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 24 
ABSTRACT 25 
 26 
Warming climate can cause release of carbon stocks in soils, but direct observations in 27 
tropical soils have been lacking. A unique data set from a study near Manaus, Brazil allows 28 
comparison of samples taken before and after a ~28-year period in 176 plots in undisturbed 29 
forest (i.e., intact forest with no visible sign of modern human action and > 100 m from a 30 
forest edge, with 98% of the plots being > 300 m from an edge). The data indicate a 31 
significant loss of carbon in the top 20 cm of soil (2.98 MgC ha-1 over 28 years, an average 32 
of 0.11 Mg ha-1 year-1, or 0.3828% year-1 of the carbon stock). Carbon emissions would be 33 
substantial if the pattern for the top 20 cm at this location holds throughout Amazonia, and 34 
the implications are huge if the same pattern holds for the deeper soil layers. Release of soil 35 
carbon can contribute to a positive feedback, where emissions cause greater warming that 36 
further augments the emissions.  37 
 38 
 39 
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 42 
INTRODUCTION 43 

 44 
Carbon stocks in the soil under Amazonia’s vast forests are a source of concern 45 

because of the potential of future global warming to cause their release as carbon dioxide. 46 
The potential magnitude of carbon emissions from tropical soils is sufficient to dominate 47 
short-term carbon cycle feedbacks (Townsend et al., 1992). Amazonia is a key part of this 48 
concern because its vast area and large carbon inventories (per-hectare carbon stocks) mean 49 
that even slight changes in the region’s carbon balance would have consequences for global 50 
climate. For example, changes in soil carbon have been simulated by Jones et al. (2005) 51 
using the RothC soil model together with climate and vegetation information from the 52 
HadCM3LC climate and biosphere model. The RothC model has a two-pool representation 53 
of soil carbon that is believed to be more reliable than the one-pool soil component in the 54 
HadCM3LC model itself, which was also run for comparison in the study and showed 55 
higher soil emissions than RothC. Manaus, Brazil (the site of the present study) was one of 56 
the four locations in the world for which simulated results were generated. For Manaus 57 
over the 2000-2100 period, the effect of temperature increase alone in the RothC model 58 
was a loss of 16 MgC ha-1 (tons of carbon per hectare) from the soil to 1 m depth (Jones et 59 
al., 2005). If this applies to the 5 × 106 km2 in Brazil’s Legal Amazonia region, it implies 60 
emission 8.0 PgC (billion tons of carbon) over the course of the century, or an average of 61 
80 TgC year-1 (million tons of carbon per year). Approximately two-thirds of the Amazon 62 
basin is in Brazil, and the total emissions would therefore be larger if the remainder of the 63 
basin were considered. In addition to this effect of temperature alone, Jones et al. (2005) 64 
calculated a much larger soil-carbon loss as a result of loss of the forest’s carbon inputs to 65 
the soil under a dieback scenario indicated by the HadCM3LC model that these authors 66 
used for their vegetation scenario. The more recent HadGEM2-ES model does not show 67 
this dieback, mainly due to its inclusion of beneficial effects of higher CO2 (Good et al., 68 
2013). Although the rapid dieback shown by the older model is believed to be exaggerated, 69 
the forest’s resistance to climate change shown by the newer model is believed to be overly 70 
optimistic. The newer model omits negative effects of higher CO2, including an increase in 71 
lianas that is already observed at the Biological Dynamics of Forest Fragments Project 72 
(BDFFP) study area near Manaus that was also the site of the current study (Fearnside, 73 
2013; Laurance et al., 2014a,b). Whether or not dieback takes place, the effects of 74 
temperature increase alone would be expected to occur, thus causing a substantial emission 75 
from Amazonian forest soil. The 80 TgC year-1 emission calculated by Jones et al. (2005) 76 
from temperature alone can be compared to Brazil`s 95 TgC annual emission from fossil 77 
fuels in 2010 (Brazil, MCTI, 2016). 78 
 79 

The question of soil carbon emissions from climate change has been the subject of 80 
an unusual sequence of controversies on both theoretical and observational grounds, with 81 
frequent refutations of different calculations. The issues involved are considered to have a 82 
“contentious nature” (Lehmann and Kleber, 2015). Uncertainty regarding soil-carbon 83 
emissions is one of the greatest sources of overall uncertainty in modeling future climate 84 
(Bradford et al., 2016). In the case of tropical soils, data are practically nonexistent on 85 
observed losses of carbon, and studies have inconsistent results. Basic parameters for 86 
modeling carbon emissions are also poorly quantified. For example, using radioisotopic 87 
methods, He et al. (2016) found that the mean ages of soil carbon in the top meter assumed 88 
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in the IPCC’s CMIP5 earth-system models are, on average, more than six times too low. In 89 
terms of carbon sequestration that is predicted to result from increased inputs to the soil 90 
from plant growth stimulated by CO2 fertilization, the difference by the end of the 21st 91 
century totals 170 PgC in the top meter of soil. For efforts to contain global warming, this 92 
means that the help that has been expected from carbon sequestration in the soil will be less 93 
than had been thought and human society must therefore do more to mitigate emissions. In 94 
addition, a shorter residence time of carbon in the soil means that net carbon losses from 95 
warming soil will be greater, since there will be less compensation from the long-term 96 
storage of carbon inputs from plants. 97 

 98 
Not all effects of climate change lead to decreased soil carbon. Amazonia has been 99 

experiencing an increased frequency of severe droughts, causing tree mortality (Brando et 100 
al., 2008; Dai, 2013; Duffy et al., 2015; Lewis et al., 2011; Marengo and Espinoza, 2016; 101 
Williamson et al., 2000). At the same time, tree growth has been increasing, resulting in 102 
faster turnover of forest biomass (Baker et al., 2004; Malhi et al., 2004; Phillips et al., 103 
2004), which also implies greater deposition of dead biomass (necromass). A common 104 
assumption is that additions to soil carbon will result from increased inputs of organic 105 
matter, such as necromass resulting from tree mortality, leaf litter, root exudates and 106 
turnover of fine roots. For example, Quesada et al. (2010) predicted an average increase in 107 
soil carbon stock of 0.33 MgC ha-1 year-1 in Amazonia by assuming that carbon in the top 108 
30 cm of soil would increase in direct proportion to the increase in tree mortality found by 109 
Phillips et al. (2004). 110 

 111 
A unique opportunity to directly observe changes in forest carbon stocks is provided 112 

by the BDFFP, a long-term research project run by the National Institute for Research in 113 
Amazonia (INPA) and the Smithsonian Institution in an area approximately 80 km north of 114 
the city of Manaus, Amazonas state, Brazil. The site is undisturbed in that it has no known 115 
or detectible perturbations from clearing, logging or other modern human activity, although 116 
all of the Amazon forest was inhabited by indigenous peoples in past centuries. A soil 117 
survey of the BDFFP site conducted between 1984 and 1986 (Fearnside and Leal Filho, 118 
2001) collected samples in marked plots. We collected new samples in 2012-2013 in 176 of 119 
the previously sampled plots in the forest interior (> 100 m from a forest edge, with all but 120 
seven plots > 300 m from an edge). The objective of the study is to infer stock changes over 121 
the ~28-year period between the surveys and to consider the significance of the results for 122 
global change.  123 
 124 
MATERIALS AND METHODS  125 
 126 

The plots used in the present study are spread over a 60-km2 area (5 × 12 km) that is 127 
the site of a long-term study of the effects of forest fragmentation (Laurance et al., 2018). 128 
In addition to isolated reserves, there are also large areas of continuous forest in the 129 
fragmentation study. The present soil study only used plots in the continuous forest, not the 130 
forest fragments that are also under study at the BDFFP site. The site is centered at 2˚20’ S, 131 
60˚00’ W with altitude of 50 – 100 m. Annual precipitation varies from 1900 to 3500 mm, 132 
and mean above-ground live biomass is 356 Mg ha-1 (Laurance et al., 1999). The soils are 133 
xanthic ferralsols in the FAO/UNESCO system, Oxisols in the U.S. soil taxonomy and 134 
yellow latosols in the Brazilian system (Fearnside and Leal Filho, 2001). 135 
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 136 
Samples for soil carbon in the 0-20 cm depth range were composites of five samples 137 

(the four corners of each 20 × 20 m plot plus one at the center). Sampling methodology for 138 
the composite samples used for determination of carbon concentration was identical in the 139 
two surveys. Samples were taken using a tubular push corer 2.2 cm in diameter. The 140 
composite samples did not include litter but did include the topsoil (A horizon). In both 141 
surveys samples were then air dried in a solar drier. In the first survey they were further 142 
dried for 24 hours in an electric oven at 105°C. Visible plant fragments and charcoal were 143 
removed manually and the samples were ground with a pestle and sieved to 2 mm mesh. 144 
Voucher specimens from the 1984-1986 survey had been kept in sealed glass jars on 145 
shelves in a laboratory where extreme heat and humidity were limited. Small portions of 146 
the soil both from the voucher specimens and from the samples collected in the 2012-2013 147 
survey were ground to powder in a mechanical grinder and analyzed at the same time for 148 
total carbon by the combustion method using the same apparatus (a Vaio Max C/N 149 
elemental analyzer from Elementar Instruments, Hannau, Germany). The Laboratory of 150 
Soils and Plants at INPA, where the analyses were done, has an “A” rating from the 151 
Brazilian Enterprise for Agricultural and Ranching Research (EMBRAPA). For additional 152 
details on methods, see Barros and Fearnside (2016). 153 

 154 
Soil bulk density was collected from a single volumetric sample at the center of 155 

each plot. The volumetric sampler used in the 2012-2013 survey was a cylinder with a 156 
diameter of 3.75 cm, which was driven into the ground to 20 cm depth (Supplementary 157 
Material, Figure S-2). In both surveys the volumetric samples did not include litter but did 158 
include the topsoil (A horizon). The volumetric samples were dried to constant weight in an 159 
electric oven at 105°C. Usable data for soil bulk density are only available for the 2012-160 
2013 sampling, so bulk density in the 1984-1986 period is assumed to be the same. In the 161 
1984-1986 survey the mean soil bulk density for the 176 plots used in the present study was 162 
only 0.63 ± 0.19 g cm-3, a value far below the 0.94 ± 0.25 g cm-3 value from the 2012-2013 163 
survey (Supplementary Material, Table S1), implying an unrealistic 49% increase in soil 164 
bulk density. Because the volumetric sampler used in the 1984-1986 inventory was not 165 
available until 1985, the volumetric samples in many of the plots were taken separately 166 
from the samples used for carbon and other soil characters. The 1984-1986 survey used a 167 
20-cm depth sampler (Supplementary Material, Figure S-3). Because several people took 168 
these volumetric samples the possibility exists that some lack of communication resulted in 169 
deviations from the sampling protocol. In contrast, the samples in the 2012-2013 survey 170 
were all collected by the same person (HSB).  171 

 172 
We made paired comparisons of the carbon content of the 2012-2013 survey with 173 

the voucher specimens from 1984-1986 in the same plots. Paired t-tests were performed in 174 
Microsoft Excel software to assess changes in carbon concentrations and stocks. 175 
 176 
RESULTS 177 
 178 

Soil carbon stocks under continuous forest declined (Table 1). Substantial 179 
variability in initial carbon stocks among plots (CV = 0.24) would prevent detection of any 180 
change were it not for the paired comparisons that a longitudinal study of permanent plots 181 
allows. 182 
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 183 
Table 1: carbon stocks and changes in soil carbon stocks in continuous forest. 184 

  Soil carbon stock (MgC ha-1) 

  Beginning End Change 

Mean 29.29a 26.31b -2.98 
Standard deviation 5.59 6.21 5.01 
n 176 176 176 
Paired t-test 

 
p < 0.001 

   

 Soil carbon concentration (%C)  
Mean 1.63 a 1.49 b -0.14 
Standard deviation 0.43 0.52 0.28 
n 176 176 176 
Paired t-test  p < 0.001 
 Soil bulk density (g cm-3)  

Mean  0.94  
Standard deviation  0.25  
n  176  

a, b – different letters in the same row indicate significant difference with 99% probability 185 
in the paired t-test.  186 

 187 
The results can be visualized from a graph of the carbon stock in each sampled plot 188 

before and after the ~28 year time interval (Figure 1). If there were no change in carbon 189 
stock, all of the points would be aligned along the diagonal bisecting the graph (or be 190 
randomly distributed around it). Instead, most of our points fall below this line, indicating 191 
carbon loss. The values for all plots are given in the Supplementary Material (Table S1). 192 
The mean carbon loss of 2.98 MgC ha-1 over 28 years is equivalent to 0.11 MgC ha-1 year-1. 193 
This is a 0.3828% annual release relative to the 27.80 MgC ha-1 midpoint between the 194 
beginning and ending mean carbon stock (from Table 1). This represents the best estimate 195 
of the percentage release each year relative to the carbon stock at the beginning of the year. 196 
Note that this release is a net amount, representing the difference between inputs and 197 
outputs, rather than the fractional loss constant (k) that determines the turnover time of 198 
carbon stocks at equilibrium. 199 
  200 
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 201 

 202 
Figure 1. Carbon stocks to 20 cm depth in the 176 pairs of soil samples before and after an 203 

interval of ~28 years. If there had been no change, all points would fall on the 204 
diagonal or be randomly distributed about it. Most plots (133, or 76%) lie below this 205 
line, indicating a decrease in carbon stock. 206 
 207 
The spread of results can be visualized from a histogram of the frequencies of the 208 

changes in carbon stock falling into different ranges (Figure 2). A similar histogram for 209 
changes in carbon concentration is included in the Supplementary Material (Figure S1). 210 
The preponderance of carbon losses is clear in both histograms. The histograms show 211 
normal distributions with both the means (-2.98 MgC ha-1, -0.14 %C) and the medians (-212 
2.93 MgC ha-1, -0.17 %C) in negative territory. The finding of carbon loss is clearly not 213 
influenced by outliers (the dataset has none). Of the 176 plots, 133 (76%) lost carbon stock 214 
and 43 (24%) gained carbon. In the case of random variation with no change in mean 215 
carbon stock, 50% of the plots would be expected to lose carbon. For a sample of 176 plots, 216 
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the probability of a result this far above the expected 50% is only 3.364 ×10-12. Put another 217 
way, if one were to flip a coin 176 times, the chance of having heads as the result for 133 or 218 
more of the tosses would be just one in 297 billion (Wolfram‖Alpha, 2011). 219 

 220 

 221 
Figure 2. Histogram of the frequency of carbon stock changes over the ~28-year interval. 222 

Both the mean (-2.98 MgC ha-1, SD =5.01, n = 176) and the median (-2.93 MgC ha-223 
1) are negative, indicating carbon loss.  224 

 225 
DISCUSSION 226 
 227 
Comparisons with expected trends 228 
 229 

Our finding of carbon loss runs counter to the logical expectation of an increase in 230 
soil carbon as a result of the increases in Amazon forest biomass. Increased forest biomass 231 
has been reported in studies monitoring permanent plots in Amazonia (Baker et al., 2004; 232 
Higuchi et al., 1997; Phillips et al., 1998). With an increase in biomass, a greater amount of 233 
carbon would fall to the ground after the trees die, followed by decomposition of necromass 234 
and an increase in soil carbon stocks in these ecosystems. In the BDFFP study area, 235 
biomass increased in plots > 300 m from a forest edge from 1981 to 2003, together with 236 
increases of both growth and mortality of trees (i.e., increased turnover) and many changes 237 
in species composition (S.G. Laurance et al., 2009; W.F. Laurance et al., 2004). Tree 238 
growth rates have accelerated over this period, with substantial variation between years. 239 
Note that up to 1997 there was no detectible increase in forest biomass observed in 240 
measurements in forest interior plots (Laurance et al., 1997; see Fearnside, 2000).  241 

 242 
Enhanced soil-carbon emission after enrichment by inputs from decomposition of 243 

necromass can be expected to be temporary. Over the long term, the carbon transfer from 244 
the biomass to the soil compartment via necromass will be emitted to the atmosphere when 245 
the carbon stock tends to a lower equilibrium, as is suggested by the results of our study. In 246 
the case of forest edge plots at our study site (<100 m from an edge), where increased 247 
necromass had been present for ~30 years, soil carbon had increased in the top 20 cm 248 
(Barros and Fearnside, 2016). 249 
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 250 
Since tree growth increased in plots > 300 m from a forest edge in our study area 251 

over the 1981-2003 period, with growth rates increasing by an average of 4% over the 252 
period (W.F. Laurance et al., 2004; S.G. Laurance et al., 2009), our finding of a carbon loss 253 
in the top 20 cm of soil in these plots suggests that soil carbon stocks would not be greatly 254 
enhanced if forest growth were to be further stimulated by higher atmospheric CO2. 255 
Additional evidence that soil carbon stock in the top 20 cm is not increasing as a function 256 
of the increase in the primary productivity of the forest is provided by soil profiles taken at 257 
a site on the ZF-2 road ~50 km north of Manaus, or approximately 30 km from the site of 258 
the present study (and on the same soil type). Profiles taken in the 1980s (Chauvel, 1982; 259 
Cerri and Volkoff, 1987), when compared with set of 36 profiles taken at the same site ~20 260 
years later (Telles et al., 2003), show that, although the carbon stock in the surface soil did 261 
not change in this comparison, the soil from 50 to 200 cm depth had substantially less 262 
carbon in the more recent profiles, indicating an overall carbon loss (see Telles et al., 2003, 263 
p. 11).  264 

 265 
Uncertainty in our study 266 
 267 

The quantitative results (i.e., the change in carbon, either in MgC or as a percentage) 268 
assume that there was no change in the carbon content of the stored samples over the ~28-269 
year period. One can presume that if any changes occurred during the storage period, the 270 
changes would be in the direction of losing soil carbon. This would result in a bias that 271 
would underestimate any carbon losses and so could not explain why the qualitative result 272 
(i.e., whether soil carbon is being lost, gained or remaining unchanged) was one of loss 273 
rather than of either a gain or no change. 274 

 275 
Bulk density was assumed not to change over the study period. Loss of soil organic 276 

matter implies an increase in soil bulk density (e.g., Zhou et al., 2006), which, when the 277 
density measurements at the end of the period are applied to the initial samples, would 278 
make the calculated initial masses of soil at the beginning of the period greater and thereby 279 
overestimate the calculated losses of soil carbon. As explained in the methods section, a set 280 
of bulk density measurements for the same plots in the 1984-1986 survey (Supplementary 281 
Material, Table S1) was not used because of doubts about the sampling methodology. This 282 
is the most likely explanation for the 1984-1986 values being much lower, implying an 283 
unrealistically drastic increase in mean soil bulk density over the period. Unlike the 1984-284 
1986 soil bulk density values, the values in the present study are consistent with those 285 
found in other studies in the same region (Barros and Fearnside, 2015). We note that any 286 
difference in soil density between the beginning and the end of the ~28-year period would 287 
not affect the values for carbon concentration (percent by weight), since the carbon 288 
concentration values determined for the beginning of the period were determined from 289 
stored voucher specimens at the same time as the determinations for samples from the end 290 
of the period – not from the results of analyses done at the time of the initial survey. 291 

 292 
Air drying of soil samples causes some carbon loss as compared to the wet soil 293 

under the forest (Barlett and James, 1980). However, these losses would be equal for the 294 
samples from both surveys, and so would not affect our estimates of carbon loss over the 295 
period. The additional drying of samples for 24 hours at 105˚C in the case of the 1984-1986 296 
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survey could have released some carbon. However, because losses in this additional drying 297 
would underestimate the initial carbon stock, the result would be a bias in the opposite 298 
direction from our finding of a carbon loss.  299 

 300 
A possible bias in the direction of increasing the calculated carbon loss arises from 301 

the difference in drying procedures. The lack of a final oven drying in the second survey 302 
means the soil in the second survey would contain a (very) small amount of water. This 303 
water would be counted as part of the weight of the soil being analyzed, such that the 304 
amount of carbon detected would underestimate the concentration (percentage) present. 305 
However, comparison of air-dried samples with the same samples after an additional oven 306 
drying indicates only 2-3% water content in the air-dried samples (C.A. Quesada, personal 307 
communication, 2017), which would not change our conclusions. In general, possible 308 
biases make our quantitative finding conservative as an estimate of the amount of carbon 309 
being emitted from soils under Amazonian forest. 310 

 311 
Implications for global emissions 312 
 313 

The Paris Agreement of 2015 commits the signing countries to keep mean global 314 
temperature from passing a limit “well below” 2°C above the pre-industrial mean, and to 315 
“pursue efforts to limit temperature increase to 1.5°C above pre-industrial levels” 316 
(UNFCCC, 2015). Unlike the Kyoto Protocol, which focused on “directly human-induced” 317 
emissions (UNFCCC, 1997), respecting the limits agreed in the Paris Agreement will 318 
require that all emissions in the world be mitigated irrespective of whether they are 319 
intentionally emitted by humans. These emissions include those from warming of soil as a 320 
result of climate change. Reliable estimates of the amounts being emitted are therefore 321 
essential for determining the total emission reduction that the countries of the world must 322 
achieve. 323 
 324 

We emphasize that the results of our measurement at one location cannot be reliably 325 
extrapolated to Amazonia as a whole because soil-carbon change will depend on the varied 326 
soil properties and climatic conditions at each location. We also lack an explanation of the 327 
reasons for the observed decline in soil carbon at our study site in a way that would allow 328 
process-based calculations or a spatially disaggregated extrapolation of declines at other 329 
sites. Neither clay content nor initial carbon concentration showed any relation to the 330 
changes in carbon concentration in our dataset (Data in Supplementary Material, Table S1). 331 
However, this being the first measurement of soil-carbon change under undisturbed 332 
Amazonian forest, a back-of-the envelope calculation is warranted as an indication of the 333 
scale of the emission our results imply, so long as the high uncertainty involved is 334 
recognized. This uncertainty applies to global discussions of the potential impact of future 335 
climate change and their implications for the amount of mitigation needed to contain these 336 
changes. As is a general principle in modeling (Watt, 1966), excluding uncertain 337 
information from global estimates does not make those estimates more reliable – instead it 338 
simply makes them less realistic. 339 
 340 

The top 1 m under undisturbed vegetation in Brazil’s Legal Amazonia region, which 341 
represents roughly two-thirds of ‘panAmazonia’ or ‘greater Amazonia’ (See Fearnside, 342 
1997), has been estimated to contain an average of 94 MgC ha-1, of which 42 MgC ha-1 is in 343 
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the top 20 cm (Moraes et al., 1995). The stock in Brazil’s Legal Amazonia region is 344 
estimated at 21 PgC to 20 cm depth and 47 PgC to 1 m depth (Moraes et al., 1995). Soil-345 
carbon inventories (per-hectare stocks) in the portion of pan-Amazonia outside of Brazil are 346 
generally greater than those in the Brazilian portion of the region (Gardi et al., 2015, p. 347 
137). 348 

 349 
The mean carbon loss of 0.3828% year-1 in the top 20 cm of soil near Manaus, if 350 

applied to the 21 PgC in this layer in Brazil’s Legal Amazon region (Moraes et al., 1995), 351 
implies an emission of 80 TgC year-1 from this layer. If this percentage of emission applies 352 
to the 47 PgC in the top meter of soil (Moraes et al., 1995), it implies emission of 180 TgC 353 
year-1 from Legal Amazonia. The estimates of soil carbon stocks by Morais et al. (1995) 354 
refer to soil under native vegetation based on 1162 soil pits from the RadamBrasil surveys 355 
(Brazil, Projeto RadamBrasil, 1973-1983). These values represent original carbon stocks, 356 
and the current stocks under natural vegetation would be lower due to loss of part of this 357 
vegetation to deforestation. About 20% of Brazil’s Amazon forest has now been cleared 358 
(Brazil, INPE, 2019), plus a larger percentage of the roughly 25% of Legal Amazonia 359 
where the original vegetation was cerrado savanna. Most of the deforested area is 360 
converted to cattle pasture, where soil carbon decreases under normal management 361 
(Fearnside and Barbosa, 1998). Nevertheless, the magnitude of carbon release from areas 362 
under natural vegetation is clearly very substantial, and the areas that have been cleared are 363 
also net sources of carbon emission from biomass both from land-use change and from 364 
impacts of climate change.  365 

 366 
A limitation of available studies is the restriction of information to changes in the 367 

surface soil, such as the 20-cm depth of samples in the current study. What happens to 368 
carbon stocks in deeper layers can have substantial consequences for feedback between 369 
soil-carbon emissions and global warming. The deeper layers will eventually warm in 370 
response to global temperature increases. The only existing study of “whole soil” carbon 371 
flux in response to warming is that of Pries et al. (2017), who warmed soil experimentally 372 
to 1-m depth in a boreal forest. The study’s authors believe that the substantial releases they 373 
found for soil between 30 and 100 cm depth apply to all soils in the world. If our 374 
measurements for percentage releases in the 0-20 layer at Manaus apply to these deeper 375 
depths in Amazonia, and especially if they apply to soil below 1-m depth, the implied 376 
magnitude of releases is of considerable concern for determining the amount of mitigation 377 
needed both to keep global temperatures within the limits agreed in the 2015 Paris Accords 378 
(UNFCCC, 2015) and to assure the avoidance of a runaway greenhouse. 379 

 380 
CONCLUSIONS  381 
 382 

Soil-carbon stocks decreased in continuous forests in central Amazonia. Our results 383 
showing a decrease in soil carbon are worrying as an indication of the potential for climate 384 
change to release large amounts of carbon from Amazonian forest soils. This concern is not 385 
diminished by the likelihood that the carbon stocks in these soils may undergo temporary 386 
increases from greater tree mortality and necromass inputs to the forest floor over the 387 
course of a transition driven by climate change.  388 

 389 
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Our finding of carbon loss from undisturbed forest-interior plots adds to concern 390 
over possible contribution to positive feedbacks between carbon release from different 391 
global ecosystems and the global warming these releases cause. The same would apply to 392 
the Amazon forest under a hotter and dryer climate regime with more frequent extreme 393 
drought events. 394 
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