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Preface

This study was conducted within the scope of anBENRSeed Money Project research. This
seed money project research is undertaken on “R¥gta de Indio’. In particular, the project
aims at designing research proposals for larggiated programs in the field of Amazonian
Dark Earth (ADEJ.

Within the INREF project 4 main areas of scientifiterest have been set out:

1) The archeological and historical anthropologicailgios of ADE. How did the
indigenous people form and maintain ADE? (Archeglod?aleo-Botany and
Historical Anthropology)

2) What does ADE consist off? What are the soil conspds and processes involved?
(Soil Quality, Micromorphology and Microbiology)

3) What are the (agricultural) possibilities of ADE@SBibilities for carbon sequestration
and agronomic use (Agronomy and Ecology)

4) Where can ADE be found? What is the spatial distiim of ADE? (RS and GIS)

For the last ‘work package’ an initial investigatics done, dealing withwhich research is
needed to find out where Terra Preta can be foumthé Amazonian basinAt the moment
estimates are made that only 10% of ADE have bempped. Within research on ADE there
is a high need for finding out the spatial disttibn of ADE. Remote sensing has been
proposed as the major tool in achieving this aimcion, 2003).

! Interdisciplinary Research and Education FundWamgeningen UR
% The terms Terra Preta and Amazonian Dark Earth @ husth for the same phenomenon. Terra Preta ttefers
the local (Brazilian) naming, ADE to the scientifilassification.
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1. Introduction

Historically, the strategy of agricultural practicethe Amazon consisted of slash and burn
agriculture. The common practice was that new fanallis colonized and is being used for 2-
3 years until crop yields declines and /or the dghowof weeds is too excessive to utilize the
land (Erickson, 2003).

However, there is strong evidence for a differagricaltural practice covering most of the
Amazon Basin and further. Permanent or semi-perntaagriculture from the indigenous
people (until around 1500) could have created madtée fertile soils, these are known as
Terra Preta or Amazonian Dark Earths (ADE) (Gladel, 2001).

1.1  Amazonian Dark Earths
Terra Preta or Amazonian Dark Earths are most camymmderstood as ancient remnants of
Amazonian civilizations that inhabited the areaobefthe coming of the Europeans. After the
colonization of (Northern and) Southern Americae timdigenous population nearly got
extinct and with them the knowledge on ADE. Regefdtge remains have been found and
investigations have started (e.g. Denevan, 199&kéteerger et al, 2003 and Lehmann,
2003).
ADE were made between 500 BC and 1500 AD and aregtht to have originated from
disposal of organic waste and incomplete burningating charcoal (slash and char) (Mann,
2002). The anthropogenic A-horizont of the ADE haveater depths (on average 30-60cm)
than the typical rainforest soils (on average 1@2) (Kern, 2003 and Erickson, 2003).
ADE are found on all soil types in the Amazon wsitexd and are normally located on bluffs
near rivers, but also farther away in the innedlakpart from Terra Preta, also Terra Mulata
have been identified. These soils have increaseslslef organic matter but not as high as
Terra Preta. Terra Mulata (also classified undeENBre the transitional soils between Terra
Preta, which are most commonly adjacent to the déormettlements, and the primary
rainforest on the Terra Firme (generally Ferralsolerra Mulata show a lower level of
organic waste and human artifacts (e.g. shellgepoetc.), but it is believed that they were
cleared in the same way as the Terra Preta (sta$lelaar). No clear criteria have been set to
precisely define these types of soils (Ericksor@3@&nd in this study Amazonian Dark Earth
(ADE) will refer only to Terra Preta.
After the indigenous population left, most ADE haveen covered by dense (secondary)
rainforest. Many sites have been found (Kern et2@80Q3) and some are archaeologically
investigated but many still are undiscovered. Toialtextent of the ADE is not known
(Erickson, 2003) and estimations of the extenheke ADE differ from 10% (Mann, 2002) to
0.1%-0.3% (Sombroek et al, 2005) of the total avedahe Amazon basin. Scientists take
interest in a description of basin-wide patternd aariability of these soils (Erickson, 2003;
German, 2003).

1.2 Research objectives

With this Capita Selecta an investigation is uralesh to describe several possibilities using
remote sensing techniques to retrieve these ADEemrainforest canopies (late secondary
tropical rainforest). First, a limited literaturgudy is conducted to discover possible
biophysical and spatial indicators for mapping AB&d indicators to map these ADE are
compared in relation to the feasibility of mapp®DE. Second, two maps with known ADE
sites (obtained from Kern et al 2003) were digdiznd Landsat Thematic Mapper images
and DEM images were overlaid to investigate theadtaristics of the known sites.



2. Literature review

2.1 Distribution of ADE

Ecotypes and Rivers
Brazil is divided into 33 eco-regions and the AmaR&asin includes 17 main landscapes of

these (Kern et al, 2003). The Amazon can be divitha three types of classified river
systems, namely white, clear and black waters. AC#é widely spread and are found in all
river systems, but mainly in white water river gyas (Kern et al, 2003). The ADE found on
the black water systems (rich in humic acids) aseally small, probably because of a
decreased number of inhabitants due to unsuitadpleigation of food in these rivers.

Most sites are located in the surrounding of Manaus further downstream (figure 1). The
pattern that ADE sites are situated relatively €lés present settlements is obvious. When
moving away from habited areas, sites are lesdylike be found because of the low

accessibility of the rainforest.

Figure 1: Known distribution of ADE sites (source; Lhiversitat Bayreuth, 2005).
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The height of the former settlements in the landsdaeing ADE, is at least over two meter

(99% of the cases) above the river water level 46fb of the cases were found between 5
and 25 meter. Only 4% was above 40 meter fromitlee level (Kern et al, 2003). In general,
sites with ADE are situated on strategic places famdenough from the floodplain to be
secure for flooding. These sites are mainly on dtiges of the plateaus and on elevated
plateaus in the riverbed. Apart from that, the eneg of a little stream close to the elevated
settlements was a necessity for the inhabitantteemdemand.



Size and spatial pattern

Individual ADE sites are variable in size and rafrgen a fraction of one ha to over 300 ha.
Kern et al (2003) report that 80% of the documersiesk are less than 2 ha in size, but there
are at least over 100 sites found which are lattger 2 ha.

The spatial pattern of the ADE sites is hypothdiiicdescribed in the report of Erickson
(2003) and he poses several possibilities of emmiuSome sites have a clear elongated form,
but there exist much variability between sites. Wineapping ADE patterns of the former
settlements, it is important to be able to deteesé¢ on a larger scale map.

Size and pattern of the ADE sites is an importantdr to take into account, when reviewing
possibilities for remote sensing. The possibilitypmvable difference is highly dependent on
the spatial extent of the individual pixel valuéfspixels are by definition mixed (e.g. rain
forest on ADE and on adjacent soils in one pixtkg, level of possible statistical differences
is less and the identification of ADE sites becomese complex.

2.2 Characteristics of ADE
Relevant literature was studied to retrieve indocet towards possible biophysical
parameters, which can be used analysing remoténgetiagta. These possible indicators were
derived from a broad range of literature includanghropological reports (German, 2003),
soil physical reports (Glaser et al, 2001; Glagexle2002) and historical reports (Devevan,
1996; Erickson 2003).

Soil properties

ADE contain higher concentrations of nutrientsJuding nitrogen, phosphorus and calcium
and have a greater and more stable organic maiksdr et al, 2001). This has been
extensively investigated (Glaser, 2002; Kern, 2083 the soil is seen as a phenomenon,
where ancient cultures were able to improve soiseiad of depleting them over years and
centuries.

Frequent findings of charcoal indicate the formlesls and char culture. The slash and char
culture is the key factor in the persistence ofs¢hsoils due to slow decomposition of
charcoal. The soils have a high CEC (Cation Excha@gpacity) and improved physical
characteristics than common soils in the regiorcotdding to local farmers, productivity on
the soils is much higher (German, 2003; Glaserle@01) and the soils are therefore
preferred over surrounding soils on Terra Firme.

Vegetation composition

Local residents observe differences in vegetatiomposition and structure on ADE
(German, 2003). German (2003) listed several distiost species, which may be found on
ADE. These ‘indicator species’ are generally asded with old fallow or mature forest.
Classification of vegetation types via unique vagee reflectance has been done in forest
monocultures and in clearly defined vegetationditaons (e.g. wetland vegetation) (Hirona et
al, 2003). But the lack of relevant literature obhpping tropical rainforests via specific
reflectances suggests that mapping patches (laeesecondary forests on highly fertile soil)
Is not yet achievable with present data gatheecgriques.

Although mapping via unique reflectances is liketyt achievable, efforts could concentrate
on the specific reflectance of forest structure #mel corresponding characteristics of the
canopy heterogeneity.

Biomass
ADE are perceived to be distinctive from adjacenissn terms of nutrient dynamics. Due to
the increased fertility, there are several indamadi that also the above ground biomass is



increased on the ADE. German (2003) found that |ldeamers think that biomass
accumulation is about two times higher on ADE tbamadjacent Terra Firme. Estimation of
the elevated levels of above ground biomass oretbeits still has to be done, but Glaser et al
(2001) state that “enhanced biomass productiohestet sites may still result in larger carbon
input in the topsoil”. Some studies on plant grgovettop yields and natural generation showed
that charcoal can increase the aboveround bion@sdymayo, 1994; Kishimoto & Sugiura,
1985 in: Glaser et al, 2002).

For mapping biomass with remote sensing technigueay be interesting to note that:

1) German (2001, pers. observation) found a lowearall average of girth of the present
mature tree species on Terra Preta;

2) Biomass accumulation on Terra Preta soils thénlate successional stages slower than on
Ferralsols (German, 2003, local farmers). Note tiatotal biomass is not mentioned, but the
biomass production in the later stages of the \adiget succession.

Structure

Canopy and lower layers of the vegetation structdrthe re-grown rainforest on ADE are
more complex. Due to increased fertility more pdamave the ability to survive under closed
canopies. This includes more vegetative layerseimegal and in particular, more vines and
thorny vegetation, a closed understory and a lawverall canopy (German, 2003).

In line with the occurrence of different flora spec(seevegetation paragraphthe structure
and vegetative layers are assumed to be differentADE, compared to surrounding
rainforest. This can be of interest, especiallyabse of the ability to investigate vegetation
structure by radar remote sensing (Santos et @B8)20

2.3Possibilities of remote sensing

During the past decade the use of remote sensmgdpical rainforests has had increased
attention due to the ability of monitoring largeakr vegetation changes. Much focus, in
Brazil and other countries in South America, isdefiorestation and possibilities of remotely
sensed data for mapping primary and early-seconadamyforest (Lu et al, 2005; Moran et al,
2000; Santos et al, 2003).

In order to investigate ADE, | elaborate on sevdnadlings of articles and describe the
possible uses when mapping ADE.

Resolution and site dimension

A minimum detectable size of 2 ha is a requisitbdwe sufficient possibilities for mapping
ADE, but enhanced spatial resolution would impraélve localisation of the many smaller
patches. In table 1 several sensors are enlistéd their spatial resolution and their
corresponding spectral resolution, indicating tlessible use and number of hypothetically
pure pixels when investigating a site of 2 ha. WHetecting these sites the elongated shape
can be of special interest, because software dilk@ve possibilities to stress horizontal or
vertical entities in images.



Collection method  Sensor Spatial Spectral Nr. of possible

resolution resolution pure pixels of 2
ha site
SAR (SB) ERS-AMI 30m C-band 11
JERS-1 18m L-band 62
Radarsat variable C-band Variable
SAR (AB) SIR-C 15-45 X, C, L, -bands 89-5
AeS-1 1.5m (variable) P-band 8889
Multispectral TM4-TM5 30m? 7 bands 11
SPOT-5 5-10-20m 5 bands 400-100-25
Hyperspectral (SB) EOS-MODIS 250-1000m 36 bands 0.16-0.01
Hyperspectral (AB) AVIS-2 1.5m (variable) Variable 8889

Table 1: Characteristics (spatial and spectral redation) of possible sensors to be used for mappingDE.
(source: Lillesand & Kiefer, 2000). SB: SpaceborneAB: Airborne.
1TM band 6 (thermal band) has a spatial resolutfdr?Om.

Landsat Thematic Mapper

The Landsat Thematic Mapper (TM) is a sensor whiak a very broad range of uses. The
sensor of TM mainly captures mixed information ovegetation cover: green leaves, canopy,
shadows stems and branches (Lu et al, 2005). Td@fusM images for mapping the ADE
site has limited opportunities, but because ofcitbrapleteness of the dataset (covering whole
Brazil) and the relatively low cost it can be usdfu initially evaluate its possibilities of
mapping ADE.

Lu et al (2005) investigated the relationship betwaboveground biomass of tropical forests
using TM reflectance data and found that the TMaAdoavas most sensitive for detecting
aboveground biomass. Hereby it must be noted Heatdlationship and thus the sensitivity
decreased rapidly when the aboveground biomaskeofarest stands was above 11 kg/m?
(mainly primary forests). This implies that thei® saturation of reflectance due to the
complex structures of rainforests (Lu et al, 2005).

Other opportunities with the TM are the ability nwap rivers, streams and old fallow and
mature forest. In this way, a general idea of thesfble locations in the landscape of the sites
can be obtained.

Radar

Synthetic Aperture Radar (SAR) has proved to besff@ctive tool to analyse the humid
tropics, because of the ability to peer throughudfo(Lillesand & Kiefer, 2000; Santos et al,
2003). In general, the shorter wavelengths (C-bdratkscatter from tree leaves, whereas
longer wavelengths (L- and P-bands) are best fosisg tree trunks and limbs (Lillesand &
Kiefer, 2000).

Studies (Lu et al, 2005; Moran et al. 2000; Sawetosl, 2003) using remote sensing data for
identification of primary and secondary rain forast common. Investigation of aboveground
biomass on tropical rainforest using P-band aired®A\R (Santos et al, 2003) showed the
capability of detecting secondary forest and tessér extent primary forest. The P-band has
significant correlation with the aboveground biosyasut it must be noted that saturation of
backscattered radiation occurs. Imhof (1995, imt&aet al, 2003) examined the C-, L- and
P- band saturation levels for two forests (inclgdentropical rainforest). The saturation levels
for both forests were; 20 ton/ha for C-band, 4Qtarfor L-band and 100 ton/ha for P-band.
Where biomass levels of primary forest on modeiati#le soils is about 200 ton/ha there are
some difficulties to overcome to get good estimaiof rainforest on fertile soil.

L-band has been proposed to be able to estimatatezn structure. As noted above, there
are clear indications that the canopy and vegetdtiyers on undisturbed ADE are more



complex and therefore possibly detectable. Thers@dn level forms a complicating factor
but the possibility to combine radar images an@iotlata can be sufficient to map ADE.

Vegetation classification

The complexity of vegetation type classificationtiadpical rainforests is extremely difficult,
despite the increased availability of spatial dBiamass and structure have been proposed to
be able to partly overcome these problems (see QIracteristics of spectral reflectance of
emergent trees could still be of interest, esplgciahen these emergent trees have an
increased abundance on more fertile soils. Simplgetation indices (NDVI or SAVI) or
more complex indices could improve prediction ofurcence of the ADE.

DEM and buffering

When taking the patterns described in Denevan' biodel (1996) into account, it might be
sufficient, or at least rewarding, to investigdte position of the edges on the Terra Firme. In
general, the model describes a pattern of settlsnamich are situated, on the edge of the
raised Terra Firme adjacent to the floodplains §¢a) of the Amazon river system.
Localisation of these strips along the rim of tleodéplains could downsize the area of interest
and improve mapping of ADE. A set of spatial exipliales (buffering) in combination with a
Digital Elevation Model (DEM) could be used as etgique to focus on areas of interest.

2.4 Prospects

In general efforts on mapping of these soils widlintly concern identification of patches of
variable sizes (1 ha to 350 ha) of 500-years-olttasional rainforests on increased fertile
soils. In recent literature characteristics of ADEh regards to soil differences and the
corresponding vegetation are described, and regsotsing has opportunities to localize these
soils. Despite extensive physical descriptions amthaeological meaning of these soils there
an information gap remains on ‘untouched’ ADE si&$hough clear differences exist, many
characteristics (e.g. biomass, forest structurgg i@ be translated into measurable values in
order to be able to predict occurrences of ADEssitethe field. If the mapping is to be
successful, efforts should be taken to translaseadteristics of ‘untouched’ soils. Hereafter
possible future projects are described.

Vegetation

A field study could be conducted to estimate tlreraased presence of aboveground biomass
on ADE and this should be compared to the abovegtduomass on the surrounding soils.
Depending on the variation different methods carctha@sen to predict the location of ADE
through remotely sensed data. In the same fieldk vabjectives to investigate species
composition in relation to canopy structure, vetistructure and emergent trees should be
taken into account.

Images

Depending on available images, resources, cosbandfits, a choice for a sensor should be
made. Depending on the kind of sensor, further ogshn the field of data processing can be
chosen. Ideally airborne radar images should beenfrasn the complete Amazon basin, but
this is very costly. It might be sufficient to Idze the ADE when the field work and the
biophysical parameter estimation is combined wothdr resolution images.



3. Materials and methods

3.1 Materials
All the figures from Kern et al (2003) displayingndwn distributions of ADE sites were
investigated. The areas of interest to investitjaepossibilities of mapping ADE are chosen
in such a way that the Landsat Thematic Mapper @saiow a closed forest canopy and a
relatively low influence of human activities in treirroundings, in order to be able to
investigate the naturally overgrown ADE sites. Qe Bbove described criteria two maps
were chosen (figures 2 & 3) to continue the analyse

Figure 2. Map of the distribution of archaeologicalsites in the region of the
Trombetas river (Para State) (source: Hilbert, 1990n: Kern et al, 2003)

Figure 3: Map of the distribution of archaeologicalsites in the region of the
Madeira river (Amazénas State) (source: Simdes anlbpez 1987, in: Kern et
al, 2003).
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Two Landsat Thematic Mapper images and two cormedipg STRM DEMSimages (for
details see table 2yere downloaded from Earth Science Data Interf&S(). None of the
Thematic Mapper images had clouds and the imagesenddready pre-processed and geo-
referenced in UTM 84 coordinates.

For image analyses a combination of the softwackgges ENVI, ERDAS IMAGINE and
ArcGIS was used to geo-reference, overlay, mask gertkrate statistics of the areas of
interest in the images.

Landsat Thematic Mapper STRM DEM
Region Path / Row Resolution Acquisition date Reeol Acquisition date
Trombetas 228 /61 30m / band6 06-09-1992 90 m Feb 2000
river region 60m
Madeira river 230/ 63 30m / band6 24-06-1992 90 m Feb 2000
region 60m

Table 2: Details of the gathered images per region.

3.2 Data analyses
For the two locations a mask was build using th&@®TDEM and all water and all land
above 40m was excluded. Efforts were done to seerhany ADE sites would fall into the
selected area and how many would fall in the oatthe 40 meter elevation limit, Kern et al.
(2003) reported that 4% of all sites would be ledahbove 40m. Also a percentage of the
sites below the water level was calculated to geéstimate of how many sites are flooded
and thus causing difficulties to localize with gexleeemote sensing assumptions because of
altered abiotic conditions.
Secondly, the generated mask was put on the bamage of the Landsat Thematic Mapper
images and stretched according to increasing tligabues (0-133 digital number (DN))
representing darker blue and the highest valug®/bband 4 displayed in red.
The distribution of the Terra Preata sites of tregpsobtained from Kern et al (2003) (figures
2 & 3) were digitized and overlaid on the stretclad masked Thematic Mapper band 4
image. The digital values of the ADE sites in theematic Mapper band 4 images were
averaged and compared to the averaged values tftianasked map to see if the locations
showed an increase in TM band 4.

4. Results

The percentage of ADE occurring below an elevatbd0 meters above river level were
11.4% (4 out of 35 sites) for the Trombetas riveggion and 0% for the Madeira river region
(O out of 12 sites), combined: 8.5%. The percentadpgher than the reported 4% of all sites,
but is the difference still within reach of the 4¥he percentage of ADE sites occurring in
the water or in the riverbed was 14.3% for the Twetas river region (5 sites out of 35 sites)
and 0% for the Madeira river region (0 out of 1{2s).

In figure 4 the digitized distribution of the ADEess of the Trombetas river region is shown.
The sites located at the lower right of the image @early at or close to high values of the
TM band 4. More north the sites show no clear i@tahip with TM band 4 values.

In figure 5 the distribution of ADE of the Madeiraver region is shown. All ADE sites are
occurring at or very close to high TM band 4 vaJuewlicating that a high value of TM band
4 could be a good indicator for the occurrence DEAsites.
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Figure 4: Masked Landsat Thematic Mapper band 4 imag of the region
of the Trombetas river and the distribution of the ADE sites. Darker
blue indicates higher reflection in band 4 and redndicates the highest

values in band 4 (above 80 dn value).
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Figure 5: Masked Landsat Thematic Mapper band 4 imag of the
region of the Madeira river. Darker blue indicateshigher reflection in
band 4 and red indicates the highest values in band (above 80 dn

value).
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Other locations have increased values of TM baad well and TM band 4 will therefore not
only be able to predict ADE locations.

In figure 6 and 7 the digital values of TM band0476-0.90 um) are shown for the locations
of the digitized ADE sites compared to the wholag®. The band 4 DN average values (with
a maximum DN value of 133) of the pixels on thesii@s and for all pixels values are 80.52
(sd = 8.53) and 63.70 (sd = 24.14) respectively tfie Trombetas region. The band 4 DN
average values of the pixels on the TP sites dmabals are 60.17 (sd = 15.57) and 54.9 (sd
= 11.67) respectively, for the Madeira region. Doi¢he great number of pixel values, it was
impossible to introduce all values to a statistmaftware package, but visual interpretation
shows increased values of band 4 in and arounditesites.

Figure 6: Average reflectance values of Figure 7. Average reflectance values of
the ADE sites and the whole masked the ADE sites and the whole masked
image of the region of the Trombetas image of the region of the Madeira river.
river.
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5. Discussion

From the figures 4 and 5, patterns are recognisabte one can predict where ADE sites
could occur. Sites generally have a long and narstvape (Erickson, 2003) and in the
manipulated maps, high values of NIR reflectionnglahe riverbeds are visible as the
expected form of the ADE sites. More accuracy alsizgs, forms and borders of the ADE
sites and higher spatial resolution could signiftgaimprove the results and the localization
of ADE. The location of the sites on maps from Ketnal (2003) were presented as point
features and digitized manually, making estimatbthe exact location very hard.

Despite the increased values in TM band 4 nearbyADE sites, other regions had also
increased values in TM band 4. More fieldwork skoloé conducted in order to get insight
whether saturation, vegetation structure or othetokrs play a role in the increased reflection.
Because of the restrictions of the reflective prope of flooded sites, variation between sites
and human influence some sites will be missed mthis kind of analysis. Therefore remote
sensing techniques should be deployed to retrleveajority of the ADE sites but can not be
used to retrieve all ADE sites.
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6. Conclusion

The ADE patterns described in the literature ad agthe biotic and abiotic characteristics of
the sites form stepping stones for remotely loggiDE. The results show that a combination
of STRM DEM and Band 4 of TM constitutes a possifglel to narrow down the possible
occurrences of ADE sites. Field studies combineth wiore advanced sensors will have
much potential to map ADE sites, and here | shaat with free available images with a low
spatial and spectral resolution a pattern is reisafpe. Areas of interest where ADE sites will
be searched in future projects could be narroweadhdasing probability maps derived from
TM images and DEMSs.

When future projects would have to make considematvhich tool would be likely to yield
the best results, SAR has the best opportunitiesap the structural differences on the ADE
sites and thus predict locations best.

Merging data of images of different sensors (sutmyperspectral, DEMs and Landsat TM
images) with different spatial resolutions has atgeat potential to accomplish good
prediction of location of ADE sites over larger ase
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