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Abstract

Soil fertility and leaching losses of nutrients were compared between a Fimic Anthrosol and a Xanthic Ferralsol
from Central Amazodnia. The Anthrosol was a relict soil from pre-Columbian settlements with high organic C
containing large proportions of black carbon. It was further tested whether charcoal additions among other organic
and inorganic applications could produce similarly fertile soils as these archaeological Anthrosols. In the first
experiment, cowpea (Vigna unguiculata (L.) Walp.) was planted in pots, while in the second experiment lysimeters
were used to quantify water and nutrient leaching from soil cropped to rice (Oryza sativa L.). The Anthrosol showed
significantly higher P, Ca, Mn, and Zn availability than the Ferralsol increasing biomass production of both cowpea
and rice by 38-45% without fertilization (P < 0.05). The soil N contents were also higher in the Anthrosol but
the wide C-to-N ratios due to high soil C contents led to immobilization of N. Despite the generally high nutrient
availability, nutrient leaching was minimal in the Anthrosol, providing an explanation for their sustainable fertility.
However, when inorganic nutrients were applied to the Anthrosol, nutrient leaching exceeded the one found in the
fertilized Ferralsol. Charcoal additions significantly increased plant growth and nutrition. While N availability in
the Ferralsol decreased similar to the Anthrosol, uptake of P, K, Ca, Zn, and Cu by the plants increased with higher
charcoal additions. Leaching of applied fertilizer N was significantly reduced by charcoal, and Ca and Mg leaching
was delayed. In both the Ferralsol with added charcoal and the Anthrosol, nutrient availability was elevated with
the exception of N while nutrient leaching was comparatively low.

Introduction

Upland soils in the humid tropics such as the Amazon
basin are often highly weathered and therefore possess
low plant-available nutrient contents (van Wambeke,
1992). This is a result of both high rainfall and low
nutrient retention capacity. In these soils the cation
exchange capacity is very low due to the dominance of
iron and aluminum oxides and kaolinite as well as gen-
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erally low soil organic matter contents and pH values.
Applied nutrients are rapidly leached below the root
zone of annual crops (Cahn et al., 1993; Melgar et al.,
1992) and large amounts of nitrate (NO3 ™) were found
to accumulate in acid subsoils (Cahn et al., 1992). In
order to increase nutrient use efficiency, techniques
must be developed to keep applied nutrients in the
topsoil and therefore in the main root zone of the crop.

Two basic approaches can be used to reduce nu-
trient leaching; applying slow-release nutrient forms
such as organic fertilizers and increasing adsorption
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sites thereby retaining applied inorganic nutrients.
Animal manures and composts have shown in several
trials to increase nutrient availability and to partly sub-
stitute mineral fertilizers (Goyal et al., 1999). How
well organic amendments are effective for supplying
sufficient nutrients for plant growth and for redu-
cing leaching of applied mineral nutrients under high
leaching conditions is far less clear. Additionally, or-
ganic fertilizers may mineralize rapidly and therefore
have to be applied repeatedly to maintain sufficient
available nutrients and exchange capacity.

In Central Amazodnia, soils have been found with
high organic matter contents of up to 150 g kg™!
which were created by pre-Columbian populations
from 500 to 2500 years B.P. (Petersen et al., 2001;
Smith, 1980; Woods et al., 2000). Their distribu-
tion stretches mainly along waterways from Eastern
Amazonia to the central Amazon basin with sizes ran-
ging from less than 1 ha to more than 100 ha (Smith,
1980). It is presently not entirely clear which types of
organic applications are responsible for the observed
increase in soil organic matter. These relict Anthrosols
(so-called ‘Terra Preta de Indio’) have persisted over
many centuries despite the prevailing humid tropical
conditions and rapid mineralization rates. They are
highly valued by farmers for their sustainable fertility
and production potential. Despite the observed high
cation exchange capacity and nutrient availability of
the Anthrosols (Kern and Kampf, 1989; Kern et al.,
1999; Smith, 1980; Sombroek, 1966) no systematic
research has been conducted to quantify crop nutrient
uptake, production potential or nutrient movement in
these soils. The question also remains how these soils
maintain their fertility over long periods of time.

Applications of organic matter may be a feas-
ible way to create sustainably fertile soils similar to
the prehistoric Anthrosols. An additional option to
manure and composts could be the application of char-
coal to soil. Testing the addition of charred organic
matter was stimulated by the fact that the described
relict anthropogenic soils in the Amazon contain large
amounts of pyrogenic C (Glaser et al., 2001) and
charcoal may have been one of the amendments used
by Amerindian populations. Burning is a common
practice in tropical smallholder agriculture, and the
main land use system in the Amazon region is shifting
cultivation often following logging (Laurance, 1998).
The aboveground biomass is usually slashed and af-
terwards burned to clear the agricultural field but also
to add nutrients to soil resulting in increased nutrient
availability during the first cropping seasons (Sanchez

et al., 1983). The same land-clearing technique may
be used to produce charcoal instead of largely burning
the woody biomass.

In laboratory experiments, charcoal was shown to
increase the cation exchange capacity of sandy soils
from temperate regions (Tryon, 1948). The effect of
charcoal additions on nutrient availability is not en-
tirely clear and both increasing (Iswaran et al., 1980)
as well as decreasing (Kishimoto and Sugiura, 1985)
nutrient uptake and biomass production have been re-
ported. No information is available about the effect
of charcoal applications on nutrient retention and soil
fertility of highly weathered soils in the humid tropics,
and whether charcoal additions among other organic
applications could produce similarly fertile soils as the
relict Anthrosols found in the Amazon basin.

Therefore, we addressed the following objectives:
(i) compare the fertility of an archaeological Anthrosol
to a typical upland Ferralsol of the central Amazon
basin; (ii) assess how these Anthrosols maintain their
high nutrient availability; (iii) compare the effect of in-
organic and organic amendments such as charcoal and
manure on fertility and nutrient retention of a Ferralsol
with those of an archaeological Anthrosol.

Materials and methods

The present study was carried out in greenhouse
facilities of the Embrapa Amazdnia Ocidental near
Manaus, Brazil. We used two different soils for our
experiments: (1) a Xanthic Ferralsol taken from a sec-
ondary forest (approximately 15 years old) with high
clay contents (65%), medium organic C (39 g kg™
and N contents (31.7 g kg~!); (2) a Fimic Anthrosol
obtained from a farmers field under fallow with low
clay (5%) and high sand contents (85%), high organic
C (84.7 g kg1, available P (318 mg kg~') and Ca
contents (656 mg kg~!), but low to medium total N
(49.6 g kg~1), available K (4.0 mg kg~!) and Mg
contents (57 mg kg~!). Both soils have not been fer-
tilized before they were collected. We conducted two
different experiments (i) using pots which did not al-
low leaching of solutes and which were amended only
with triple super phosphate (‘pot experiment’), and (ii)
using lysimeters which were free-draining and which
received full fertilization (‘lysimeter experiment’).



Pot experiment

A bioassay was done using cowpea (Vigna unguicu-
lata (L.) Walp.) as a test plant. The pots had a diameter
of 0.2 m and were filled with 3 kg of either the
Ferralsol or the Anthrosol. The soils received dif-
ferent inorganic and organic amendments with and
without prior charcoal additions totaling to 19 treat-
ments (Table 1). Only the Ferralsol received 10 and
20% (w/w) charcoal (67.6 and 135.2 Mg C ha~!,
respectively), which was produced by local farmers
and originated from secondary forests. The charcoal
was ground by hand to a grain size of about 1 mm.
Additionally, amendments of 20% of charcoal pieces
were tested which had a diameter of approximately
20 mm. The applied amounts of charcoal at 10% were
in the range of projected charcoal yields from the
aboveground woody biomass of Amazonian forests
which calculate to 57-66 Mg C ha~! (Table 2) for
the topsoil (0-0.1 m) with an estimated mass loss of
46% C during charcoal production (Lehmann et al.,
2002). Further studies are needed to show how much
charcoal can be produced for secondary forests on
site. The present study is designed to investigate if
soil fertility can in principle be increased by char-
coal additions in highly weathered tropical soil, and
charcoal amounts were selected which reflected the
higher range of possible amendments. The charcoal
contained a total amount of 708 g C kg~! and 10.9 g
N kg™!, 6.8 gPkg™!, 032 gMg kg™ !, 1.3 g Ca
kg~!,0.89 g K kg~!. Phosphorus fertilizer was added
as triple super phosphate (TSP) at 135 kg P,Os ha™!
(59 kg P ha™!; recommendation for cowpea; Araujo
et al.,, 1984, Embrapa Amazonia Ocidental, Manaus)
at planting. Other elements were not supplied, since
soil test levels were higher than the threshold values
of applications for cowpea (Araujo et al., 1984, Em-
brapa Amazo6nia Ocidental, Manaus). The cattle and
chicken manures were applied at 13 and 3.2 Mg ha™!,
respectively, to give the same amount of P than the
mineral fertilizer. The chicken manure contained a
total amount of 342 g C kg~!, 279 g Nkg™!, 187 g
Pkg!, 54 gMgkg!, 254 g Cakg™!, 62 gK
kg~!; the cattle manure 314 g Ckg™!, 16.2 g Nkg~!,
45gPkg !, 65gMgkg !, 27.0gCakg™ !, 48 ¢
K kg~! (total amounts of amendments determined by
dry combustion or wet digestion).

Cowpea was sown in five planting holes per pot
with three seeds per hole and thinned to one plant per
hole after emergence. Soil water contents were kept at
approximately 60% water holding capacity and were
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corrected daily. After 45 days, aboveground biomass
was cut and the belowground biomass was hand-sorted
from the soil. The biomass was dried at 70 °C for 48 h
and weighed.

Lysimeter experiment

Free-draining lysimeters were constructed with a dia-
meter of 0.2 m and a height of 0.1 m which were
filled with either the Ferralsol or the Anthrosol. The
effect of soil type, manure, mineral fertilizer and char-
coal (Table 1) on growth, nutrient uptake and leaching
was tested using rice (Oryza sativa L.) as a test plant.
The amounts and composition of manure and charcoal
(20%) were identical to those in the pot experiment
described above. Fertilizer was applied at 30, 21.8,
and 49.8 kg ha~! for N, P, and K using ammonium
sulfate, TSP, and KCl, respectively. Lime was applied
at 2.1 Mg ha~! (all recommendations for rice from
Araujo et al., 1984, Embrapa Amazonia Ocidental,
Manaus).

After the soil was filled into the lysimeters, wa-
ter was gently poured on the soil at a daily rate of
6.85 mm (2500 mm year~!) avoiding saturation at the
soil surface. After 4 days the electrolyte content in the
leachate had stabilized and fertilizer was added and the
rice was planted similar to the cowpea. The water was
applied and collected daily, but only selected samples
were analyzed. Nutrient contents were determined
daily for the first week, twice a week for 3 weeks and
after 5 and 10 days. The sampling was stopped when
the rice was cut at 37 days after planting. The amount
of leachate was determined by weight and a subsample
was retained for further analyses and frozen. Cumu-
lative leaching for the entire experimental period was
calculated from the measured leachates and amounts
were interpolated linearly. Plant samples were dried at
70°C for 48 h and weighed. Soil samples were taken
after plant harvest, sieved to 2 mm and air-dried.

Chemical analyses

The aboveground biomass of both cowpea and rice
was ground with a ball mill and analyzed for nutrients
and organic C. Carbon and N analyses were performed
with an automatic CN analyzer (Elementar, Hanau,
Germany). The K, Ca, Mg, Fe, Zn, Cu contents in
the plant biomass were determined after wet digestion
with sulfuric acid using atomic absorption spectro-
metry (AA-400, Varian Associates, Inc., Palo Alto,
CA). The P contents were measured photometrically
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Table 1. Description of experimental treatments for the pot experiment (P) and the lysimeter experiment (L)

Treatment No Mineral Cattle Chicken  Mineral fertilizer+
amendment  fertilizer ~manure  manure chicken manure

Ferralsol P L P L P L P L P L

Ferralsol + 10% Charcoal P P P P

Ferralsol + 20% Charcoal P L P L P L P L

Ferralsol + 20% Charcoal (pieces) P P

Anthrosol P L P L P P

in the same extract with the molybdenum blue method
(Olsen and Sommers, 1982).

Total K, Ca, and Mg contents in soil were extracted
with 5 M HNOj3 and concentrated HC1O4 at 200 °C.
Plant available P and exchangeable cations were ex-
tracted using the Mehlich 1 extraction for P and K and
1 N KCl for Ca, Mg, and acidity according to Brazilian
national recommendations (Embrapa, 1979). The ef-
fective cation exchange capacity was calculated as the
sum of exchangeable cations and acidity (Embrapa,
1979). The K, Ca, and Mg contents in the leachate and
in the extracts were measured using atomic absorption
spectrometry. Nitrate (NO3 ™) and ammonium (NH4 ™)
concentrations in the leachate were determined photo-
metrically with a continuous flow analyzer (RFA-300,
Alpkem Corp., Clackamas, OR and Scan Plus ana-
lyzer, Skalar Analytical B.V., Breda, The Netherlands)
after reduction with Cd and reaction with salicylate,
respectively.

Statistical analyses

Treatment effects were analyzed by analysis of vari-
ance (ANOVA) with a randomized complete block
design (Little and Hills, 1978). Mean separation was
done using the least significant difference test (LSD)
(Little and Hills, 1978).

Results

Crop nutrition and biomass production

The mineral P fertilizer and equivalent amounts of ma-
nure did not result in higher above- or belowground
biomass and nutrition of cowpea in comparison to the
unfertilized control (Figure 1 and Table 3). Cattle ma-
nure had a similar effect on plant growth and nutrition
as chicken manure (P > 0.05) and was therefore

not shown. In contrast, a significant growth improve-
ment was found for the Anthrosol and after charcoal
amendments in the Ferralsol. Phosphorus fertilization
increased foliar P contents, but not total P uptake
(Table 3 and Figure 1). Nitrogen uptake of cowpea
was significantly (P < 0.05) decreased by charcoal
additions and in the Anthrosol (Figure 1), which was
an effect of poor N nutrition (Table 3). Phosphorus
nutrition and uptake increased when charcoal was ad-
ded to the Ferralsol and for the Anthrosol. Charcoal
amendments improved foliar K nutrition and uptake
in contrast to the Anthrosol, whereas K nutrition was
even significantly (P < 0.05) reduced in compar-
ison to the control (Table 3). In contrast, Ca contents
and uptake were higher for cowpea grown on the An-
throsol than with charcoal applications, which did not
increase compared to the unamended control. The Mg
contents and uptake of cowpea were reduced in both
the charcoal amended soils and Anthrosols. Foliar
Zn and Mn contents were improved in the Anthrosol
(P < 0.05), whereas foliar Zn contents did not change
and Mn contents decreased after charcoal application
(Table 3). The effects on foliar Cu contents were vari-
able and may indicate a slight increase in charcoal
amended soils. Charcoal additions and Anthrosol had
no effect on foliar Fe contents of cowpea. The differ-
ences between fertilizer and manure treatments within
charcoal or Anthrosols were not significant (P >
0.05).

Increasing the amount of charcoal further in-
creased above- and belowground biomass production
(Figure 2). Similarly, P, K, Ca, Zn, and Cu uptake by
cowpea increased. The N, Mg, and Mn nutrition did
not decrease further when 20% instead of 10% char-
coal were added to soil. Using charcoal pieces instead
of ground charcoal did not affect the results with the
exception of Mn uptake which improved significantly
(Figure 2).
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Table 2. Aboveground live biomass of secondary and primary forests in Amazonia and potential charcoal yield from woody biomass

Region Type Age  Total Woody Wood C Charcoal Source

biomass biomass content! yield2

(Mgha=1)  (Mgha™!) (%) (Mg Cha™!)
Rondonia, Par4, 2nd regrowth 4 134.2 119.6 49.6 31.7 Hughes et al. (2000)
Brazil
Rondonia, Pard, 3rd regrowth 4 90.6 72.7 49.6 19.3 Hughes et al. (2000)
Brazil
San Carlos, SF 40.1 35.2 nd 8.5 Uhl and Jordan (1984)
Pard, Brazil SF3 3.5 16.3 12.9 nd 3.1 Buschbacher et al. (1988)
Para, Brazil SF3 8 35.0 30.4 nd 7.3 Buschbacher et al. (1988)
Para, Brazil SF* 8 86.5 81.8 nd 19.7 Buschbacher et al. (1988)
Pard, Brazil SF 2.3 22.2 16.5 nd 4.0 Gebhring et al. (1999)
Para, Brazil SF 4 20 15 nd 3.6 Kato et al. (1999)
Para, Brazil SF 10 52 44 nd 10.6 Kato et al. (1999)
Par4, Brazil SF 10 54.9 49.8 47.3 12.6 Johnson et al. (2001)
Pard, Brazil SF 20 65.5 59.2 479 15.2 Johnson et al. (2001)
Par4, Brazil SF 40 128.8 119.8 47.6 30.5 Johnson et al. (2001)
San Carlos, PF - 261.0 252.3 nd 60.7 Uhl and Jordan (1984)
Venezuela
Manaus, Brazil PF - 264.6 251.2 48.9 65.7 Fearnside et al. (1993)
Par4, Brazil PF - 262.5 222.3 49.1 58.3 Fearnside et al. (1999)
Rondonia, Brazil PF - 272.2 260.0 44.4 63.5 Graga et al. (1999)
Para, Brazil PF - 256.7 247.6 48.8 59.9 Mackensen et al. (2000)
Par4, Brazil PF - 229.6 225.1 47.3 57.0 Johnson et al. (2001)

I'Where no information was available, C contents were estimated at 45%.
2Calculated using 53.5% as conversion of wood biomass C to charcoal C from Lehmann et al. (2002).

3With previous pasture use of moderate intensity.
4With previous pasture use of low intensity.
SF — secondary forest; PF — primary forest; nd — not determined.

The effect of charcoal amendments and Anthro-
sol on N, P, K, Mg, Fe, Mn, and Cu were similar
for rice (data not shown) and for cowpea. However,
foliar Ca and Zn contents of rice were not higher
when grown in the Anthrosol compared to the con-
trol (P > 0.05). Ammonium sulfate and lime did
not improve rice N, Ca or Mg nutrition irrespective
of charcoal amendments or soil type. Foliar P, S, and
K contents were, however, significantly (P < 0.05)
improved by fertilization (data not shown).

Soil chemical properties

The Anthrosol contained twice as much soil C com-
pared to the Ferralsol (Table 4). Charcoal amendments
to the Ferralsol, however, resulted in the highest soil
C contents which were doubled compared to the An-
throsol. In contrast, total N contents did not increase
in the same order of magnitude, which is reflected by
higher C-to-N ratios in charcoal-amended Ferralsols

(41.6) than the Anthrosol (17.2) than the Ferralsol
without charcoal (12.7). The Anthrosol had a higher
(P < 0.05) pH value than the Ferralsol. Fertiliza-
tion and liming significantly (P < 0.05) increased the
pH, similar to the amendment with charcoal. However,
soil available P contents were not significantly higher
after fertilization. The Anthrosol showed a signific-
antly higher P availability by one order of magnitude.
Extractable K contents were higher in fertilized than
unfertilized soil and even higher in Ferralsols amended
with charcoal (P < 0.05). Potassium and Mg availab-
ilities were lower and Ca availability was higher in the
Anthrosol than in the Ferralsol (P < 0.05). Neither P,
Ca, nor Mg contents were higher when charcoal was
added to soil. The extractable Al contents were effect-
ively reduced by both liming and charcoal additions.
Manuring had no significant effect on soil chemical
properties apart from a reduction of exchangeable Al.
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Figure 1. Biomass production and nutrient uptake by cowpea (Vigna unguiculata) amended with inorganic and organic fertilizers and charcoal
on a Xanthic Ferralsol and a Fimic Anthrosol in relation to the control (no amendments to Xanthic Ferralsol); O no amendment, F fertilized, M
animal manure, C charcoal; bars with the same letter are not significantly different at P < 0.05; means and standard errors (N = 5).

Nutrient leaching

The amount of nutrient leaching was largely a res-
ult of nutrient input, nutrient uptake or retention, but
not a result of varying water percolation, which did
not differ between soil amendments during the first
15 days (Figure 3). Differences in cumulative water
percolation at the end of the experiment were caused
by higher water uptake of plants with more vigorous
growth. Therefore, the cumulative amount of water

leached from the soil correlated with the biomass
production and not with soil amendments, with the
notable exception of the Anthrosol (Figure 3).
Nutrient leaching of NH4+ and Mg was signific-
antly (P < 0.05) lower in the unfertilized Anthrosol
than the Ferralsol (Figure 4). Manure additions did
not significantly (P < 0.05) affect leaching results
and were therefore not shown. Charcoal additions in-
creased leaching of K, but not that of Ca and Mg.
Nutrient leaching increased during the first 10-20 days
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Figure 2. Effects of the amount of charcoal amendments on biomass production and nutrient uptake by cowpea (Vigna unguiculata) grown
on a Xanthic Ferralsol; analysis of variance tests the significance of increasing charcoal amendments; fertilized (M) and not fertilized (OJ)

amendment of 20% charcoal as pieces (no manure added

(N =5).
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significant effects of charcoal size (pieces or ground); means and standard errors
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Figure 3. (A) Cumulative water leaching and (B) relationship
between biomass production of rice (Oryza sativa) and total leached
water from lysimeters filled with a Xanthic Ferralsol and a Fimic
Anthrosol amended with inorganic and organic fertilizers and char-
coal (only Ferralsol); means and standard errors (N = 4); regression
was done without the Anthrosols.

after fertilizer application, longer for K and shorter
for Ca. Fertilization caused intensive leaching of K
when charcoal was applied to the Ferralsol. Calcium
leaching after fertilization was significantly higher in
the Anthrosol than the Ferralsol, whereas it was re-
verse for Mg. Leaching of NHsT was significantly
(P < 0.05) lower from both fertilized and unfer-
tilized Ferralsols when charcoal was applied. Nitrate
leaching, on the other hand, was higher with than
without charcoal, but showing very low total amounts
of leaching. Charcoal additions did not significantly
(P < 0.05) reduce total Ca or Mg leaching from the
fertilized Ferralsol. However, during the first week
after fertilizer application leaching losses of both Ca

and Mg were significantly (P < 0.05) reduced due to
the charcoal additions.

Figure 5 shows the percentage of inorganic N, K,
Ca, and Mg leached or taken up by the plant into
aboveground biomass in relation to the total soil con-
tents at planting. Whereas the proportions of N and
Ca uptake was little affected by the soil amendments,
K and Mg show a marked response. Fertilization with
K was very effective and proportionally increased K
uptake. The reverse was found for Mg (and a trend
for Ca) and the proportion of Mg uptake from limed
soil decreased. Applied N and K were mobile in soil
and the proportion of leaching increased in fertilized
treatments. Whereas charcoal applications decreased
the proportion of leached N and Ca, K and Mg were
unaffected by charcoal additions. The unfertilized An-
throsol showed high ratios of uptake-to-leaching for
all investigated nutrients. After fertilization, however,
leaching increased more than uptake and the ratios de-
creased. For all nutrients, the ratios of nutrient uptake-
to-leaching increased when charcoal was applied to
soil.

Discussion

Fertilizer and manure effects on plant production

Both mineral fertilizer and manure did not increase
plant production suggesting that either the amounts
applied were too low or that one or several nutri-
ents limiting plant growth were not supplied by the
fertilizers. In Western and Central Amazdnia, long-
term experiments have shown that mineral fertilizer is
principally able to sustain crop production (Cravo and
Smyth, 1997; Sanchez et al., 1983). Possibly higher
amounts of K and additions of micronutrients could
have improved crop performance in our study. The
manures were applied at a rate which were shown to
be too low to meet plant demands for nutrients. In a
recent field experiment, large yield increases of 5.5
times of fertilized rice could be found with an applic-
ation of 69 Mg ha~! of chicken manure (C. Steiner,
pers. comm.) and similar results are available for a
compost application of 30 Mg ha™! to green pepper
in a lysimeter experiment (Trujillo, 2002).

Nitrogen nutrition may not have been critical for
improving crop growth as foliar N levels were 50%
lower in the crops grown on the Anthrosol, whereas
at the same time biomass production was higher on
the Anthrosol than on the Ferralsol. However, P and K
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additions were important for plant development which
is in agreement with earlier studies for cowpea, maize
and rice at the same site (Cravo and Smyth, 1997;
Smyth and Cravo, 1990). Especially K proved very
mobile in soil and large amounts of up to 30% of the
amount present in fertilized soil were rapidly leached.
The retention of K should be specifically targeted
with slow-releasing nutrient additions or improved ad-
sorption capacity of the soils. Similar to our study,
Cahn et al. (1993) and Melgar et al. (1992) showed
large leaching of NO3™~, Ca and Mg using repeated
soil sampling in nearby Ferralsols. For a Ferralsol in
subhumid Togo, Poss and Saragoni (1992) reported
leaching of 40-150 kg N ha~! year™!, 50-150 kg
Ca ha™! year™!, and 13-60 kg Mg ha=! year™! from
maize being larger for N but lower for Ca and Mg than
in our soils.

Soil fertility of an archaeological Anthrosol

The higher crop growth in the Anthrosol compared
to the Ferralsol was largely an effect of an improved
P availability. Also beneficial for plant performance
may have been higher soil Ca and micronutrient levels,
especially Zn and Mn. Elevated P and Ca (Kern and
Kampf, 1989; Smith, 1980; Sombroek, 1966) as well
as Zn and Mn availability (Kern et al., 1999) have
been frequently reported from various Anthrosols of
prehistoric origin in the Amazon. The total N con-
tents were higher in the Anthrosol than the Ferralsol,
but N availability was low due to a high C-to-N ra-
tio. However, the low N availability did not seem
to reduce crop growth. In contrast to the potential
cation exchange capacity (Sombroek, 1966), the ef-
fective cation exchange capacity was not higher in



the Anthrosol than the Ferralsol, which resulted in
low retention of applied nutrients and high leaching.
The high fertility of the prehistoric Anthrosols may
have been more related to nutrient release from suc-
cessively available soil pools than high ion contents
at exchange sites. Without fertilization, the leachate
in the Anthrosols had extremely low concentrations
of nutrients while nutrient availability was high com-
pared to the Ferralsol. Low leaching at high nutrient
availability ensures sustainable soil fertility. These res-
ults coincide with observations made by Petersen et al.
(2001) who found Anthrosols in Western Amazonia
which have been under continuous cultivation without
fertilization for 40 years.

The demonstrated properties of the relict anthro-
pogenic soils have important implications for soil
management of Ferralsols indicating that organic ap-
plications can be used for sustainable crop production
under humid tropical conditions. On the other hand,
these results also imply that such Anthrosols should
not be fertilized with inorganic nutrients but organic
applications be continued.

Charcoal amendments for increasing soil fertility

Similar to the Anthrosol, charcoal applications to the
Ferralsol led to a lower N availability due to high
C-to-N ratios. The increased biomass production and
nutrient uptake are mainly a result of direct nutrient
additions with the added charcoal, especially of K, but
also of P, Ca, Zn and Cu. At the same time, also the
nutrient losses were relatively low. The soil K contents
increased by one order of magnitude and exceeded
those of fertilized soils, whereas the leaching losses
in charcoal-amended soils were less than half of that
in fertilized soils. Furthermore, the leaching of ap-
plied fertilizer NH4 and in the first week Ca and Mg
could be reduced by charcoal and the ratio of uptake
to leaching increased for all nutrients upon charcoal
application indicating a high efficiency of nutrients
applied with charcoal. It has not been clearly demon-
strated how charcoal amendments can aid in retaining
nutrients. Several possibilities exist: (i) the creation
of sites for electrostatic adsorption; (ii) the retention
of soil water and therefore nutrients contained in it.
Our results showed that charcoal did not decrease wa-
ter percolation, and nutrient retention was therefore
caused by adsorption to an exchange complex cre-
ated by the charcoal additions. Similarly, Tryon (1948)
could show that charcoal from both hardwood and
softwood increased the cation exchange capacity by up
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to 50%. It must be born in mind, however, that the sur-
face properties of the charcoal vary greatly depending
on the organic matter used for making the charcoal and
the charring environment such as temperature and Oy
supply (Glaser et al., 1998; Schmidt and Noak, 2000;
Strazhesko et al., 1975; Tryon, 1948).

Particle size of charcoal

The size of the charcoal pieces amended to soil had
only minor effects on nutrient uptake and biomass pro-
duction of cowpea. This could mean that either the
surface area or the amount of nutrients supplied with
the charcoal were sufficient with larger pieces or that
either of the two factors was not important for increas-
ing crop growth in the studied soil. We can assume that
nutrient retention was not an important reason for the
increased nutrient uptake and growth of cowpea, since
nutrient leaching was negligible from the pots and the
contents for those nutrients who could be supplied by
the charcoal were high. This may change after sev-
eral cropping seasons and more intense leaching, and
should be tested in long-term field experiments.

Secondly, the amount of nutrients supplied with
charcoal pieces may have been sufficient for plant
growth, either because the total amount of ground
charcoal already exceeded plant demands or because
nutrients contained inside the charcoal pieces were
available to the plants. The latter effect is corrobor-
ated by our observations that plant roots were found to
be clustered around the charcoal pieces or even some-
times grow into charcoal pieces indicating that nutrient
availability in the charcoal was high and plants could
access them. Nutrients may have been leached or
moved by diffusion from the inside of the charcoal
pieces into the rhizosphere.

Effect of the amount of charcoal on soil fertility

The amounts of charcoal added were clearly critical
for the effects on crop growth and nutrition. Already
at charcoal additions of 10% (w/w) plant growth im-
proved significantly and larger quantities added further
increased biomass production. This amount corres-
ponds to a C addition of 67.6 Mg C ha~! by char-
coal, which is at the upper range of possible charcoal
yields (58.3-65.7 Mg C ha~!) by the aboveground
woody biomass of primary forests in Amazdnia which
were calculated from various references in Table 2.
Potential charcoal yields of secondary forests, how-
ever, were much more variable and calculated to
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3.1-31.7 Mg C ha~! (Table 2). Already at an applic-
ation of 13.3 Mg C ha~! charcoal seedlings of Inga
edulis Mart. grew as rapidly as those amended with
67 Mg C ha~! or with full fertilization (Lehmann et
al., 2002). For sustained growth and yield over sev-
eral seasons, however, additional nutrients need to be
applied. Such a land use technique of charcoal pro-
duction and application to soil is only sensible, if the
charcoal is produced from the same fallow vegetation
which would be burned anyways for forest clearing.
Plot trials must be conducted to test whether the posit-
ive results for plant nutrition and growth obtained in
this greenhouse experiment can be replicated in the
field. Charcoal amendments may not be feasible on
the large scale but could be especially suitable for
high-value crops and are at present used in nurseries
(Jaenicke, 1999) and in raised gardens in Amazodnia
(W. Woods, pers. comm.).

Additionally, charcoal can be found in many soils
of the Amazon basin as a result of anthropogenic activ-
ities or natural fires (Bassini and Becker, 1990; Fearn-
side et al., 1993, 1999; Glaser et al., 2000; Sanford
et al., 1985). As much as 80% of the soils investig-
ated by Sanford et al. (1985) in southern Venezuela
showed charcoal pieces with a total weight of 5-14 Mg
DM ha~!, calculating to approximately 4-12 Mg C
ha~!. Therefore, charcoal is abundant in such quantit-
ies in soils of the Amazon that would lead us to expect
an effect on plant growth and nutrition. Charcoal is
not only present as large pieces in soils but also fine
particles of less than 20 um (Glaser et al., 2000).
Haumaier and Zech (1995) provided evidence that a
large portion of the stable C pool in soil is present
as so-called black carbon and may have derived from
charred organic matter. Skjemstad et al. (1997) repor-
ted high amounts of stable black carbon in grassland
soil which had been frequently burned. Black carbon
has become an important research subject (Schmidt
and Noack, 2000) due to its likely importance for
the global biogeochemical C cycle (Kuhlbusch and
Crutzen, 1995). However, charred organic matter and
black carbon in terrestrial soils have not been eval-
uated regarding their importance for nutrient supply
and retention in soil. Long-term studies with charcoal
applications are needed to evaluate their effects on
sustained soil fertility and nutrient dynamics.
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