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Summary: The deforestation of tropical forests plays a key role in terms of carbon dioxide emissions and thus accelerates
climate change. With the initiative Reducing Emissions from Deforestation and Forest Degradation (REDD+), the UN
spearheaded an approach to valorize ecosystems for their sequestered organic carbon (OC) to protect them for the sake of
mitigating global climate change. In Brazil, where large areas of intact forests abound, especially within the territories of
indigenous people, REDD+ schemes are highly sought after but are often hard to establish due to the given uncertainties in
carbon stock evaluation at greater soil depths, intercultural communication problems and power asymmetries. With permis-
sion from the Kayapo/Mekragnot tribe, our interdisciplinary research team dug a 10.0 m soil profile under a pristine forest
situated on their indigenous territory in Para, Brazil. Our results show that by following the Land Use, Land Use Change
and Forestry (LULUCF) guidelines of the United Nations Framework Convention on Climate Change (UNFCCC), focusing
on the first 0.3 m of soil only captures 21 % of the total soil OC present. Furthermore, only 51 % of soil OC was stored in
the first metre, while 84 % of OC was captured if the sampling depth expanded to 3.0 m. This study notes that for adequate
calculation and validation of stored soil OC, at least one real measurement (i.e., the Tier 3 approach) is needed to represent
OC stocks in the subsoil.

Zusammenfassung: Die Abholzung des tropischen Regenwaldes spielt eine grof3e Rolle beim Ausstof3 von Kohlendioxid
und treibt somit den Klimawandel an. Mit dem Programm Reducing Emissions from Deforestation and Forest Degradation
(REDD+) wurde durch die UN eine Méglichkeit geschaffen, natiirliche Okosysteme w.a. gemiB Threr ober- sowie unterir-
dischen Kohlenstoffspeicherleistung in Wert zu setzen. In Brasilien ist dies besonders interessant fir Indigene, die grof3e
Gebicte intakten Regenwaldes mit entsprechend hohem Sequestrierungspotential besitzen. Umstritten bleibt die Frage,
bis in welche Bodentiefe der finanzielle Wert einer solchen Fliche bemessen werden sollte. Auf Einladung des Volkes der
Kayapo/ Stamm Mekragnoti hatten wir die Moglichkeit ein 10 m tiefes Bodenprofil in einem ursprunglichen Regenwald
in Pard/ Brasilien zu beproben. Die Ergebnisse zeigen, dass nur 21 % des Bodenkohlenstoff erfasst werden, wenn die Be-
messungsgrundlage den Mindestvorgaben der IPCC Good Practice Guidance for Land Use, Land Use Change and Forestry
(LULUCEF) folgen. Bereits 51 % des Bodenkohlenstoffs sind im ersten Meter gespeichert, wohingegen 84 % des Bodenkoh-
lenstoffs bis in 3.0 m Tiefe berticksichtigt werden. Diese Studie zeigt, wie wichtig es ist, den Kohlenstoff im Boden auf der
Grundlage von Feldmessungen (,, Tier 3-Ansatz*) zu berechnen, und es einen grof3en Unterschied macht, bis in welche Tiefe
der Bodenkohlenstoff berticksichtigt wird.
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1 Introduction of these forests an undertaking of global impor-

tance. There are many strategies under discussion

The deforestation of tropical forests is one of
the main drivers of increased atmospheric carbon
dioxide emissions and therefore a key topic in the
analysis of causes and mitigation of climate change
(ARIMA et al. 2014; FEARNSIDE 2017). In recent dec-
ades (1996-2010), more than 1 Mio km? of tropical
forests has been destroyed by deforestation, much
ofitin the Amazon. The Brazilian Amazon is one of
the largest tropical forest ecosystems in the world,
holding one-third of the world’s remaining tropical
forests (FAO 2012), clearly making the preservation
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and testing to reach this goal. One of these strat-
egies takes advantage of world driven economic
constraints and links preservation to market val-
ue. With the initiative ‘Reducing Emissions from
Deforestation and Forest Degradation’ (REDD+),
the United Nations has spearheaded an initia-
tive that should allocate forest ecosystems a value
equivalent to the CO, emissions spared by avoid-
ing deforestation or to the additional CO, that
has been sequestered if reforestation is the case.
Consequently, the REDD+ initiatives and projects
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generate carbon credits for the reduced greenhouse
gas (GHG) emissions that would otherwise be re-
leased by deforestation and degradation of native
forest. Nevertheless, questions prevail regarding
who ultimately benefits from these carbon credits
and how their values are correctly and realistical-
ly assessed. The question of who benefits or who
has ownership of the carbon credits derived from
REDD+ projects is directly linked to the question
of who legitimately owns the territory and the for-
est resources. In Brazil, indigenous peoples hold
the exclusive usufruct of the natural resources of
1.1 Mio km?® of the Amazon region (GarzoN 2009
and RAISG 2015), which should include the right
to directly develop and negotiate REDD+ pro-
jects. However, the reality is that this situation is
often not the case, as only isolated projects have
been put into practice in the past (CapLow et al.
2011). Additionally, the compensatory payments are
often channelled into the hands of so-called “car-
bon cowboys”, consultants and firms that specialize
in this kind of double dealing (Zwick and BORGES
2012). This process yields one of the main argu-
ments of the Brazilian government against any kind
of direct payment of environmental services (PES).

Apart from the political complexities, a fur-
ther aggravating factor is the complexity of assess-
ing the value of a native forest. The IPCC (20006)
Guidelines for National Greenhouse Gas Inventories pro-
vides a three-tiered approach to estimate, report,
and monitor GHG emissions (BIRDSEY et al. 2013).
The “three tiers” include different levels of evaluat-
ing the stored carbon in the ecosystem. These tiers
include (i) IPCC default values for carbon stocks
in different ecoregions and country-specific activ-
ity data, (ii) country-specific data about forests and
carbon stocks within detailed strata, and (iii) coun-
try-specific activity data inventories with repeated
direct measurements of changes in carbon stocks
or models parameterized with country-specific data
and country-specific activity data.

The scenario is further complicated by the two
pools to consider in the calculation of the seques-
tered carbon: the aboveground and belowground
pools. While the assessment of the aboveground,
or standing, biomass is possible by increasingly ac-
curate remote sensing techniques, the belowground
biomass, along with the (dead) soil organic carbon
(OC), still imposes a substantial challenge to quick,
precise, and cost-effective monitoring and pric-
ing. The IPCC (2003) Good Practice Guidance for Land
Use, Land Use Change and Forestry (GPG-LULUCF)
recommends integrating soil OC storage down to

a minimum soil depth of 0.3 m. This depth is sur-
prisingly shallow, particularly in deeply weathered
tropical soils, such as Ferralsols, the most common
soil type in the Brazilian Amazon, where soil depth
can often exceed depths greater than tens of metres
(QuEsADA et al. 2011). Based on the FAO soil classi-
fication system, BATJES (1996) stated that the global
soil OC budget increases by 60 % if the soil OC
storage calculation increased to a depth of two me-
tres instead of only the first metre, let alone the first
30 cm. Accordingly, JoBBAGY and Jackson (2000)
found that half of the OC was stored in the second
and third metres in tropical evergreen forests and
that the remaining half was stored in the first me-
tre. To evaluate the “fair” soil depth down to which
soil OC should be determined to map OC stocks
completely, we dug a 10 m soil pit under Amazonian
pristine forest in the Menkragnoti Reserve, Para,
Brazil. Our objectives were (i) to determine the
amount of carbon stored under a tropical forest
in order to evaluate the lost value imposed by the
IPCC suggestion to integrate only the first 0.3 m of
soil and (ii) to evaluate the IPCC Tier 3 approach
as a possible tool leading to fair the valorization of
carbon credits, thus potentially facilitating a higher
number of working REDD+ projects.

2 Material and methods
2.1 Research area

The study area is situated in southeast Para,
in the Brazilian Amazon (Fig. 1), with an annual
rainfall of 2278 mm, a drier season from May to
September and an average temperature of 24.7°C.
The native vegetation is a semi-evergreen tropical
forest (VoLKOFT et al. 2012) with tree canopy layers
reaching up to 30 m. The prevailing soil type in this
area is Ferralsol (Quesapa et al 2011), character-
ized by a high content of kaolinitic clay and Al and
Fe oxides resulting from deep weathering. Along
Highway 163, there are many small settlements
and mid-sized towns of pioneers who have occu-
pied the region since the mid-1970s; their inhabit-
ants engage in cattle ranching, the service sector,
and agriculture. Agricultural practices gradually
change from the south to the north, with compa-
rably large farms growing mainly soy, corn and cot-
ton in Mato Grosso (in the south) and small-scale,
cattle farming in Para (in the north). Of the total
1.1 Mio km?, or 22.3 %, of the Brazilian Amazon
region (5 Mio km?) that are declared as indigenous
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Fig. 1: Location of the research area

reserves (RAISG 2015), 0.28 Mio km? are situated
in Para (ISA 2014). These areas hold small human
populations and are characterized by a comparably
low intervention frequency and intensity of the for-
est ecosystems, the latter of which is a prerequisite
to analyse the soil OC storage under a pristine for-
est down to the deeper subsoil. The soil pit (08°
19°31.2 S / 054° 40°12.2 W) was installed in the
Menkragnoti Reserve, which has an area of 4.914
255 ha and a population of approximately 1200 peo-
ple (ISA 2017). The reserve is located approximately
60 km east of a village called Castelo de Sonhos
and is only accessible by a gravel road. Access to in-
digenous territories in Brazil is generally restricted
and requires an invitation by the members of the
tribe themselves, which was graciously granted to
us and was reciprocated by a complete data-sharing
agreement.

2.2 Soil sampling and analysis

The 10 m soil pit was dug by hand with the help
of a professional well builder (photo 1). The pit’s

diameter was 1.2 m. Mixed soil samples were taken
at 0.2 m increments, with 4 replicates along a verti-
cal strand (every 90° around the circle profile). The
samples were initially air-dried until they could be
dried in a laboratory oven at 50°C until a consist-
ent weight was achieved. All samples were sieved
<2 mm for further analysis. For calculating bulk
density, three undistutbed core samples (100 cm?)
were taken at increments of 1.0 m. Soils were classi-
fied according to TUSS Working Group (FAO 2015).

pH values were determined in distilled water
in cases of bulk soil samples (2.5:1) and measured
potentiometrically with a Metrohm 632 pH me-
tre otherwise. Exchangeable, plant available cati-
ons (Ca, K, Mg), exchangeable Al and exchange-
able Fe were analysed using Mechlich-3 extraction
(MEHLICH 1984). An inductively coupled plasma
optical emission spectrometer (Varian 725-ES;
Agilent Technologies, Santa Clara, USA) was used
for elemental analyses. We distinguished soil tex-
ture through pipette analysis using tetrasodium di-
phosphate as the dispersant (BLUME et al. 2011).

Soil OC concentrations were determined by an
elemental analyser (vario ISOTOPE cube, Elementar
GmbH, Hanau, Germany) after the samples were
ground with a ball mill (Retsch MM200, Haan,
Germany). Bulk density was calculated gravimetri-
cally after drying the samples taken by a soil corer
of defined volume (100 cm”) for 48 h at 105°C.

3 Results

3.1 Soil organic carbon concentration and gen-
eral soil parameters

The soil profile revealed two soil layers (Fig. 2).
The first layer showed classical properties of a Haplic

Photo 1: The well builder entering the soil profile
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Fig. 2: Soil profile of the 10 m pit

9.6-10.0m

Tab. 1: General soil parameters with standard deviations in parentheses. All values except the texture and pH values are the
average value for the one-metre increments. The red line shows the change between the two soil layers.

Depth OocC pH Al Fe K Ca Mg Clay Sil  Sand
[m] [%o] value  mmolc kg mmolc kg'  mmolc kg’  mmolc kg!  mmolckg!  [%] [%]  [%]
1.0 1.30(£0.38) 4.40 179.35 (£5.11) 3.38(*1.68) 0.47 (£0.23) 0.56 (+10.18) 0.30 (£0.18) 70.47 16.95 12.59
20 051(£0.17) 479 159.60 (£5.17) 0.62(+0.12) 0.17 (£0.04) 0.39 (£10.17) 0.16 (£0.05) 59.90 25.08 15.02
30 018 (£0.08) 521 117.80 (£22.14) 0.45 (£0.04) 0.13 (£0.02) 0.75 (£10.43) 0.18 (£0.03) 46.67 41.01 1232
40 0.08(+0.03) 536  76.92 (£8.86) 0.37(+0.05 0.13 (+0.04) 0.58 (£10.30) 0.13 (£0.02) 43.18 5028  6.54
50 0.05(x0.01) 5.11 65.91 (£3.16)  0.38(+0.05) 0.16 (£0.01) 1.49 (+£11.50) 0.25 (£0.15) 36.15 55.04 8.81
60 0.04(x0.01) 521  56.01 (+4.42) 037(+0.03) 0.10(£0.03) 0.54 (£10.44) 0.16 (£0.06) 27.54 67.07  5.39
70 0.04(+0.02) 512  47.83 (+4.95)  0.36(+0.05) 0.08 (£0.03) 0.52(+10.29) 0.13 (£0.01) 24.64 69.40  5.96
80  0.03(x0.01) 500  3325(11.76) 027 (+0.07) 0.13(£0.07) 050 (£10.36) 0.12 (£0.05) 17.08 7637  6.55
9.0  0.02(£0.01) 515 5177 (£324) 0.29(+0.05 0.12 (£0.04) 0.23 (£10.16) 0.14 (+0.03) 18.15 76.13  5.72
10.0 0.02 (£0.01) 5.16 55.93 (£2.73)  0.37(+0.03) 0.13 (£0.03) 0.45(+10.20) 0.12 (£0.01) 19.54 76.69 3.77
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Ferralsol, with bulk densities from 0.9-1.2 g cm-3,
pH ranging between 4.1-5.2, and high clay contents
of 60-70 % (Tab. 1). Exchangeable Al was the domi-
nant cation with an average of 150.2 mmolc kg' +
29.3, while exchangeable K, Ca and Mg had signifi-
cantly smaller amounts (Tab. 1). The second layer
was influenced by seasonal groundwater oscillations
and differed in its soil properties. The bulk density
was higher, the pH value levelled out at 5.3, and the
clay content decreased to less than 20 % between
9.0-10.0 m.

The average value of exchangeable Al was only
one-third (50.5 mmolc kg + 13.9) of the amount
measured in the upper layer. The amounts of other
exchangeable cations also decreased.

As expected, the soil OC concentration de-
creased constantly with depth (Fig. 3). The highest

Corg g kg*
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Fig. 3: Average (n = 4) soil OC concentration (g OC kg-1).
Error bars show standard deviation.

concentrations were found in the first 0.2 mat 18.6 g
kg! + 2.3, whereas at a depth of 9.8 to 10.0 m, the
OC concentration decreased to a minimum of 0.2
g kg' + 0.0. At depths greater than 3.0 m, the OC
concentration fell below 1 g kg™, which coincided
with the shift from the first to the second layer in
the soil profile (Fig. 2).

3.2 Soil OC storage and vertical distribution

In total, 216.1 Mg C ha' + 22.6 was stored in
the first 10.0 m of soil. Roughly half of soil OC was
stored in the first metre of the soil pit (111.0 Mg C
ha'  11.8). Soil OC stocks dectreased exponentially
with depth (Fig. 4). However, 2.9 Mg C ha' + 0.7
was still stored in the 9.0 to 10.0 m increment. If
soil OC storage had been calculated using the IPCC
guideline (0.3 m), only 46.5 Mg C ha™ £ 11.8 would
be taken into account (Fig. 4 — orange bar).

If the OC storage to a depth of 10.0 m is con-
sidered 100 %, only 22 % of the C-storage potential
falls within the first 30 cm. The first metre repre-
sents 52 % of total storage, while 84 % of soil OC
is accounted for when soil sampling was increased
to a depth of 3.0 m (Fig. 5). If the soil OC stor-
age is scaled up to the territory of the Menkragnoti
Reserve (49143 km?), the difference in the stored
soil OC measured between the sampling depth of
0.3 m and 10.0 m comprises over 870 Mio Mg OC
(Tab. 2).
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Fig. 4: Soil OC stocks and the vertical distribution per metre.
The orange bar demonstrates the soil OC storage for the
first 0.3 m. Error bars show standard deviation.
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Fig. 5: Percent proportion of the vertical distribution of the
soil OC storage.

4 Discussion

The vertical distribution of soil OC to a depth of
10.0 m showed that the majority of OC (> 87 %) is
stored at depths greater than 0.3 m. Therefore, soil
OC stocks are highly underestimated if only the first
0.3 m is considered, which is the minimum require-
ment of the GPG-LULUCF. Even if s0il OC to a depth
of 1.0 m is integrated into calculations, only 55 % of
soil OC is reflected. Nevertheless, 0.3 m is still a2 con-
ventional sampling depth in many studies (c.g., BRAZ
et al. 2013, TWONGYIRWE et al. 2013, EcLEsIA et al.
2012). Few studies have sampled soils deeper than 3.0
m; one of them is the study by HARPER and TIBBETT
(2013), who analysed deeply weathered regolith down
to depths of 12 to 38 m in Australia. These authors
reported similar results to our analyses; 218 Mg OC
ha' + 2.7 was stored in the sampled 12.0 m profile,
which is surprisingly similar to our results of 216 Mg
OC ha'! + 22.6 in the 10.0 m profile (despite the low
comparability of the ecosystems). TRUMBORE et al.
(1995) sampled deep carbon to a depth of 8.0 m in
castern Para. These authors compared the soil OC
storage of forest sites to degraded sites and managed

pastures and reported soil OC stocks from 257 - 300
Mg OC ha', values slightly higher than those meas-
ured in our study, which might be due to the influ-
ence of seasonal groundwater that periodically rose
to a soil depth of approximately 2.0 m in the latter
case. Reductive dissolution of ferric Fe in oxide form
to dissolved ferrous Fe leads to a significant release
of OC into the soil solution (HAGEDORN et al. 2000).

In a study by StrEY et al. (2016), similar 613C
values were measured in soils under pastures that had
been transformed from tropical rainforest, showing
that 20 % of soil OC was exchanged from forest-de-
rived to pasture-derived OC in soil depths of 0.6 - 1.0
m. This exchange occurred in less than a decade. A
study by TRUMBORE et al. (1995) found that soil sam-
ples deeper than 1.0 m showed only minimal differ-
ences (< 0.6%o) in their 13C signal after ~23 years of
pasture use, but if the CO, emissions from soil were
analysed for 813C isotopes, the isotopic change could
be tracked down to a depth of 8.0 m. This result pro-
vides evidence that land-use changes influence soil
OC in deep soil layers, but it does so with a certain
delay. This fact was also underlined by findings from
NEPSTAD et al (1994), who analysed the rooting depth
at the same sampling spot as TRUMBORE et al. (1995).
These authors found roots in managed pasture to a
depth of 8.0 m. However, in forest soil, roots were
found to a depth of 18.0 m. Nevertheless, the debate
over which depth soil OC monitoring and thus val-
orization should occur is still open. Indeed, the soil
depth from which OC is sampled and the carbon pool
is determined is extremely important, particularly
when this affects the basis for prizing CO, certifi-
cates, c.g., in REDD+ schemes (Tab. 2).

Next, when considering the question regarding
which depth soil OC stocks should be measured to, if
the first and second tiers of the IPCC Guidelines for
National Greenhouse Gas Inventories are adequate to
calculate approximate soil OC stocks or if it is crucial
to realize the tier three approach and execute at least
individual direct measurements must be discussed.

Two renowned Brazilian research institutes pub-
lished their estimated OC stocks for the Menkragnoti
territory based on the first and second tier approach-
es. The Amazon Environmental Research Institute
(IPAM) estimated 81 Mg OC ha' and a total amount
of 398 Mio Mg OC for the complete area. This es-
timate was based on the study of by SaarcHI et al.
(2007). The Instituto Socioambiental (ISA) calcu-
lated 141.0 Mg OC ha' and 694 Mio Mg OC for the
Menkragnoti territory, which is approximately 50 %
mote OC than in the study by Saarchi et al. (2007).
Both studies included aboveground and below-
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Tab. 2: Calculated soil OC stocks for the Menkragnoti territory based on different soil depths
00-03m 00-1.0m 0.0-30m 0.0-10.0m
Mg OC ha' 46.47 110.95 181.86 216.05
Mg OC modelled for the area [ha] of the Menkragnoti* 228.5 Mio. 545.3 Mio. 893.7 Mio. 1.1 Bill.
Amount of OC stocks compared to the total 10 m [%] 21.6 51.5 84.3 100
Equivalent price for Mg CO, modelled for the stored soil OC®  1.28 Bill. € 3.05 Bill. € 5.01 Bill. € 5.95 Bill. €

* 4914254 ha

° price per Mg CO, emission 19 Nowv. 2016 - http:/ /www.investing.com/commodities/ carbon-emissions-historical-data

ground living biomass but did not integrate soil OC
stocks (ISA and Forest Trends 2010). If we compare
the calculated OC stocks of the living biomass to
the data we measured for soil OC, the use of 2 2.0 m
soil profile exceeds the OC stocks (161.0 Mg OC ha’
" of the plant biomass. When soil OC to a depth of
10.0 m is integrated (216.1 Mg OC ha' * 22.6), the
soil OC stocks are over 70.0 Mg OC ha higher than
the biomass OC stocks estimated by ISA and more
than twice as high as the corresponding values from
IPAM (2009). These facts demonstrate how neces-
sary it is to integrate soil OC into the valorization of
ecosystems. Although, for the first evaluation, soil
data may be estimated by the first or second tier ap-
proach, depending on the available database; in the
long term, and for the future monitoring of soil OC
stocks, an individual sampling approach in the pro-
ject area is indispensable and cannot be replaced by
satellite data or modelled soil maps. Nevertheless,
when considering the increased value of the eco-
system through the integration of soil data, the ad-
ditional cost and work might be worthwhile to, at
minimum, integrate soil OC to a depth of 1.0 m or,
even better, to a depth of 3.0 m since this depth en-
compasses the majority of soil OC and is evidently
influenced by land-use change.

Quantifying the amount of carbon sequestered
in the soil of an intact tropical forest provides a way
to place value on the forest in order to protect it and
is a strong argument to refrain from deforesting it
(ROBERTSON 20006). At an international level, the fact
that the calculation of carbon stocks is being lim-
ited to a depth of 1.0 metre implies disadvantages
for tropical forest communities all over the world
since they will have to compete with well-managed
agriculture as a land-use option without being able
to add the value of deep carbon, water and biodi-
versity being produced by the tropical forest (Boy
et al. 2010).

5 Conclusion

To adequately valorize the amount of OC stored
in a native ecosystem, we highly recommend con-
sidering the subsoil, as our results show that in the
case of an Amazonian tropical forest, the amount
of OC stored in the soil can be twice the amount
of the OC stored in the living biomass if assessed
correctly. Therefore, carbon assessment should not
be based on the tier 1 and/or the tier 2 approach
alone; it should also include field measurements (tier
3) to prevent severe undervaluation of the ecosys-
tem. With respect to the practical feasibility of this
approach, we would further recommend integrating
soil samples to, at minimum, a depth of 3.0 m, as
we found 84 % of soil OC stored within this depth.
Furthermore, we showed that sampling is possible
with simple tools (although it is labour intensive).
Apart from the technical questions of accurate meas-
urements and calculations of OC stocks, the political
framework and conditions of possible applications
of scientific knowledge need to be considered indi-
vidually in each case and should give critical regard
to power structure, including distinctive knowledge
bodies and their representing political institutions.

Acknowledgements

This study was carried outin the framework of the
integrated project CarBioCial funded by the German
Ministry of Education and Research (BMBF) under
the grant number 01LL0O902F. We express our high-
est gratitude to the Kayapé nation without whom
this study would not have been possible. We would
like to personally thank Kococba Kayapo, Kryte
Kayap6, and the Menkragnoti people and their lead-
ers, the KABU with Junio Esllei Martins de Oliveira
and Luis Carlos da Silva Sampaio. We are deeply


http://www.investing.com/commodities/carbon-emissions-historical-data 

238

ERDKUNDE

Vol. 71 - No. 3

thankful for the professional support of Paulo, the
well builder. Furthermore, we would like to sincerely
thank Silke Bokeloh for excellent laboratory work,
Steffen Soffker for important support in the field,
all our colleagues from CarBioCial for effective in-
terdisciplinary cooperation and stimulating discus-
sions, and Stefan Hohnwald and Michael Klingler
for project coordination.

References

Arimva, E. Y,; BarreTO, P; ARAUJO, E. and SOARES-FILHO,
B. (2014): Public policies can reduce tropical deforesta-
tion: lessons and challenges from Brazil. In: Tand Use
Policy 41, 465-473. https://doi.org/10.1016/j.landuse-
pol.2014.06.026

Banyes, N. H. (1996): Total carbon and nitrogen in the soils of
the world. In: European Journal of Soil Science 47,151—
163. https://doi.otg/10.1111/}.1365-2389.1996.tb01386.x

BirDsEY, R.; ANGELES-PEREZ, G.; KUurz, W. A.; LISTER, A,
OLGUIN, M.; PaN, Y.; WaysoN, C.; WiLsoN, B. and JoHN-
soN, K. (2013) Approaches to monitoring changes in
carbon stocks for REDD+. In: Carbon Management 4,
519-537. https://doi.org/10.4155/cmt.13.49

Brume H. P, Stanr K. and LEnweBer P. (2011) Boden-
kundliches Praktikum. Kiel.

Boy, J.; STREY, S.; SCHONENBERG, R.; WEBER-SANTOS, O
NenDEL, C.; STREY, R.; KLINGLER, M.; ScHUMANN, C.;
HARTBERGER, K. and GUGGENBERGER, G. (20106): See-
ing the forest not for the carbon. Why concentrating on
land-use induced carbon stock changes of soils in Brazil
can be climate-unfriendly. In: Regional Environmental
Change, 1-13. https://doi.org/10.1007/s10113-016-
1008-1

Braz, S. P; UrQuiaGA, S.; ALves B. J. R.; Jantania, C. P
Paura, A.; GUIMARAES A.; DOS SANTOS, C. A. ; DOS SAN-
T0s, S. C.; PINHEIRO, F. M. and BobppEy, R. M. (2013):
Soil carbon stocks under productive and degraded Bra-
chiaria pastures in the Brazilian Cerrado. In: Soil Science
Society of America Journal 77 (3), 914-928. https://
doi.org/10.2136/ss$2j2012.0269

CaPLOW, S.; JAGGER, P; LawLor, K. and Siis, E. (2011):
Evaluating land use and livelihood impacts of early for-
est carbon projects: lessons for learning about REDD+.
In: Environmental Science and Policy 14, 152—167. htt-
ps://doi.org/10.1016/j.envsci.2010.10.003

Ecresia, R .P; JoBBaGY, E. G.; Jackson, R. B.; Jackson, R.
B.; Bicanzoul, E and PiNERO, G. (2012): Shifts in soil
organic carbon for plantation and pasture establish-
ment in native forests and grasslands of South America.
In: Glob Change Biology 18, 3237-3251. https://doi.
org/10.1111/7.1365-2486.2012.02761.x

FeARNSIDE, P. (2017): Business as usual: a resurgence of
deforestation in the Brazilian Amazon, in: YaleEnvi-
ronment 360, 18.04.17. http://e360.yale.edu/features/
business-as-usual-a-resurgence-of-deforestation-in-the-
brazilian-amazon

FAO (2012): State of the world’s forests. Rome.

— (2015): World reference base for soil resources 2014: In-
ternational soil classification system for naming soils
and creating legends for soil maps. Update 2015. Rome.

GarzoN, B. R. (2009): REDD in indigenous territories of
Amazon Basin. Instituto Socioambiental (ISA), Sao
Paulo.

HaceporN, E; ScHreppr, P.; WALDNER, P; and FLUHLER, H.
(2000): Export of dissolved organic carbon and nitro-
gen from Gleysolsol dominated catchments — the sig-
nificance of water flow paths. In: Biogeochemistry 50,
137-161. https://doi.org/10.1023/A:1006398105953

HarpER, R. J. and TisBETT, M. (2013): The hidden organic
carbon in deep mineral soils. In: Plant and Soil 368,
641-648. https://doi.org/10.1007/s11104-013-1600-9

ISA (Instituto Socioambiental) and Forest Trends (2010):
Desmatamento evitado (REDD) e povos indigenas:
expetiéncias, desafios e oportunidades no contexto
amazonico. Sao Paulo. http://www.forest-trends.org/
documents/files/doc_2692.pdf

ISA (Instituto Socioambiental) (2014): Localizacio e ex-
tensio das TIs. https://pib.socioambiental.org/pt/c/
terras-indigenas/demarcacoes/localizacao-e-extensao-
das-tis (Date: 30.08.2017)

— (2017): Terra Indigena Menkragnoti. https://terrasindi-
genas.org.br/en/terras-indigenas/3952#sobre  (Date:
30.08.2017)

IPAM (2009): Joint position on ecological co-benefits of
REDD+. Amazon Environmental Research Institute
(IPAM), Conservation International Environmental
Defense Fund, The Nature Conservancy, Woods Hole
Research Center, 1-3.

IPCC (2003): Good practice guidance for land use, land-use
change and forestry. Hayama.

— (2000): IPCC guidelines for national greenhouse gas in-
ventories. Volume 4. Agriculture, forestry and other land
uses. Hayama.

JoBBAGY, E .G. and Jackson, R. B. (2000): The vertical distri-
bution of soil organic carbon and its relation to climate
and vegetation. In: Ecological Applications 10, 423—436.
https://doi.org/10.1890/1051-0761(2000)010[0423:TV
DOS0]2.0.CO;2

MEHLICH, A. (1984): Mehlich 3 soil test extractant: a modi-
fication of Mehlich 2 extractant. In: Communications
in Soil Science and Plant Analysis 15 (12), 1409—1416.
https://doi.org/10.1080/00103628409367568

NEpstAD, D. C.; DE CarRvALHO, C. R.; DaviDsoN, E. A.; Jipp,
P. H.; LereBVRE, P. A.; NEGREIOS, G. H.; DA Sitva, E. D,


https://doi.org/10.1016/j.landusepol.2014.06.026
https://doi.org/10.1016/j.landusepol.2014.06.026
https://doi.org/10.1111/j.1365-2389.1996.tb01386.x
https://doi.org/10.4155/cmt.13.49
https://doi.org/10.1007/s10113-016-1008-1

https://doi.org/10.1007/s10113-016-1008-1

https://doi.org/10.2136/sssaj2012.0269

https://doi.org/10.2136/sssaj2012.0269

https://doi.org/10.1016/j.envsci.2010.10.003

https://doi.org/10.1016/j.envsci.2010.10.003

https://doi.org/10.1111/j.1365-2486.2012.02761.x

https://doi.org/10.1111/j.1365-2486.2012.02761.x

http://e360.yale.edu/features/business-as-usual-a-resurgence-of-deforestation-in-the-brazilian-amazon

http://e360.yale.edu/features/business-as-usual-a-resurgence-of-deforestation-in-the-brazilian-amazon

http://e360.yale.edu/features/business-as-usual-a-resurgence-of-deforestation-in-the-brazilian-amazon

https://doi.org/10.1023/A:1006398105953
https://doi.org/10.1007/s11104-013-1600-9
http://www.forest-trends.org/documents/files/doc_2692.pdf

http://www.forest-trends.org/documents/files/doc_2692.pdf

https://pib.socioambiental.org/pt/c/terras-indigenas/demarcacoes/localizacao-e-extensao-das-tis
https://pib.socioambiental.org/pt/c/terras-indigenas/demarcacoes/localizacao-e-extensao-das-tis
https://pib.socioambiental.org/pt/c/terras-indigenas/demarcacoes/localizacao-e-extensao-das-tis
https://terrasindigenas.org.br/en/terras-indigenas/3952#sobre
https://terrasindigenas.org.br/en/terras-indigenas/3952#sobre
https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
https://doi.org/10.1080/00103628409367568

2017 S. Strey et al.: Digging deeper: the value of deep soil carbon for potential REDD+ projects in tropical forest ... 239

Stong, T. A.; TRUMBORE, S. E. and VIEIRA, S. (1994): The
role of deep roots in the hydrological and carbon cy-
cles of Amazonian forests and pastures. In: Nature 372,
666—669. https://doi.org/10.1038/372666a0

Quesaba, C. A,; Lroyp, J; ANDERsON, L.O.; Fyrras, N.
M.; Scuwarz, M. and Czmvczik, C. 1. (2011): Soils of
Amazonia with particular reference to the RAINFOR
sites. In: Biogeosciences 8, 1415-1440. https://doi.
org/10.5194/bg-8-1415-2011

RAISG (2015): Red Amazoénica de Informaciéon Socioam-
biental Georrefeenciada https://www3.socioambiental.
org/raisg2015/ (Date: 30.08.2017)

ROBERTSON, M. (2000): The nature that capital can see: sci-
ence, state and market in the commodification of eco-
system services. In: Society and Space 24, 367-387.
https://doi.org/10.1068/d3304

Saarchy, S. S.; HouGgHTON, R. A.; Dos SANTOS ALVALA, R. C,;
Soares, J. V. and Yu, Y. (2007): Distribution of above-
ground live biomass in the Amazon basin. In: Global
Change Biology 13, 816-837. https://doi.org/10.1111/
j.1365-2486.2007.01323.x

StREY, S.; Boy, J.; STREY, R.; WEBER, O. and GUGGENBERGER,
G. (2016): Response of soil organic carbon to land-use
change in central Brazil: a large-scale comparison of
Ferralsols and Actrisols. In: Plant and Soil 408, 327-342.
https://doi.org/10.1007/s11104-016-2901-6

TRUMBORE, E.; DAVIDSON, A.; CAMARGO, D.; NEPSTAD, C. and
MarTINELLL, L. A. (1995): Belowground cycling of car-
bon in forests and pastures of eastern Amazonia. In:
Global Biogeochem Cycles, 9, 515-528. https://doi.
org/10.1029/95GB02148

TwoNGYIRWE, R.; SHEIL, D.; MajaLIwA, J. G. M.; EBANYAT,
P; TENywa, M.M.; van HEeist, M. and Kumagr, L. (2013):
Variability of soil organic carbon stocks under differ-
ent land uses: a study in an afro-montane landscape in
southwestern Uganda. In: Geoderma 193-194, 282—
289. https://doi.org/10.1016/j.geoderma.2012.09.005

Vorkorr, B.; Fuira, E; MeLLo, D. C.; Maia, S. M. E and
Cerri, C. E. P (2012): Landscape and soil regionaliza-
tion in southern Brazilian Amazon and contiguous
areas: methodology and relevance for ecological stud-
ies. In: Scientia Agricola 69, 217-225. https://doi.
org/10.1590/50103-90162012000300007

ZWICK, S. and BorGes, B. (2012): Legitimate REDD players
should welcome Brazilian action against carbon cow-
boys. http://www.ecosystemmarketplace.com/articles/
legitimate-redd-players-should-welcome-br-brazilian-
action-against-carbon-cowboys/ (Date: 30.08.2017)

Authors

Simone Strey

Dr. Jens Boy

Robert Strey

Anna Welpelo

Prof. Dr. Georg Guggenberger
Leibniz University Hannover
Institute of Soil Science
Herrenhiduser Str. 2

30419 Hannover

Germany
boy@ifbk.uni-hannover.de

Dr. Regine Schonenberg

Chatlotte Schumann

FU Betlin

Institute for Latin American Studies
Boltzmannstr. 4

14195 Betlin

Germany


https://doi.org/10.1038/372666a0
https://doi.org/10.5194/bg-8-1415-2011

https://doi.org/10.5194/bg-8-1415-2011

https://www3.socioambiental.org/raisg2015/
https://www3.socioambiental.org/raisg2015/
https://doi.org/10.1068/d3304
https://doi.org/10.1111/j.1365-2486.2007.01323.x

https://doi.org/10.1111/j.1365-2486.2007.01323.x

https://doi.org/10.1007/s11104-016-2901-6
https://doi.org/10.1029/95GB02148

https://doi.org/10.1029/95GB02148

https://doi.org/10.1016/j.geoderma.2012.09.005
https://doi.org/10.1590/S0103-90162012000300007

https://doi.org/10.1590/S0103-90162012000300007

http://www.ecosystemmarketplace.com/articles/legitimate-redd-players-should-welcome-br-brazilian-action-against-carbon-cowboys/
http://www.ecosystemmarketplace.com/articles/legitimate-redd-players-should-welcome-br-brazilian-action-against-carbon-cowboys/
http://www.ecosystemmarketplace.com/articles/legitimate-redd-players-should-welcome-br-brazilian-action-against-carbon-cowboys/

