ACdensity = (BDm x AV /1000) x OMp, x 0.50 (24)
264  Calculation of unaccounted forest SOC stock in the whole soil profiles. In order to

265  represent forest soil profiles across biomes, six forest sites with various climate and soil

266  characteristics were selected from the GFSP database (Appendix S3). The unaccounted SOC
267  stocks in the whole profiles with varied depths were calculated using our modified method.
268  For each plot (one site may have several plots), a linear and an exponential model was

269  established to describe the BD and OM as a function of soil depth (h, cm), respectively

270  (Table S1). Thereby, BDmy+; and OMmy+1 were calculated with those equations, where “h”
271 equals the original depth of a given soil profile plus its expanded depth (Ah). Afterwards, the
272 unaccounted C for each soil profile, plot, and site were estimated by equation 5.

273 New estimation of forest SOC accumulation rate at a long-term study site. In order to
274  quantify the method-derived uncertainty in SOC accumulation rate, we re-analyzed the soil C
275  dataset from an old-growth monsoon evergreen forest at Dinghushan Mountain where soil C
276 was found to accumulate with stand age (Zhou et al. 2006). We used the two equations (SOC
277 =0.035x — 67.97, R>=0.90, P < 0.0001 and BD = -0.0032x + 7.42, R* = 0.90, P = 0.01; here
278  “x” refers to years) in Fig. 1 of Zhou et al. (2006) to calculate the SOC (%) and soil BD in the
279  surface layer (0 — 20 cm) from 1979 to 2003. Based on equation 4, the conventional Cgensity for
280  a given year (Cdensity-year) Was calculated, and based on equation 6, the Cgensity change rate from
281  the conventional method (Conventional KCensity, g C m year™') was calculated as:

282 Conventional KCensity= Slope (Cadensity-1979: Cdensity-2003) (25)
283  In addition, based on equations 8 and 13 - 18, we calculated BDm, OMu, ASP, and AV for the
284  surface soil profile (0 — 20 cm). Furthermore, we calculated the decreasing rates of Cdensity

285  (SCéensity) with depth (i.e., from 0 — 20 cm to 20 — 40 cm) with literature data (Table S2) (Fang

12
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286 et al. 2003; Zhang 2011). Then, the unaccounted C stock (ACdensity, g C m™) for a given year
287  from 1979 to 2003 could be estimated as:

288  ACdensity = Cdensity X SCensity % (Ah / 20) (26)
289  SCqensity = (Cdensity In 20 — 40 cm s0il) / (Cgensity in 0 — 20 cm soil) (27)
290  Finally, the modified SOC stock for a given year was calculated with equation 3, and the

291  modified SOC accumulation rate (Modified KCaensity, g C m™ year'') was estimated as:

292 Modified KCeensity = Slope (Cdensity-1979: Cdensity-2003) (28)
293  New estimation of global forest SOC accumulation rate. We re-analyzed the dataset of

294  global forest SOC dynamics from 1990 to 2007 in Pan et al. (2011). This re-calculation did
295  not include sites in Japan and South Korea since no data were available. In addition, we

296  noticed that the total forest C density (including C in both living/dead plant biomass and soil)
297  declined from 1990 to 2007 in temperate Europe and New Zealand. These trends may imply
298 that the forest qualities in these regions are declining and, thus, soil volume change may be
299  limited. Therefore, these two regions were also excluded in this study to reach a more

300 conservative estimate of global forest SOC accumulation rates. Given that the dataset in Pan
301 etal. (2011) only showed forest soil C density (Mg C ha™!) and total forest area (Mha) in

302 1990, 2000, and 2007, we needed to first give an initial value of soil BD (i.e., determine BD
303  value in 1990) based on the GFSP-derived mean forest BD (Table S3). Then, the annual

304 relative changes in bulk density (RCBD) of forest soils across biomes were calculated

305  (Appendix 4) using the GFSP database and data from Zhou et al. (2006) (Table S4). The

306  equation is:

307 RCBD =KBD/BDy (29)
308  where, KBD is the slope of soil BD and BDy refers to soil BD at time zero (i.e., the beginning

309  of a specific forward development of forests). Finally, the values of global forest soil BD in
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310 2000 and 2007 were calculated based on the given values of BD in 1990 and the RCBD.

311  Thereby, soil OM, OMm, BDn, and SP in 1990, 2000, and 2007 were calculated using the

312 dataset of forest SOC density (g C m™) in Pan et al. (2011) and the given/calculated BD.

313 Then, we re-calculated the global forest soil C density (Caensity, g C m™) during 1990 to 2007
314  with our modified method and compared with them to those derived from the conventional
315 method. Forest SOC accumulation rates (KCaensity, g C m year!) and the change rates of total
316  forest SOC stock (KCstock, Pg C year™) for a given region are calculated as below:

317  Conventional KCeensity = Slope (Caensity-1990: Cdensity-2000: Cdensity-2007) (30)

318  Modified KCqensity = Slope (Modified Ceensity-1990: Modified Cqensity-2000: Modified

319 Cdensity-2007) (31)
320 Conventional KCgiock = Conventional KCeensity X Forest area (in 2007) (32)
321 Modified KCsiock = Modified KCqensity % Forest area (in 2007) (33)
322 ACqensity = Cdensity X SCdensity X (Ah / 100) (34)
323 SCdensity = (Cdensity in 100 — 200 cm s0il) / (Cdensity in 0 — 100 cm soil) (35)
324 Note that the maximum and minimum values of the decrease rates of Caensity (SCaensity) With

325  depth (i.e., from 0 — 100 cm to 100 — 200 cm) in different biomes were calculated with literature
326  data (Table S5) (Jobbagy & Jackson 2000), thus, the ranges of unaccounted forest SOC were
327  also estimated. Given that C density in the upper portion of a soil horizon is normally greater
328  thanthat in the lower portion, our approaches (Equation 26 and 34) will underestimate ACqensity;
329 thus, the forest SOC accumulation rates are likely still underestimated. Here, the unaccounted
330  SOC includes a fraction of OC that is not included in the mineral soil mass of the initial 1 m
331  soil, but this should not significantly contribute to more unaccounted C because soil volume
332 changes and their contribution to the estimation bias of SOC stock mainly occur in the surface

333  soils. We focused on the 1 m mineral soil mass equivalent depth so that SOC stocks could be
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334  compared across space and time.

335 Additionally, in order to exclude forest lands with limited expansion of soil volume, we
336  estimated the proportions (f) of forest plots in which SP was lower than the reference soil
337  porosity (SPo) (Table S6) using the database of GFSP. Thus, the more conservative estimation
338 of global forest SOC accumulation rate (K 'Cstock, Pg C year™') was calculated as:

339 K’Cstock = Modified KCqensity X Forest area (in 2007) x (1-f) (36)
340  Statistical methods. One-way ANOVA was performed to compare the SPo and the
341  unaccounted SOC accumulation rate among different biomes, and to examine the effect of the
342  sampling depth of soil profiles on the amount of unaccounted SOC stocks from six
343  representative forest sites across biomes. Either the post hoc LSD test (for homogeneous
344  variances) or Tamhane's T> test (for non-homogeneous variances) was performed for multiple
345  comparisons. General linear model was used to test the main effects of biome, soil layer and
346 OM level on the amounts and proportion of unaccounted SOC stock in the GFSP-derived
347  standardized 10 cm forest soil horizons. All statistics were performed with SPSS 19.0.

348

349 RESULTS

350 Theoretical Patterns of AV and Unaccounted SOC in Global Forests. To illustrate the
351  differences in the conventional method with fixed soil depth and our modified method with
352  fixed mineral soil mass, we calculated and compared soil volumes and SOC stocks (C density)
353 in the standardized 10 cm soils and 10 cm mineral soils using the GFSP-derived dataset. The
354  SOC stocks calculated in the standardized 10 cm soils with traditional method ranged from 913
355  to 7682 g C m?in boreal forests, 549 to 5807 g C m™ in temperate forests, and 687 to 6106 g
356 C m™ in tropical forests (Table S7). The postulated pre-developed 10 cm mineral soils

357  expanded 0.28 - 4.33 cm, 0.53 - 4.72 cm, and 0.75 - 6.18 cm in boreal, temperate, and tropical
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358  forests, respectively (Table S7). In boreal, temperate, and tropical forests, the increase in
359  volume of OM contributed to 1.4 - 11.8%, 0.8 - 8.9%, and 1.1 - 9.4% of the soil volume
360  expansions, respectively, and the increase volume in SP contributed to 1.2 - 17.9%, 3.7 - 25.1%,
361 and 5.5 - 28.8% of the soil volume expansions (Table S7).

362 The corresponding unaccounted SOC stocks were 27 - 3084 g C m?, 39 - 2507 g C m2, and
363 63 -3776 g C m™ (Fig. 2a-c) and accounted for 2.8 - 43.3%, 5.3 - 47.1%, and 7.5 - 61.8% of
364  the SOC stocks calculated by the conventional method for the respective boreal, temperate,
365  and tropical forests (Fig. 2d-f). The SOM level and biome type had significant impacts on both
366  the amount (F = 635.5, P <0.001 and F'=4.74, P = 0.009, respectively) and proportion (F =
367 236.2, P=0.000 and F=11.9, P =0.000, respectively) of unaccounted forest SOC. Soil layer
368  only significantly affected the amount of unaccounted SOC (£ = 3.28, P = 0.038).

369

370  Unaccounted Forest SOC Stocks in the Whole Soil Profile. To characterize the changes in
371 AV and unaccounted C in the whole soil profile, we calculated the stock of unaccounted forest
372 SOC in soil profiles ranging in depth from 5 — 60 cm. We selected six representative forest
373  sites across biomes from the GFSP-derived dataset. On average, the unaccounted forest SOC
374  stocks in soil profiles with varied depths were 1035 - 5083 g C m?, 899 - 1043 g C m, and
375 630 - 1040 g C m™ in boreal, temperate, and tropical forest sites, respectively (Fig. 3).
376  Unexpectedly, for most soil profiles, the amount of unaccounted SOC does not decrease
377  significantly with an increase in sampling depth (Fig. 3).

378

379  Unaccounted Forest SOC Accumulation Rate in a Local Mature Forest. To show the
380  estimation biases in forest SOC change over time, we re-calculated SOC accumulation rate (0

381  -20 cm depth) in a well-studied tropical old-growth forest where SOM concentration and bulk
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382  density (BD) have been monitored over 25 years (Zhou et al. 2006). The re-calculated SOC
383  accumulation rate is 13.5% higher than that derived from the conventional method, and only
384  0.2% lower than the previously assumed upper bound (estimated based on the assumption of a
385  constant BD during forest development) (Fig. 4).

386

387  Unaccounted SOC Accumulation Rate in Global Forests. Finally, to show the unaccounted
388  forest SOC accumulation rates globally, we re-analyzed a published global dataset of forest
389  SOC to a depth of 1 m (Pan ef al. 2011). We found that the unaccounted forest SOC sinks in
390 the 14 major forest regions (Pan et al. 2011) ranged from 0.001 to 0.089 Pg C year™! (Fig. 5a).
391  From boreal forests to tropical forests, the unaccounted annual SOC accumulations range from
392 2.4+0.3t010.1 £0.8 gC m? year! (Fig. 5b). The accumulation rates in the boreal forests and
393  thetropical intact forests were greater than those in the temperate forests (low-bound: P <0.001
394  and P = 0.016, respectively; upper-bound: P = 0.001 and P = 0.005, respectively). Overall, in
395  addition to the previously estimated global forest SOC sink of 0.4 Pg C year' using the
396  conventional method, we found an additional forest SOC sink of 0.15 - 0.32 Pg C year™ during
397 1990 - 2007 (Fig. 5c) (Pan ef al. 2011). The boreal forests and the tropical intact forests
398  contributed to 40 - 48% and 32 - 37% of the global unaccounted forest SOC sink, respectively.
399  Notably, our new calculation indicates that the tropical intact forest soils in the Americas and
400  South Asia are actually important C sinks (3.8 - 9.2 and 2.4 - 7.1 g C m™ year™, respectively)
401 instead of C sources as previously reported (-0.06 and -1.0 g C m™ year™!, respectively) (Pan et
402 al. 2011).

403

404  DISCUSSION

405  Comparing SOC stocks across space and time is a fundamental issue in global ecology.
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406  However, the conventional method of calculating SOC stocks fails to account for the soil
407  volume changes during soil development. This intrinsic flaw creates great uncertainty in the
408  estimation of forest SOC accumulation rate.

409 Our new approach addresses this problem by calculating SOC stock as the product of
410 mineral-soil mass in equivalent basal mineral-soil volume (EMSV) and SOC concentration
411 expressed as g C Kg'! mineral-soil (OCn). First, we created the reference forest soil profiles for
412 tracking and comparing C dynamics using a defined EMSV baseline. Second, we used the
413  EMSV-based approach to calculate forest SOC stocks in standardized 10 cm soil layers from a
414  global forest soil dataset. This work illustrated how changes in OM and SP were connected
415  with changes in soil volume and consequently changes in SOC stocks across different biomes.
416  The results suggested that SOM level is the most important factor that positively affects the
417  unaccounted forest SOC stocks due to its influence on both the OM-occupied and SP-occupied
418  volumes.

419 Then, we used the EMSV-based approach to show the unaccounted forest SOC stocks in the
420  whole soil profile. The unaccounted forest SOC stocks in soil profiles in boreal forests seemed
421  to be greater than those in temperate and tropical forest sites. Such pattern was probably due
422 to the greater SOC level in boreal forests. It is worthy to note that the unaccounted C for whole
423  soil profiles did not change markedly with sampling depth, especially when depth was > 30
424  cm. Theoretically, the unaccounted C for the whole soil profile is determined by two parts: (a)
425  the magnitude of AV in the sampled soil column, and (b) the SOC concentration beneath the
426  sampled soil column. Since soil volume expansion occurred to the greatest extent in the surface
427  soils (e.g., 0 - 30 cm depth), most of the soil AV can be included when surface soils are sampled.
428  Furthermore, SOC concentration beneath surface soils declined rapidly with soil depth and was

429  usually in consistently low levels (Table S1; Jobbagy & Jackson 2000). As a result, major
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430  changes in AV and SOC concentration are likely to be accounted for as long as the surface soils
431  are included. Therefore, we suggest that it may be sufficient to measure surface soils (e.g., 0 -
432 30 cm depth) to quantify the total amount of unaccounted SOC. This reduces a tremendous
433  amount of field effort to quantify and compare local and global SOC accumulation rates
434  because most available data are derived from the surface soil layers.

435 Finally, using this new approach, we re-estimated forest SOC accumulation over time both
436  locally, using a forest in southern China, and globally. After more than 20 years of field
437  monitoring, researchers found that the old-growth forest in Dinghushan Mountain in
438  subtropical China continuously accumulated SOC (Zhou et al. 2006). However, our new
439  calculations suggest that this mature forest is even a stronger C sink than previously estimated.
440  On the global scale, our new calculations suggest that the conventional method profoundly
441  underestimates the capacity of C sequestrations in forest soils and sometimes makes an
442  incorrect judgment on whether an ecosystem is a C sink or source.

443 Nevertheless, there are still some uncertainties in our modified method. On the one hand,
444  the reference soil porosity (SPo) used in this study (43.9%) may be greater than the SP in a
445  specific forest site. This may result in an underestimation of soil volume expansion and,
446  therefore, an underestimation of forest SOC accumulation. On the other hand, since a greater
447  proportion of forest lands may be in the process of degradation with soil volumes shrinking
448  over time, the present global C sink in forest soils may be overestimated. To explore these
449  uncertainties, we estimated the proportion of forest lands that do not have significant soil
450  volume expansion using the GFSP database. On average, 21.4% of forest lands show no soil
451  volume expansion relative to the reference soil profiles (Table S6). Consequently, a more
452  conservative estimate of the unaccounted global forest SOC accumulation would be 0.12 - 0.25

453  Pg C year!. Therefore, the total global C accumulation in forest soils from 1990 - 2007 is 0.52
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454 - 0.65 Pg C year™!, which is 30 - 62% greater than that calculated by the conventional method
455  (Pan et al. 2011).

456 Deforestation and land-use changes for agriculture often decrease levels of SOC and SP
457  (Post & Kwon 2000; Murty et al. 2002; Li et al. 2015). Using the conventional method to
458  measure the effects of these anthropogenic disturbances might result in an overestimation of
459  SOC stock and an underestimation of land use change-induced SOC loss. Our approach using
460 a more comprehensive calculation has the potential to improve the understanding of the
461  impacts of forest development and land use change on the global C budget. To quantify forest
462  SOC accumulation rate, we recommend to first measure SP in several soil samples from deeper
463  layers (e.g., > 100 cm) and use the average value as an approximation of SPy for a specific site.
464  Secondly, sample surface soil layers (e.g., 0 - 30 cm) between time intervals and calculate the
465  SOC stock and volume change (AV) at each time. Finally, sample the next deepest soil layer
466  based on the calculated depth change (Ah, normally < 10 cm for a 30 cm soil profile) and
467  quantify the unaccounted C in the corresponding AV soil.

468
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541  SUPPORTING INFORMATION

542  Additional supporting information is available. The database for global forest soil properties
543  (GFSP) is shown in a separate Excel file.

544

545  Figure legends

546  Fig. 1. A conceptual framework for the estimation biases of SOC accumulation during forest
547  development. Panel a shows how the unaccounted soil volume and C increase with the changes
548  of soil organic matter (SOM) content and soil porosity (SP). Forest and soil development is

549 indicated by the gradation of green and black, respectively. The distance between the black and
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550 red arrow lines refers to the soil sampling depth by the conventional approach. Panel b shows
551  the sources of soil volume change: changes in SOM and SP. SPo: SP in reference soil; ASP:
552  change of SP relative to SPo, which consist of the increased SP-occupied volume within mineral
553  soil and SOM; AVowm: the true volume of SOM (excluding SP volume within SOM).

554  Fig. 2. Global patterns of the amount (a-c) and proportion (d-f) of unaccounted SOC stock in

555  standardized 10 cm mineral soil. Mean values in the Upper (0 — 20 cm), Median (20 — 40 cm),

556  and Deep soil layers (> 40 cm) are shown * 1 s.e.m., as a function of SOM content and biome
557  types.

558  Fig. 3. Unaccounted SOC stock in soil profiles along soil depth for representative forests across
559  biomes. Mean values are shown * 1 s.e.m.; the effects of sampling depth on the amounts of
560 unaccounted C in soil profiles are tested: Boreal site 1: Amuer (F3,8=0.393, P=0.762), Boreal
561  site 2: Tianlaochi (F425 = 0.440, P = 0.779); Temperate site 1: Mao county (F2,6 = 0.046, P =
562  0.955), Temperate site 2: Sanming (F45 = 1.032, P = 0.473); Tropical site 1: Pingxiang (F>3 =
563  0.237, P=0.802) and Tropical site 2: Jianfengling Mountain (£2,359 = 30.95, P =0.000).

564  Fig. 4. Re-estimated annual SOC accumulation rate in an old-growth forest. The SOC
565  accumulation rates, indicating as line slopes (K), were re-calculated by both the conventional
566 ~ method and our modified method using data from the old-growth tropical forests in
567  Dinghushan Mountain (Zhou et al. 2006). The line of assumed upper bound refers to C
568 accumulation rate that estimated based on the assumption of a constant BD during forest
569  development.

570  Fig. 5. Unaccounted forest SOC accumulation at regional (a) and global (b, ¢) scales. In all
571  panels, mean values are shown +1 s.e.m. Panels a and b show the re-estimated forest SOC
572  accumulation rate in 14 major regions (AR: Asian Russia, ER: European Russia, CA: Canada,

573  EB: European boreal; US: United States, CH: China, AU: Australia, OC: Other countries in
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temperate; SAI: South Asia intact, AFI: Africa intact, AMI: Americas intact, South Asia
regrowth, AFI: Africa regrowth, AMI: Americas regrowth) and three biomes (Pan et al. 2011);
bars with different lowercase and uppercase letters indicate significant differences of lower
bound and upper bound SOC accumulations, respectively (P < 0.05). Panel ¢ shows the
unaccounted annual global forest SOC sink relative to recently reported values (Pan et al.

2011), assuming constant soil volume change over time.
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580 Table 1. Current methods for soil C stock estimation and their biases.

Scenarios Sampling depth Total soil Mineral Mineral Estimation Data Error
mass soil mass  soil depth bias comparability  source’
1) Comparing SOC  No justification N/A N/A Not Underestimated for ~ Not comparable at I
concentration, BD defined  soil with greater SOC per area or volume
not considered content base
2) Comparing C No justification Equivalent Non- Not Underestimated for ~ Not comparable at II
stock, assuming equivalent defined soil with greater SOC per volume base
BD unchanged content
3) Comparing C a) No justification Non- Non- Not Underestimated for ~ Not comparable at [ and II
stock, assuming equivalent equivalent defined soil with lower BD per volume base
BD ch d . . . -
change b) Justified in Equivalent Non- Not Underestimated for ~ Not comparable at I
literatures equivalent defined soil with greater SOC per volume base

content
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581

582

c¢) Justified in this Non- Equivalent Defined No biases Comparable at
study equivalent or non- either per area or

equivalent volume base

None

§: “I” indicates error source results from the use of SOC unit of g C kg™! soil; “II” refers to error source from soil volume change.
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652  Supporting Information

653  Appendix S1. The database of global forest soil properties (GFSP).

654  In order to estimate the global patterns of OM, SP, SPy, BD and the annual relative
655 change in BD (RCBD, g cm™ year™!), we established a database for global forest soil
656  properties (GFSP). The major data sources included were WISE3, SPADE, and others
657  (Literature search and the National Ecosystem Research Network of China, CERN).
658  We searched in the Web of Knowledge using the key words “bulk density”, “soil
659  porosity”, “bulk density” AND “organic matter”, “soil porosity” AND ‘“organic
660  matter”. Articles including information about either OM, BD, or SP, both OM and BD
661 or SP were collected, and other information such as forest type, age, climate,
662  geographical position and disturbance was recorded. Primary natural forests
663  (occasionally natural shrubs), secondary natural forests, and plantations of more than
664  five years old were included in the database, which consists of 961 plots, and 4184 rows
665  of data (Fig. S1; Supplementary Data). The map of plots was produced in ArcGIS 10.2

666  with a free basemap from http://www.esri.com/data/find-data.

667

668  Appendix S2. Data preparation for the calculation of unaccounted C stock in the
669 10 cm standardized forest soil horizons.

670  We classified the database of GFSP into three biomes (boreal, temperate and tropical
671  forests), three OM levels (0 - 30, 30 - 100, and 100 -300 g OM kg mineral-soil), and
672  three soil layers (upper layer of around 0 - 20 cm, median layer of around 20 - 40 cm

673 and deep layer of > 40 cm). Generally, we grouped forests with an annual mean
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674  temperature of < 0°C, 0 - 20°C and > 20°C into boreal forests, temperate forests and
675  tropical forests, respectively. In order to focus on C dynamics of mineral soil, all surface
676  horizons with an OM level of > 300 g OM kg! mineral-soil were excluded. Finally, to
677  facilitate comparison among different soil horizons, the depth of all soil horizons was
678  normalized to 10 cm.

679

680  Appendix S3. Forest sites selection for the calculation of unaccounted forest SOC
681  stock in the whole soil profiles.

682  In order to represent forest soil profiles across biomes, six forest sites with various
683  climate and soil characteristics were selected from the GFSP database. The unaccounted
684  SOC stocks in the whole profiles with varied depths were calculated using our modified
685  method. The sits in boreal forests included two sites with contrasting characteristics: 1.
686  Amuer, Daxinganling mountain range, a northern site with a low elevation of 500 - 800
687  m; 2. Tianlaochi, Heihe River, a relatively southern site with a high elevation of 3100 -
688 3400 m. The temperate forests sites included one cold temperate forest site (Mao
689  county, Sichuan with an annual mean temperature of 9.3°C, and an elevation of 1785 -
690 2131 m) and one warm temperate forest site (Sanming, Fujian with an annual mean
691  temperature of 18.8°C). Tropical forests sites included one in Pingxiang, Guangxi with
692  an annual mean temperature of 20.5 - 21.7°C and another in Jianfengling Mountain,
693  Hainan with an annual mean temperature of 25°C. The six sites were all in China
694  because we did not find many available datasets of BD, SP, and OM for the whole soil
695  profile, including several horizons and replications at each plot, from other regions.
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696

697  Appendix S4. The calculation of annual relative changes in bulk density (RCBD)
698 in global forest soils.

699  Given that the dataset in Pan ef al. (2011) only showed forest soil C density (Mg C ha
700 ') and total forest area (Mha) in 1990, 2000, and 2007, we needed to first give an

701  initial value of soil BD (i.e., determine a value of BD in 1990). Our simulations of soil
702  OM content (calculating OM content by giving a range of values of BD) indicated

703  that OM contents in the 1 m deep of soil profiles were within our lowest OM category
704  (i.e., 0 - 30 g C kg'! mineral soil). Hence, the GFSP-derived mean forest BD for soils
705  with low content of OMj, (0 - 30 g kg'! mineral soil) was used (Table S3). Since soil
706  BD varies with soil layer for all biomes, we assumed that the given BD values may be
707  asource of uncertainties for the estimations of forest SOC stocks and change rates.
708 Then, the annual relative changes in bulk density (RCBD) of forest soils across
709  biomes were calculated based on the GFSP database and data from Zhou et al. (2006)
710  (Equation 29). Few studies provided RCBD or data that could be used to calculate
711 RCBD (Table S4). The values of RCBD in boreal forests, which were derived from
712 only two studies at one site, were much greater and more variable (-0.0255 + 0.008 g
713 cm year!) than those from the temperate and tropical soils. However, the values of
714  RCBD were very close between the temperate and tropical forests (-0.0036 + 0.0008
715 and -0.0030 g cm™ year!, respectively). We then assumed the same values of RCBD in
716  boreal forests as those in temperate forests to make a conservative estimate of soil
717  volume increment rate. Then, the values of soil BD in 2000 and 2007 were calculated
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based on the given values of BD in 1990 and the RCBD.
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744  Fig. S1. The distribution map of plots for establishing the database of global

745  forest soil properties (GFSP). Primary natural forests (occasionally natural shrubs),
746  secondary natural forests, and plantations of more than five years old are included in
747  the database, which consists of 961 plots (Supplementary Data). The map of plots is

748  produced in ArcGIS 10.2 with a free basemap from http://www.esri.com/data/find-

749  data.
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760  Fig. S2. Global pattern of estimated soil porosity in pre-developed forest ecosystems
761  (SPo). Mean values are shown * 1 s.e.m.; bars with same letters indicate non-significant
762  differences of reference soil porosity (P > 0.05).
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773

774

AV

775

776 Fig. S3. A diagram for soil volume change in a standardized horizon. Panel a refers to
777 a pre-developed forest soil horizon with lower soil porosity and negligible amount of
778  organic C; panel b refers to a relatively well-developed forest soil horizon with greater
779  soil porosity and higher organic C concentration. The circle dots represent soil mineral
780  particles; darker color means greater C concentration. the same numbers of dots indicate
781  same mass of soil mineral particles between a and b; the circle dots being located
782  between the solid and dotted lines in panel b indicate the unaccounted mineral soil and
783  associated C due to soil volume change (AV).
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787  Table S1. Models describing the variation of BD and OM with soil depth (h, cm) at six representative sites across biomes.

Site Plot No. BD oM Notes
Boreal HLJOO1 BD =1.105+0.016 x h R2=0.874; P OM =398.6 x €005 R2=0.956; P Larix gmelinii plantation
site 1 =0.065 =0.022
HLJO02 BD =0.740 + 0.009 x h R2=0.827; P OM =168.5 x €%957h  R2=0.933; P Larix gmelinii plantation
=0.091 =0.034
HLJOO5 BD=0.905+0.019xh R2=0.928; P OM =333.9 x 008 R2-0957; p Natural regenerated Betula
=0.037 =0.022 platyphylla
Boreal QHGS001 BD=1.014+0.003xh R?=0.455; P OM =203.9 x e0%027"  R2=0.841; P Sabina przewalskii forest
site 2 =0.006 =0.000
QHGS002 BD =0.885+ 0.009 x h R2=0.301; P OM =209.8 x ¢%014h  R2=0.215; P Shrubs
=0.034 =0.081
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Temperate

site 1

Temperate

site 2

Tropical

site 1

SC001

SC002

SC004

FJO016

Fl017

GX031

BD =1.094 + 0.006 x h

BD =0.391 +0.018 x h

BD =0.838 + 0.007 x h

BD =1.244 + 0.005 x h

BD =1.358 + 0.005 x h

BD =1.383 + 0.005 x h

R?=0.981; P

=0.089

R? =0.990; P

=0.065

R?=0.988; P

=0.069

R? = 0.655; P

=0.097

R?=0.829; P

=0.032

R?=0.981; P

=0.087

OM = 32.0 x g0015h

OM = 87.0 x e0:037h

OM = 94.8 x g 0021h

OM = 121.4 x ¢0032h

OM =102.6 x 002"

OM = 109.6 x g 0016h

R?=0.998; P

=0.027

R?=0.991; P

=0.059

R2=0.989; P

=0.068

R?=0.879; P

=0.019

R2=0.971; P

=0.002

R2=1.0; P =

0.010

Pinus tabuliformis plantation

Pinus tabuliformis plantation

Pinus tabuliformis plantation

Young Cunninghamia lanceolata

plantation

Half-mature Cunninghamia

lanceolata plantation

Pinus massoniana plantation
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788

Tropical

site 2

GX033

HANOO4

HANOOS

HANOO6

BD = 1.467 + 0.004 x h

BD =1.042 +0.005 x h

BD =0.985 + 0.004 x h

BD =0.774 + 0.006 x h

R2=0.999; P OM =62.1 x g0011h

=0.022

R?=0.328; P OM =75.6 x 0032

=0.000

R2=0.236; P OM = 76.5 x g0.028h

=0.000

R?=0.357; P OM =105.2 x g 0030

=0.000

R?=0.999; P Cunninghamia lanceolata

=0.022 plantation

R? = 0.885; P Tropical montane rainforest, valley

=0.000

R? =0.797; P Tropical montane rainforest, slope

=0.000

R? =0.862; P Tropical montane rainforest, ridge

=0.000
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Table S2. The decrease rates of Censity (SCaensity) With depth in the old-growth monsoon

evergreen forest at Dinghushan Mountain.

Soil horizon  SOC BD Cdensity SCdensityt  Reference

(cm) (g Ckg*sail) (gem?®) (gCm?)

0-10 314 0.936 2939 0.581 Zhang 2011
10-20 11.9 1.276 1516

20-40 10.2 1.269 2591

0-10 32.3 0.844 2726 0.585 Fang et al. 2003
10-20 20 0.964 1928

20-40 12.4 1.098 2723

Average 0.583

T SCdensity = (Cdensity in 20 — 40 cm s0il) / (Cdensity in 0 — 20 c¢cm soil)

References
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sequestration of forest ecosystems in lower subtropical China. Acta Ecol. Sin., 23,
1685-1694. (In Chinese with English abstract).

Zhang, Q.M. (2011). Forest ecosystem volumes: Dinghushan Station (1998 - 2008).
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802  Table S3. Mean estimated forest soil BD for soils with low content of OMy, (0 - 30 g

803 kg™! mineral soil) across biomes based on the database of GFSP.
Biome Soil layer BD n
Boreal Upper layer 1.04£0.10 23
Median layer 1.39+£0.08 9
Deep layer 1.46£0.04 6
Temperate Upper layer 1.30 £ 0.02 133
Median layer 1.37+0.01 208
Deep layer 1.47 £0.01 333
Tropical Upper layer 1.39+0.03 46
Median layer 1.28 £ 0.02 107
Deep layer 1.34 +0.01 246
804
805
806
807
808
809
810
811
812
813
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814  Table S4. Annual relative changes of bulk density (RCBD) of forest soils across

815  biomes.

Biome RCBD Data size Reference

(g cm3 year?)

Boreal -0.0255 + Data from two studies in one site Xin et al. 2014;
0.008 Wang et al. 2014

Temperate -0.0036 + Data from three studies in three Hu & Liu 2013;
0.0008 different sites which are located Wang et al. 2013;

far apart, i.e., Ziwuling in Gansu, Dangetal. 2014
Mao county and Yibin city in

Sichuan, China

Tropical -0.0030 25 years of long-term monitoring Zhou et al. 2006
in one well-protected old-growth

forest in Guangdong, China

816

817 References
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846  Table S5. The maximum and minimum decrease rates of Cqensity (SCaensity) With soil depth in different biomesT.

Biome SOC content (kg m2) by depth (cm) Maximum  Minimum
SCdensity  SCdensity
0-100cm 100-200 cm
Mean 95%Cl, 95%(l, Mean 95%Cl, 95%Cl,
upper bond lower bond upper lower bond
bond
Boreal forest 9.3 9.84 8.76 2.4 2.92 1.88 0.191 0.334
Temperate deciduous forest 17.4 20.13 14.67 3.3 4.43 2.17 0.108 0.302
Temperate evergreen forest 14.5 15.98 13.02 3.6 4.39 2.81 0.176 0.337
Temperate forest 0.142 0.320
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847

848

849

850

851

852

853

854

855

Tropical deciduous forest 15.8 19.15 12.45 7.4 9.16 5.64 0.295 0.736

Tropical evergreen forest 18.6 22.0 15.20 54 6.51 4.29 0.195 0.428

Tropical forest 0.245 0.582

1 calculated from dataset of Table 3 in Jobbagy & Jackson (2000); SCqensity = (Cdensity in 100 - 200 cm soil) / (Caensity in 0 - 100 cm soil).

Reference

Jobbagy, E.G. & Jackson, R.B. (2000). The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl., 10,

423-436.
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Table S6. Global pattern of the proportions of forest plots in which soil porosity (SP)

are lower than the estimated soil porosity in pre-developed forests (SPo).

Biome Plots with SP < = SPg Total plots Proportion (%)
Boreal 11 41 26.8
Temperate 122 778 15.7
Tropical 31 142 21.8
Total 164 961 17.1
Average 21.4
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1 Table S7. Theoretical change patterns of soil volume and unaccounted SOC in the standardized 10 cm mineral soil across biomes.

Biome Soil OMn n  BDmn AOM ASP AVom AVsp AV Ah  Tradition  ACdensity
layer (g OM kg! (g mineral v, (vv,%) (cm’®) (ecm?®) (cm®) (cm) al Cgensiy (g C m™)
(cm) mineral soil) soil cm™) %) (gCm?)
Boreal 0-20  0-30 23 1.02 1.4 10.0 1573 12171 13745 1.37 913 110
forests +0.10 +0.1 +1.6 £131 + + + + 83 + 14
2169 2132 0.2
30-100 26 0.95 4.1 10.4 4698 12914 17612 1.76 2640 414
+0.07 +0.4 +1.5 £401 + + + +229 + 48
2029 1850 0.2
100-300 24 0.85 11.8 15.4 16563 22279 38842 3.88 7682 3084
+0.03 +0.7 +1.5 + + + + + 467 + 324
1128 2396 2883 0.3
20-40  0-30 9 137 1.5 1.6 1526 1849 3375 0.34 965 27
+0.08 +0.2 +1.6 £166 + + + +109 +10
1849 1801 0.2
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+0.11 +04 +3.6 +396 + + + + 252 +98

5707 5536 0.6

100-300 2 0.68 7.5 26.5 11293 40079 51371 5.14 4865 2476

+0.05 +23 +3.0 + + + + + 1526 +710

3439 4956 1517 0.2

Notes: AOM refers to the change of volume percent of true volume of organic matter compared with that in the pre-developed soil (%OM
= 0); ASP refers to the change of volume percent of soil porosity compared with that in the pre-developed soil (SP = SPy); Ah refers to the

expansion of soil depth compared with the 10 cm pre-developed soil. ACqensity: the unaccounted C in forest soils.
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