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RESUMO 

O carvão vegetal quando aplicado ao solo pode proporcionar benefícios nos 

atributos químicos e físicos aumentando a produção das culturas. O trabalho teve como 

objetivo avaliar o efeito do carvão de babaçu associado a diferentes fontes de adubação 

sobre o desenvolvimento do milho e na fertilidade de um Argissolo da periferia leste da 

Amazônia. O delineamento experimental foi em esquema fatorial 3x3 (3 doses de 

carvão x 3 formas de adubação). O carvão aumentou o pH, diminuiu a acidez potencial 

do solo, fixou e tornou mais disponível para a planta o P e o K, com ausência de cinza. 

Os efeitos gerados pelo carvão ocorreram com apenas 45 dias, descordando com a 

maioria da literatura, que diz ser necessário longos períodos para o carvão fazer efeito 

no solo.  Também afetou positivamente o desenvolvimento da planta, sendo observado 

maior acúmulo de matéria seca na parte aérea e maior densidade radicular. O carvão 

quando associado à fonte de adubação orgânica promove condições favoráveis ao bom 

desenvolvimento da planta. A aplicação do carvão como prática agrícola pode ser viável 

uma vez que traz benefícios ao solo e ao desenvolvimento da planta podendo ser uma 

alternativa sustentável às regiões dos trópicos. 

 

 

PALAVRA CHAVE: 

 Fertilidade do solo, Adubação orgânica, Potássio, Fósforo   
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1 INTRODUÇÃO GERAL 

1.1 SOLOS DA REGIÃO AMAZÔNICA E PRÁTICAS AGRÍCOLAS 

Os Latossolos e os Argissolos são as classes de solo predominantes na região 

Amazônica, cobrindo aproximadamente 75% de sua bacia. Os Latossolos nessa região 

são profundos, extremamente intemperizados e geralmente de baixa fertilidade natural 

(Bernoux et al., 2002). Os Argissolos possuem, em geral, argila de baixa atividade e 

reduzida capacidade de troca de cátions (Moraes et al., 1996).  

A baixa fertilidade química dos solos Amazônicos está muito associada com o 

seu material de origem e a atuação do intemperismo sofrido devido às condições 

climáticas presente nessa região. As fortes chuvas causam problemas sérios de 

lixiviação de nutrientes (Hölscher et al., 1997) e com a constante umidade e elevada 

temperatura as taxas de decomposição da matéria orgânica ocorrem de forma acelerada. 

O Maranhão possui uma parte do seu território dentro da chamada Amazônia 

Legal (região leste) que possui em seus solos algumas das características citadas acima. 

Associado a esses solos de baixa fertilidade natural o Maranhão ainda possui a 

agricultura de derruba e queima ou itinerante como prática agrícola familiar, que 

associada ao curto tempo de pousio fez com que essa prática entrasse em uma crise 

ambiental e socioeconômica (Gehring, 2006). 

A busca por alternativas à agricultura itinerante é incessante com a implantação 

de diversas práticas, que podem ser classificadas nas seguintes categorias: (i) revolução 

verde, (ii) sistemas agroflorestais e (iii) roça melhorada (Gehring, 2006). Atualmente o 

que vem sendo estudado por pesquisadores é a aplicação de carvão vegetal no solo com 

a finalidade de melhorar a agricultura em ambientes tropicais e recuperar solos 

degradados. A aplicação do carvão no solo surgiu com as Terras Pretas de Índio, onde 

se tenta, em parte, reproduzir suas características tornando os solos mais férteis e 

sustentáveis (Lehmann e Joseph 2009) 

1.2 TERRA PRETA DE ÍNDIO 

As Terras Pretas de Índio (TPIs) são solos encontrados na Bacia Amazônica 

que apresentam horizonte A antrópico (Au) (Kern et al., 1999) com elevada fertilidade, 

alto teor de matéria orgânica (MO) e nutrientes, como nitrogênio, fósforo, potássio e 

cálcio (Cunha et al., 2009) (Figura 1). 
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O processo de formação das TPIs está relacionado com o depósito de resíduos 

de origem vegetal (folhas e talos de palmeiras diversas, cascas de mandioca e sementes) 

e de origem animal (ossos, sangue, gordura, fezes, carapaças de quelônios e conchas), 

além de uma grande quantidade de cinzas e resíduos de fogueiras (carvão vegetal) 

realizadas por homens pré-históricos. Esse grande aporte de material orgânico, 

provavelmente, tenha contribuído para a formação destes solos altamente férteis (Kern e 

Kämpf, 1989; Kern, 1996). 

Os solos com Terra Preta de Índio estão localizados em sítios arqueológicos 

distribuídos praticamente em toda a região amazônica, a grande maioria apresenta de 2 a 

5 ha, porém existem áreas com até 100 ha de extensão.  

 

1.3 APLICAÇÃO DO CARVÃO VEGETAL NO SOLO  

Fragmentos de carvão vegetal podem ser encontrados em diversos solos na 

forma de carbono pirogênico ou black carbon ou biochar, que podem ter sido resultado 

de queimadas naturais ou da ação humana.  

O carvão ou biochar é rico em carbono e produzido a partir da carbonização de 

matérias de fonte orgânica (ex.: madeira).  A produção do carvão é realizada por meio 

Figura 1 – Comparação entre um perfil de Terra 
Preta de Índio (A) e um solo adjacente (B). 
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da decomposição térmica do material orgânico com pouca ou na ausência de oxigênio 

em temperaturas relativamente baixas (<700ºC) (Lehmann e Joseph 2009) 

O carvão vegetal é produzido pelo processo de carbonização ou pirólise, ou 

seja, a partir do aquecimento com temperaturas superiores a 300 °C, em atmosfera 

pobre ou na ausência de oxigênio, concentrando o teor de carbono pelo efeito do 

aquecimento. Dependendo da temperatura final de carbonização, pode apresentar 

diferentes composições (Trompowsky et al., 2005), em sua maior parte, de estruturas 

aromáticas caracterizadas por ligações em forma de anel benzênico e átomos de C com 

oxigênio (O) ou hidrogênio (H) (Lehman e Joseph, 2009). Essas legações entre o C-O e 

C-H, mantêm as estruturas aromáticas estáveis do carvão, que servem para medir o grau 

de aromaticidade dos compostos (Hammes et al., 2006). 

Estruturalmente o carvão é poroso, uma vez que a água e os compostos voláteis 

(CO, CO2 e CH4) contidos na madeira foram eliminados durante o processo de 

carbonização, deixando espaços vazios. Cerca de 70 a 80% do volume do carvão 

vegetal é formado por poros.  Logo, o carvão apresenta baixa densidade, variando de 0,3 

a 0,4kg dm³ (Cunha, 2005). 

Devido à sua composição e estrutura molecular o carvão pode contribuir para a 

fertilidade do solo e sua sustentabilidade (Cunha, 2005). As unidades aromáticas 

presentes na estrutura periférica do carbono pirogênico contêm constituintes ácidos, 

principalmente carboxílicos (Glaser et al., 2002),  que  explicariam  os  altos  valores  da  

CTC dos solos das TPI‟s. Os componentes húmicos derivados do carbono pirogênico 

também apresentam altas aromaticidade e densidade de cargas (Cunha, 2005). 

 A aplicação de carvão no solo pode proporcionar o aumento do nível de 

matéria orgânica do solo e da capacidade de retenção de nutrientes, reduzindo perdas 

por lixiviação e aumentando a disponibilidade de nutrientes às plantas (Glasser et al., 

2001; Lehmann et al., 2003); aumento da quantidade e estabilidade da matéria orgânica, 

o que contribui para o sequestro de carbono (Batjes e Sombroek, 1997); aumento da 

germinação e da biomassa vegetal (Chidumayo, 1994) e aumento da produção das 

culturas (Lehmann et al., 2003; Ogundute et al., 2004). 
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1.5 CARVÃO DE BABAÇU 

O Brasil é um dos maiores produtores de carvão vegetal, respondendo por 

cerca de 1/3 da produção mundial segundo a Sociedade Brasileira de Silvicultura (2006) 

.O setor industrial caracteriza-se como o principal consumidor de carvão vegetal, sendo 

responsável pelo consumo de 89% das 10,5 milhões de toneladas de carvão vegetal 

produzidos no ano de 2007 (BEN, 2008). 

No Maranhão uma das matérias primas promissoras para a produção de carvão 

é o coco babaçu, que também está presente na rotina dos pequenos produtores, que 

vivem do extrativismo do coco. A palmeira do babaçu domina as paisagens perturbadas 

pelo homem, transformadas como resultado da agricultura itinerante (Muniz, 2006). 

Como na maioria das regiões do Brasil, a produção do carvão de coco babaçu 

no Maranhão também é praticada sem muita tecnologia (Brito, 1990). Como não é 

necessária a derrubada das palmeiras e o carvão é produzido a partir dos frutos que já 

caíram no chão e que são utilizados para extração da amêndoa, o carvão de coco babaçu 

é considerado ecológico e renovável (Santos et al., 2011) 

A utilização do endocarpo do coco para a produção de carvão comparando com 

os outros componentes do fruto apresenta uma queima mais lenta, produzindo pequena 

quantidade de cinzas. Estas características reforçam sua qualidade de bom material para 

fabricação de carvão (Teixeira, 2002). 

Sendo assim a produção de carvão pode ser associada com seu uso na 

agricultura, uma vez que há sobras de carvão, que não são vendidos por não possuírem 

o tamanho adequado para a comercialização. Não apenas do babaçu, mas como de 

outras fontes de produção o carvão pode vir a ser uma alternativa no uso agrícola 

sustentável nos trópicos. 
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ABSTRACT 

 

Black carbon / biochar could be of potentially large importance as a multi-purpose low-

cost production factor in tropical agriculture. This study investigates the effects of fine 

(i.e. „residual‟) charcoal of babassu palm nuts on an Ultisol, in „intermediate‟ (30 Mg 

ha-1) and „high‟ (60 Mg ha-1) application rates. We follow the question of interactions 

between biochar and nutrients with three fertilizer regimes in a bifactorial scheme. 

Contrary to field studies over a season or several years, we follow the first 45 days of 

development of maize as our bio-indicator. Charcoal application strongly increased soil 

pH and reduced potential soil acidity. Both phosphorus and potassium concentrations 

increased strongly and near linearly with charcoal application rate, both in the soil 

(resin-extraction) and in maize tissue. Low P and K concentrations of babassu charcoal 

exclude the possibility of significant direct inputs via charcoal and call for the existence 

of indirect mechanisms for such increases. Whereas „intermediate‟ charcoal dose was 

beneficial for maize development (biomass, root density), high charcoal application rate 

proved to be excessive and depress maize development under zero- and synthetic 

fertilizer regimes, but even more beneficial with organic fertilization. This study points 

to considerable short-term benefits of charcoal on soil fertility and thus to the great 

potential of biochar for tropical agriculture. 

 

 

Keywords: 

Attalea speciosa; Biochar; K-availability; organic fertilization; synthetic fertilization; P-

availability. 
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1 INTRODUCTION 

Next to Oxisols, Ultisols predominate throughout most of Amazonia (Jacomini 

and Camargo, 1996) and the humid tropics as a whole. These highly weathered soils are 

dominated by low-activity caolinite clays, are acid and frequently also subject to strong 

P-fixation (Sanchez, 1976). Under such problematic conditions, traditional slash-and-

burn agriculture with increasing land-use pressure (shortened fallow-periods) rapidly 

turns unsustainable (McGrath et al. 2001). Under these circumstances, most 

„conventional‟ (i.e. mechanization, high external input) efforts of agricultural innovation 

invariably fail (Zinn et al. 2005), with the notable exception of „Terra Preta de Índio‟ ( 

TPI) with very successful conventional operations. Soil organic matter is long known to 

be the key for tropical soil fertility, but efficient management of organic matter is 

hampered by the very fast decomposition dynamics caused by favorable equatorial 

temperature and humidity regimes (Tiessen et al. 1994). Effects of improved 

management efforts such as substitution of slash-and-burn by slash-and-mulch 

(Meléndez, 2004; Denich et al. 2005) are short-lived and tend to result in small net 

gains of soil organic matter as most carbon is lost to the atmosphere by respiration 

(Fearnside, 2000). Stabilization of organic matter in agroforestry systems via large 

mulch quantities does substantially increase soil organic matter (Aguiar et al. 2010), but 

most of this increase likewise is of labile character (Koutika, 2005) and therefore 

dependent on continuous high levels of organic matter input for its persistence.  

Carbonization of organic matter increases its recalcitrance against 

decomposition, due to condensation of molecules and to the formation of aromatic 

compounds. This makes „black carbon‟ or „biochar‟ not only key for the high organic 

matter contents of TPI soils, but also an interesting production tool and management 

option for modern day agriculture (Topoliantz et al. 2005; Forbes et al. 2006; van 

Zwieten et al. 2010). Slash-and-char could constitute a promising alternative to slash-

and-burn and slash-and-mulch forms of land preparation (Lehmann et al. 2006). Less 

radically, „residual‟ (i.e. fine, without commercial value) charcoal constitutes a locally 

available resource in many tropical settings. We take the case of fine charcoal derived 

from the babassu palm nut with key socioeconomic importance in the region (Pinheiro 

and Frazão, 1995) and other large parts of peripheral Amazonia (Teixeira and Carvalho, 

2007).  
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Charcoal application will pursue a set of differential objectives, ranging from 

improving soil physical and hydrological (Glaser et al. 2002; and Teixeira and Martins, 

2003), chemical (Schimidt and Noack, 2000; MacKenzie et al. 2008) and biological 

(Pietkainen et al. 2000; Rondon et al. 2007; Warnok et al. 2007) characteristics, to its 

use for reduction of methane and nitrous oxide (McHenry, 2009; Zwieten et al. 2009) 

emissions. Even small amounts of charcoal entries in slash-and-burn events, i.e. 1.6-2% 

in some Amazonian secondary forests (Fearnside et al. 2009) could be enough to 

accumulate in repeatedly-burned shifting cultivation fields to be relevant for long-term 

C-sequestration (Czimcik et al. 2005; Rumpel et al. 2006). On the other hand, relevance 

of charcoal in tropical agriculture may more likely be found in intensive high-input 

systems. Research on TPI soils clearly indicates the interaction between biochar and 

high organic nutrient inputs in the surroundings of extinct Indian settlements (Novotny 

et al, 2008). In analogy, charcoal could exert highest gains in horticulture with 

constantly high rates of manure application - or under very contrasting conditions - in 

anaerobe irrigated rice agriculture with synthetic fertilization.  

The present research investigates the effects of fine (≤ 2 mm, i.e. „residual‟) 

charcoal of babassu palm nuts on an Ultisol, in two charcoal application rates: 30 Mg 

ha-1 as „intermediate‟ rate similar to many field studies, and 60 Mg ha-1 as (very) „high‟ 

rate. We follow the question of interactions between biochar and organic or synthetic 

nutrients with three fertilizer regimes in a bifactorial scheme. Contrary to field studies 

over a season or several years, we follow the first 45 days of development of maize as 

our bio-indicator.  

 

2 METHODS 

2.1 Study region and soil 

This study was conducted in a greenhouse of the M.Sc.-course in Agroecology 

of Maranhão State University, São Luis, MA, Brazil, at 2º30‟S and 44º18‟W, in the 

northeastern periphery of Amazonia. Climate according to the Köppen classification is 

Aw, with a mean annual temperature of 26.7º C and a mean annual precipitation of 2000 

mm. We conducted this experiment at the end of the dry season in November – 

December 2010.  

We collected and thoroughly homogenized 0-20 cm topsoil of an Arenic 

Hapludult (EMBRAPA, 2006), the dominant soil formation of the region and beyond. 
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The soil is infertile, acid and sandy (Table 1) had never before received fertilizer or 

liming, and originated from a 4-yr.-old secondary forest regrowing after slash-and-burn 

agriculture. 

 

Table 1. Key physical and chemical characteristics of the topsoil (0-20 cm) investigated 

in this study 

1Na2CrO2+H2SO4; 
2Amberlite IRA-140 resin; 3Amberlite IRA -120 resin;  4 base saturation 

 

2.2 Treatments and layout 

 

We investigate the effects of and the interactions between (i) 3 charcoal 

application rates (0, 30 and 60 Mg ha-1, equivalent to 0, 12 e 24 g kg-1soil), and (ii) 3 

fertilizer regimes (none, organic and synthetic). Table 2 shows the 3 x 3 bifactorial 

layout of the experiment, with 4 replications each resulting in 36 pots.  

 

 

 

 

 

 

 

 

Soil texture 

 
Coarse 

sand 
        Fine sand Silt            Clay Silt : Clay 

........................%........................... 

 56 26 8 10 0.8 

Soil chemical characteristics 

¹OM pH ²P ³K+3 ³Ca+2 ³Mg+2  Na 4BS CEC  

g dm3 (CaCl2) mgdm-3 ...........................mmolcdm-3 ..................  

 16 4.5 1.4 0.6 4 10  1.4 16 42  
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Table 2. Treatments 

 

            

 

 

 

 

 

 

 

 

 

 

2.3 Charcoal 

 

We investigated charcoal effects in two differing doses, (i) „intermediate‟ rate, 

similar with application rates in many field trials (Yamato et al. 2006; Steiner, 2006), 

and (ii) (very) „high‟ rate.  

We used charcoal produced locally (in traditional kerns of smallholder farmers, 

unknown temperatures and oxygen conditions during carbonization) of the endocarp of 

the babassu (Attalea speciosa MART.) palm nut. Charcoal was ground and sieved to ≤ 2 

mm, in order to (i) guarantee charcoal homogeneity and accelerate possible charcoal 

action and (ii) to simulate cost-free locally available fine charcoal as a by-product of 

mainly smallholder farmers / extractivist babassu charcoal production with great 

socioeconomic importance in our region. Table 3 shows key physical and chemical 

characteristics of our charcoal. 

 

 

 

 

 

 

Control  Soil 

C1 Soil + charcoal „intermediate‟ dose (30 Mg ha-1) 

C2 Soil + charcoal „high‟ dose (60 Mg ha-1) 

O Soil +organic fertilizer (cow manure, 15 Mg ha-1) 

C1+O Soil + charcoal „intermediate‟ dose  + organic fertilizer 

C2+O Soil + charcoal „high‟ dose  +  organic fertilizer 

S Soil + synthetic fertilizer (Hoagland nutrient solution) 

C1+S Soil + charcoal „intermediate‟ dose  +   synthetic fertilizer 

C2+S Soil + charcoal „high‟ dose +  synthetic fertilizer 
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Table 3. Physico-chemical characteristics of the charcoal derived from the endocarp of 

the babassu palm and ground to ≤ 2mm. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

¹total extraction with concentrated H2SO4 according to Raij et al. (2001), quantified 
with an OES (Optical Emissions Spectrometer)/ VARIAN 720-ES. 
 
 
 
2.4 Fertilizer regimes 

 

This study compares „control‟ (no fertilization) with two contrasting fertilizer 

schemes, „organic‟ and „synthetic‟.  

We take cow manure as organic fertilizer source. Manure was locally-derived 

and applied at 7.5 g kg-1soil, equivalent to 15 Mg ha-1 (for 0-20 cm topsoil, following 

recommendations of EMBRAPA (2006) for maize cultivation. Table 4 shows key 

chemical characteristics o four manure. 

 

             Table 4. Chemistry of organic fertilizer (cow manure) 

Ph ¹OM N ²P ³K ³Ca ³Mg S 

(H2O) ........%.... mg dm-3 .................g kg-1.............. 

8.1 27 1.22 3.2 11.5 7.1 4.8 2.1 
1Na2CrO2+H2SO4; 

2Amberlite IRA-140 resin; 3Amberlite IRA -120 resin. 

 

 

Texture 

2-0.2  
Mm 

   0.2-

0.02 

   mm 

0.02-               

0.002 

 Mm 

< 0.002  

mm 

..........%.......... 

58 18 9 15 

Chemical characteristics 

P¹ K¹ Ca¹ Mg¹ 

………mg kg-1…………. 

0.96 5.13 0.36 0.47 
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As synthetic fertilizer source we used Hoagland solution which provides a 

balanced mixture of all macro and micronutrients, with pH calibrated at 6.0 (Hoagland 

and Arnon, 1939). We applied Hoagland solution on a weekly basis, starting with 10 

days after germination. We applied 50 mL solution in the first week, 100 mL in the 

second and third week, and 200 mL in the fourth week. 

Table 5 summarizes nutrient inputs via fertilizer and charcoal applications. 

Higher rates of organic nutrients were designed to account for slower nutrient-release 

rates from cow manure, whereas immediate nutrient-availability of synthetic nutrient 

solution was taken into account via repeated applications tuned to plant development. 

Even with high application rate, nutrient inputs via charcoal are very small in relation to 

nutrient inputs with the organic or synthetic fertilizer treatments.  

 

Table 5. Quantity of macronutrients applied via charcoal and fertilizer treatments. 

N P K Ca Mg 

 ............ g applied per kg soil.............. 

C1 - „Intermediate‟ charcoal (30 Mg ha-1) - 0.056 0.31 0.02 0.03 

C2 - „High‟ charcoal (60 Mg ha-1) - 0.112 0.62 0.04 0.06 

O – Organic fertilization (cow manure) 91.5 24 86.2 53.2 36.0 

S – Synthetic fertilization (nutrient solution) 18.9 2.8 21.1 18.0 4.4 

 

 

2.5 Experimental details 

 

We utilized 5 liter polyetilene pots, arranged in a completely randomized block 

layout on tables in a greenhouse at the M.Sc.-course in Agroecology, Maranhão State 

University. As bioindicator we planted maize cultivar BR-106, with initially 5 

pregerminated seeds per pot, at 10 days age the 4 smallest seedlings were eliminated. 

Maize was watered daily, maintaining soil at approximately field capacity (avoiding 

both drought stress and over-watering). We didn‟t observe any case of insect or disease 

attack. 
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2.6 Biometrics of maize 

 

Growth dynamics of maize along our experiment was monitored weekly 

between 10 and 41 days after germination. We measured length of the largest leaf of 

each plant, and calculated leaf area as 0.5 x length of largest leaf x correction factor. 

Correction factor was established by measurement of length and width of all leaves of 

three representative plants per measuring event, following a methodology established by 

Montgomery (1911).  

The experiment terminated at 45 days after germination at the onset of flowering 

with destructive measurement of maize above- and belowground biomass. Roots were 

extracted via extensive rinsing over 3 consecutive sieves (2, 1 and 0.25mm mesh size). 

Leaves and 70% of roots were dried at 60ºC for 1 week in a forced-circulation oven for 

dry weight biomass determination and were subsequently ground for chemical analyses. 

Root density was determined in the remaining 30% of roots, following methodology 

established by Tennant (1975).  

 
2.7 Chemical analyses 

 

Chemical analyses were conducted in the Soil Laboratory of Maranhão State 

University. We determined foliar nutrient concentrations after total extraction with 

sulfuric acid, following methodology established by Tedesco et al. (1995). Available 

macronutrients were determined according to standard resin extraction methods 

described by Raij et al. (2001). We furthermore quantified different P-pools less 

available than resin-P with successive extractions established by Hedley et al. (1982) 

with modifications according to Condron et al.  (1985).  

We quantified tissue N via Kjeldåhl digestion, and P, K, Ca and Mg of tissue 

and soil extracts with a VARIAN 720-ES optical emissions spectrometer. 

 

2.8 Statistics 

 

We checked for normality of data-distribution visually (histograms) and with 

Kolmogorov-Smirnov and Lilliefor‟s tests. Most data followed normal distribution or 

could be normalized via ln or ln+1 transformation, thus allowing for parametric 
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analyses. We analyzed factor effects of charcoal dose and fertilizer regime and 

interaction terms between both with a bi-factorial ANOVA. For foliar area we 

additionally included a repeated measure design. We also conducted monofactorial 

ANOVAs and post-hoc comparisons of means with the Spjøtfoll-Stoline test (Tukey for 

unequal replication numbers, necessary since one maize plant in the C2+S treatment had 

died). Analyses were conducted with Statistica8.0 (StatSoft, 2007) and graphics were 

generated with SigmaPlot 11.0 (Systat, 2008).  

 
3 RESULTS 
 

3.1 Maize as indicator plant 

3.1.1 Charcoal effects on maize leaf area 

Bifactorial repeated measure ANOVA of maize leaf area did not identify 

significant effects of charcoal and fertilizer regime, but interactions of these factors 

among another and a long time. By contrast, charcoal dosage was significant in all three 

monofactorial repeated measure ANOVAs separately per fertilizer regime, as were day-

to-day differences of all measuring events from 20 – 41 days under all three fertilizer 

regimes (Figure 1). Contrast between bifactorial and monofactorial ANOVAs is caused 

by (i) the similarity of zero and synthetic fertilizer regimes with strongest leaf area 

increment at „intermediate‟ (30 Mg ha-1) charcoal dosage, as opposed to (ii) organic 

fertilizer regime with „high‟ (60 Mg ha-1) charcoal dosage outperforming intermediate 

charcoal rate. 

 

 

 

 

 

 



30 
 

 

Figure 1. Maize leaf area along the experiment: Effects of charcoal applications under 
(A) zero-fertilizer, (B) organic fertilizer and (C) synthetic fertilizer regimes. Means ± 
SE, monofactorial ANOVAs indicate significant charcoal effects in each fertilizer 
regime as well as separately for all 4 measuring dates. 

 

Ranking between treatments remained almost unchanged throughout the 4 

weeks period, but the relative or absolute range of differences between treatments did 

shift and tended to increase with time. „Intermediate‟ (30 Mg ha-1) charcoal application 

significantly increased leaf area under all three fertilizer regimes relative to zero 

charcoal application. In marked contrast „high‟ (60 Mg ha-1) charcoal application 

resulted in depression of leaf area increment both under non-fertilized and synthetic 

fertilizer regimes, whereas under organic fertilizer regime leaf area increment was 

further increased with high charcoal application. 

 

3.1.2 Charcoal effects on maize leaf and root biomass 

 

Bifactorial ANOVA of leaf biomass indicates significant effects of charcoal 

dose and of fertilizer regime, and significant interactions between the two. Under zero-

fertilizer and synthetic fertilizer regimes, 30 Mg ha-1 charcoal application significantly 

increased aboveground biomass relative to zero-charcoal, but leaf biomass in the 

treatments with very high (60 Mg ha-1) charcoal application decreased to levels similar 

with the control treatment (Figure 2). Interaction between charcoal-dose and fertilizer-

regime was significant because of the organic fertilizer treatments, where biomass 

continued to increase at very high charcoal application rate, attaining maximum values 

in the C2+O treatment. 
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Root biomass was affected by fertilizer regime (with largest values obtained 

with organic fertilization), but not by charcoal application. Root biomass tended non-

significantly to be highest in the C2+O treatment and lowest in the C2 and S+C2 

treatments.  

 

Figure 2. Above- and belowground biomass of maize as bioindicator: means ± SE. 
Columns without common letters differed in aboveground biomass as indicated by 
monofactorial ANOVA and post-hoc Spjøtfoll-Stoline test. For treatment abbreviations 
see Table 2.  

 

3.1.3 Charcoal effects on root density 

 

Bifactorial analysis of root density indicates significant effects of charcoal dose 

and of fertilizer regime as well as significant interactions between the two. Root density 

was strongly and significantly reduced in the C2 and S+C2 treatments, whereas the 

O+C2 treatment was second-highest of all (Figure 3).  
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Figure 3. Maize root density: means ± SE. Columns without common letters differed in 
root density as indicated by monofactorial ANOVA and post-hoc Spjøtfoll-Stoline test. 
For treatment abbreviations see Table 2. 

 
 
3.2 Nutrients 
 

3.2.1 Charcoal effects on nutrients in maize leaves 

 

Bifactorial ANOVA indicates significant charcoal effects both on maize P and 

K concentrations. Foliar P-concentration (Figure 4A) increases approximately linearly 

with charcoal rate, and foliar K-concentrations (Figure 4B) more in form of a saturation 

curve. The relative increase in concentrations between zero and high charcoal rate are 

on average 19.2% in P and 31.6% in K. Fertilizer regime did not affect P-concentrations 

but did significantly affect K-concentrations.  

 
 



33 
 

 

Figure 4. Foliar concentrations of (A) phosphorus and (B) potassium in dependency of 
charcoal dosage: 0, 30 and 60 Mg ha-1, means ±SE over the 3 fertilizer regimes 
combined. 

 

Contrary to maize P and K concentrations, foliar N-concentration were not 

affected by charcoal application nor by contrasting fertilizer regimes. Ca and Mg 

contents were boosted by organic fertilization but were not affected by intermediate or 

high charcoal applications (data not shown). 

Regression analyses between maize biometric variables (leaf area, biomass, 

root density) and foliar nutrient content did not reveal any significant relationships (data 

not shown). 

 
3.2.2 Charcoal effects on soil chemistry 
 

Bi-factorial analyses of resin-extractable soil P- and K-contents reveal 

significant charcoal effects on both variables, whereas contrasting fertilizer regimes 

failed to affect both P and K, nor were there any sizeable between-factor interactions. 

Soil P-availability (resin-extraction) increases approximately linearly and nearly triples 

(298%) between zero and high application-rate (Figure 5A).  

Soil K-availability likewise increases approximately linearly and very strongly 

(539%) between zero and high charcoal application-rate (Figure 5B). K-increase with 

charcoal was very similar for zero-fertilizer and organic fertilizer regimes, but tended to 

be lower with organic fertilization. 
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Figure 5. (A) resin-extractable P and (B) resin-extractable K in an Ultisol in dependency 
of charcoal dosage: 0, 30 and 60 Mg ha-1, means ±SE over the 3 fertilizer regimes 
combined, different letters indicate significant differences identified by post-hoc 
Spjøjtvoll-Stoline test. 

 

Contrary to strong charcoal effects on resin-extractable soil P, the less labile 

(P-HCO3and P-NaOH) P-pools were not affected by charcoal application under any 

fertilizer regime (data not shown).  

Charcoal application dose linearly increased soil pH (Figure 6A) and decreased 

potential acidity (Figure 6B) of our sandy and infertile study soil. Linear regression 

between charcoal dose and soil pH suggest a 0.03 pH-increment for each ton of charcoal 

(r2=0.52, p<0.001). Contrary to charcoal, fertilizer regime did not affect pH or potential 

acidity (data not shown). 
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Figure 6. (A) pH  and (B) H+Al in an Ultisol in dependency of charcoal dosage: 0, 30 
and 60 Mg ha-1, means ±SE over the 3 fertilizer regimes combined, different letters 
indicate significant differences identified by post-hoc Spjøjtvoll-Stoline test. 

 

As to be expected, soil pH increased P-availability, though this relationship 

was not very strong (r2 = 0.22; p<0.01).  

There were no significant relationships between soil chemical data and leaf 

area-increment, leaf or root biomass. Regression analyses did however show significant 

(though not very close) negative association between root density and resin-extractable 

soil P (r2=0.18; p=0.01), Ca (r2=0.15; p=0.03) and Mg (r2=0.18; p=0.01). 

 

4 DISCUSSION 

 

Babassu charcoal substantially altered chemical fertility indicators of this 

nutrient-poor and acid Ultisol, with linear increases of soil pH, P and K-availability.   

The very low nutrient contents in our charcoal exclude the possibility of 

significant contamination with ashes or of high contents due to high-temperature 

carbonization (McHenry, 2009). Due to these low nutrient concentrations, nutrient 

inputs via charcoal applications are low even with high charcoal dosage, and irrelevant 

in dimension relative to nutrient additions via organic or synthetic fertilization (Table 

5). Thus, direct nutrient-inputs via charcoal are not a viable explanation for the 
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consistent increases in both soil and plant P and K levels, raising the question which 

other mechanisms could be responsible for these strong charcoal effects.  

Soil pH increased near linearly and substantially with charcoal dosage from 4.6 

(zero) – 5.8 (intermediate) – 6.4 (high charcoal dosage). In close analogy, H+ and Al+3 

decreased with charcoal dosage, presumably due to reaction with OH- of the charcoal‟s 

surface (Brennan et al. 2001). Similar results have been reported by (Mbagwu and 

Piccolo, 1997) testing differing charcoal types and dosages on a variety of soils.  

The increase in pH provides a partial explanation for the large increase in soil 

P-availability. Both variables were interrelated, but relationship was rather weak (r² = 

0.22; p<0.01) and therefore insufficient to alone explain the surge in labile P. Liang et 

al. (2006), Cheng et al. (2008) and Lehmann and Stephen (2009) propose the generation 

of P exchange capacity on the charcoal surfaces as responsible for this increase in P-

availability.   

Following initial resin extraction, NaHCO3- and NaOH-extractable P-pools, 

representing „partially available‟ or „refractory‟ P-pools were all unaffected by charcoal 

application, likely as consequence of the short duration of this experiment. Long-term 

field trials would be required to assess possible charcoal effects on these less labile P-

pools, but the strong charcoal effects on resin-P do make such shifts in P-pools seem 

likely and warrants further research.  

Even high charcoal dosage did not reduce N-availability. This is contrary to 

findings compiled in Lehmann et al. (2003) on charcoal-induced temporary N-

immobilization, supposedly as consequence of the high C:N-ratio of charcoal (Chan and    

Xu, 2009) and a high capacity of porous structures of charcoal to absorb ammonium 

ions (Berglund et al, 2004).  

Research on „Terra Preta de Índio‟ suggests that benefits of BC on soil fertility 

occur especially when combined with high doses of organic nutrients, as this promotes 

the formation of carboxylic groups and ultimately the formation of cation exchange 

capacity (Novotny et al. 2008). The porous structure and high surface area of charcoal, 

frequently between 200 m² g-¹ and 400 m² g-¹, likely is important for this to happen 

(Kishimoto and Sugira, 1985). As we utilized fine (ground to ≤ 2 mm) charcoal, surface 

area of our charcoal is sure to be on the high side. 

Charcoal itself can also have significant CTC, especially when carbonized at 

high (i.e. > 400º C) temperatures (Mc Henry, 2009). Such high charcoal CTC occurs 

because of high quantities of aromatic compounds on the charcoal surfaces (Schimidt 
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and Noack, 2000). On the other hand, the CTC buildup of TPI soils is thought to be a 

mid- to long-term process, over many months to years, due to negative charge buildup 

via surface oxidation processes which increase phenolic, hydroxylic, carbonylic and 

quinone compounds (Cohen-Ofri et al. 2006). 

The present study was conducted over a time-period of 45 days, rather than 

time-scales of many months to years as in most field studies. On the other hand, this 

study utilizes quite high charcoal doses, in fine-sieved (i.e. reactive) form. Thus, time 

appears to partially be compensable by quantity.  

Babassu charcoal not only strongly improved soil chemical fertility indicators 

of our Ultisol, it also strongly affected maize as our bioindicator. „Intermediate‟ (30 Mg 

ha-1) application accelerated maize leaf area accumulation and boosted maize biomass 

and root density relative to zero charcoal-treatment.  

Contrary to the results of our plant and soil chemical analyses (where pH, P 

and K all increased approximately linearly with charcoal application rate), above- and 

belowground development of maize as our indicator crop showed a distinctly different 

pattern, with leaf area and biomass and root density increases with „intermediate‟ (30 

Mg ha-1) charcoal application relative to zero-application, but with reduced values at 

„high‟ (60 Mg ha-1) charcoal application rate relative to the intermediate dosage. This 

holds true both for the zero-fertilizer and the synthetic fertilizer regimes, but not for the 

organic fertilizer regime.  

Charcoal-induced nutritional deficiency can be discarded as explanation, since 

we did not find any indications of nitrogen immobilization as stated above. Toxicity of 

babassu charcoal at excessive application rates therefore is a possibility which needs to 

be considered. In another (unpublished data) experiment we found a linear relationship 

between babassu charcoal dose and earthworm mortality. The hypothesis of toxicity is 

supported by our observations of very low root mass and root density in C2 and S+C2 

treatments, and the mortality of one maize plant in the S+C2 treatment. Results of Guan 

(2004) and Schnitzer et al. (2007) report on the formation of smoke vinegar with 

biocidal effects in charcoals derived from chicken manure. Future research urgently 

needs to investigate the possibility of biocidal effects of babassu-derived charcoal.  

Organic matter is known to be capable of detoxifying or immobilizing toxic 

substances (Miyasawaet al. 1992). Organic matter input via cow manure could well 

have neutralized such charcoal toxicity even at high application rate and thus made 

possible the further increase in indicator plant growth, biomass and root density 
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observed in the C2+O treatment. In the absence of charcoal toxicity, high charcoal 

dosage under organic fertilizer regime promotes maximum plant development, as 

positive effects of high charcoal (nutrient-increases as outlined above) prevail under this 

combination.  

 

5 CONCLUSIONS 

 

Babassu charcoal profoundly improves (initial – 45 days) soil chemistry of this 

sandy, acid and infertile Amazonian Ultisol. Maize was boosted by intermediate 

charcoal rates. Our study supports the idea of positive interactions between biochar and 

organic nutrients. In the humid tropics, such conditions are ideally met in (both rural 

and peri-urban) horticulture operations at all scales.  
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O artigo foi escrito nas normas da revista Geoderma, porém os gráficos e 
tabelas ficaram no corpo do texto para melhor entendimento dos leitores da banca e 
serão normatizados conforme as normas da revista para que o artigo possa ser enviado. 
As normas seguem a baixo: 

  

Use of wordprocessing software  
 
It is important that the file be saved in the native format of the wordprocessor used. The 
text should be in single-column format. Keep the layout of the text as simple as 
possible. Most formatting codes will be removed and replaced on processing the article. 
In particular, do not use the wordprocessor's options to justify text or to hyphenate 
words. However, do use bold face, italics, subscripts, superscripts etc. When preparing 
tables, if you are using a table grid, use only one grid for each individual table and not a 
grid for each row. If no grid is used, use tabs, not spaces, to align columns. The 
electronic text should be prepared in a way very similar to that of conventional 
manuscripts (see also the Guide to Publishing with Elsevier: 
http://www.elsevier.com/guidepublication). Note that source files of figures, tables and 
text graphics will be required whether or not you embed your figures in the text. See 
also the section on Electronic artwork.  
To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 
'grammar-check' functions of your wordprocessor. 
 
Article structure  
 
Subdivision - numbered sections  
Divide your article into clearly defined and numbered sections. Subsections should be 
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section 
numbering). Use this numbering also for internal cross-referencing: do not just refer to 
'the text'. Any subsection may be given a brief heading. Each heading should appear on 
its own separate line. 
 
Introduction  
State the objectives of the work and provide an adequate background, avoiding a 
detailed literature survey or a summary of the results. 
 
Material and methods  
Provide sufficient detail to allow the work to be reproduced. Methods already published 
should be indicated by a reference: only relevant modifications should be described. 
 
Results  
Results should be clear and concise. 
 

http://www.elsevier.com/guidepublication
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Discussion  
This should explore the significance of the results of the work, not repeat them. A 
combined Results and Discussion section is often appropriate. Avoid extensive citations 
and discussion of published literature. 
 
Conclusions  
The main conclusions of the study may be presented in a short Conclusions section, 
which may stand alone or form a subsection of a Discussion or Results and Discussion 
section. 
 
Appendices  
If there is more than one appendix, they should be identified as A, B, etc. Formulae and 
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; 
in a subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table 
A.1; Fig. A.1, etc. 
 
Essential title page information  
 
• Title. Concise and informative. Titles are often used in information-retrieval systems. 
Avoid abbreviations and formulae where possible. 
• Author names and affiliations. Where the family name may be ambiguous (e.g., a 
double name), please indicate this clearly. Present the authors' affiliation addresses 
(where the actual work was done) below the names. Indicate all affiliations with a 
lower-case superscript letter immediately after the author's name and in front of the 
appropriate address. Provide the full postal address of each affiliation, including the 
country name and, if available, the e-mail address of each author. 
• Corresponding author. Clearly indicate who will handle correspondence at all stages 
of refereeing and publication, also post-publication. Ensure that telephone and fax 
numbers (with country and area code) are provided in addition to the e-mail 
address and the complete postal address. Contact details must be kept up to date 
by the corresponding author.  
• Present/permanent address. If an author has moved since the work described in the 
article was done, or was visiting at the time, a 'Present address' (or 'Permanent address') 
may be indicated as a footnote to that author's name. The address at which the author 
actually did the work must be retained as the main, affiliation address. Superscript 
Arabic numerals are used for such footnotes. 
 
Abstract  
 
A concise and factual abstract is required. The abstract should state briefly the purpose 
of the research, the principal results and major conclusions. An abstract is often 
presented separately from the article, so it must be able to stand alone. For this reason, 
References should be avoided, but if essential, then cite the author(s) and year(s). Also, 
non-standard or uncommon abbreviations should be avoided, but if essential they must 
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be defined at their first mention in the abstract itself. 
 
Graphical abstract  
 
A Graphical abstract is optional and should summarize the contents of the article in a 
concise, pictorial form designed to capture the attention of a wide readership online. 
Authors must provide images that clearly represent the work described in the article. 
Graphical abstracts should be submitted as a separate file in the online submission 
system. Image size: Please provide an image with a minimum of 531 × 1328 pixels (h × 
w) or proportionally more. The image should be readable at a size of 5 × 13 cm using a 
regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office 
files. See http://www.elsevier.com/graphicalabstracts for examples.  
Authors can make use of Elsevier's free Graphical abstract check to ensure the best 
display of the research in accordance with our technical requirements. 24-hour 
Graphical abstract check  
 
Highlights  
 
Highlights are mandatory for this journal. They consist of a short collection of bullet 
points that convey the core findings of the article and should be submitted in a separate 
file in the online submission system. Please use 'Highlights' in the file name and include 
3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point). See 
http://www.elsevier.com/highlights for examples. 
 
Keywords  
Authors should provide 4 to 6 keywords. These must be taken from the most recent 
American Geological Institute GeoRef Thesaurus and should be placed beneath the 
abstract. 
 
Abbreviations  
 
Define abbreviations that are not standard in this field in a footnote to be placed on the 
first page of the article. Such abbreviations that are unavoidable in the abstract must be 
defined at their first mention there, as well as in the footnote. Ensure consistency of 
abbreviations throughout the article. 
 
Acknowledgements  
 
Collate acknowledgements in a separate section at the end of the article before the 
references and do not, therefore, include them on the title page, as a footnote to the title 
or otherwise. List here those individuals who provided help during the research (e.g., 
providing language help, writing assistance or proof reading the article, etc.). 
 
Nomenclature and units  

http://www.elsevier.com/graphicalabstracts
http://www.elsevier.com/freeimagecheck
http://www.elsevier.com/freeimagecheck
http://www.elsevier.com/highlights
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Follow internationally accepted rules and conventions: use the international system of 
units (SI). If other quantities are mentioned, give their equivalent in SI. You are urged 
to consult IUGS: Nomenclature for geological time scales/rock names: 
http://www.iugs.org/ for further information. 
 
Math formulae  
Present simple formulae in the line of normal text where possible. In principle, variables 
are to be presented in italics.  
Number consecutively any equations that have to be displayed separate from the text (if 
referred to explicitly in the text).  
Subscripts and superscripts should be clear.  
Greek letters and other non-Roman or handwritten symbols should be explained in the 
margin where they are first used. Take special care to show clearly the difference 
between zero (0) and the letter O, and between one (1) and the letter l.  
Give the meaning of all symbols immediately after the equation in which they are first 
used. For simple fractions use the solidus (/) instead of a horizontal line.  
Equations should be numbered serially at the right-hand side in parentheses. In general 
only equations explicitly referred to in the text need be numbered.  
The use of fractional powers instead of root signs is recommended. Also powers of e are 
often more conveniently denoted by exp.  
Levels of statistical significance which can be mentioned without further explanation 
are: *P <0.05, **P <0.01 and ***P <0.001.  
In chemical formulae, valence of ions should be given as, e.g., Ca2+, not as Ca++. 
Isotope numbers should precede the symbols, e.g., 18O.  
 
 
Footnotes  
Footnotes should be used sparingly. Number them consecutively throughout the article, 
using superscript Arabic numbers. Many wordprocessors build footnotes into the text, 
and this feature may be used. Should this not be the case, indicate the position of 
footnotes in the text and present the footnotes themselves separately at the end of the 
article. Do not include footnotes in the Reference list.  
Table footnotes  
Indicate each footnote in a table with a superscript lowercase letter. Footnotes are not 
used in figure captions. 
 
Artwork  
 
Electronic artwork  
General points  
• Make sure you use uniform lettering and sizing of your original artwork.  
• Save text in illustrations as 'graphics' or enclose the font.  
• Only use the following fonts in your illustrations: Arial, Courier, Times, Symbol.  

http://www.iugs.org/
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• Number the illustrations according to their sequence in the text.  
• Use a logical naming convention for your artwork files.  
• Provide captions to illustrations separately.  
• Produce images near to the desired size of the printed version.  
• Submit each figure as a separate file.  
 
A detailed guide on electronic artwork is available on our website:  
http://www.elsevier.com/artworkinstructions  
You are urged to visit this site; some excerpts from the detailed information are 
given here.  
Formats  
Regardless of the application used, when your electronic artwork is finalised, please 
'save as' or convert the images to one of the following formats (note the resolution 
requirements for line drawings, halftones, and line/halftone combinations given below):  
EPS: Vector drawings. Embed the font or save the text as 'graphics'.  
TIFF: Color or grayscale photographs (halftones): always use a minimum of 300 dpi.  
TIFF: Bitmapped line drawings: use a minimum of 1000 dpi.  
TIFF: Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 
dpi is required.  
If your electronic artwork is created in a Microsoft Office application (Word, 
PowerPoint, Excel) then please supply 'as is'.  
Please do not:  
• Supply files that are optimised for screen use (e.g., GIF, BMP, PICT, WPG); the 
resolution is too low;  
• Supply files that are too low in resolution;  
• Submit graphics that are disproportionately large for the content. 
 
Color artwork  
Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS 
Office files) and with the correct resolution. If, together with your accepted article, you 
submit usable color figures then Elsevier will ensure, at no additional charge, that these 
figures will appear in color on the Web (e.g., ScienceDirect and other sites) regardless 
of whether or not these illustrations are reproduced in color in the printed version. For 
color reproduction in print, you will receive information regarding the costs from 
Elsevier after receipt of your accepted article. Please indicate your preference for 
color: in print or on the Web only. For further information on the preparation of 
electronic artwork, please see http://www.elsevier.com/artworkinstructions.  
Please note: Because of technical complications which can arise by converting color 
figures to 'gray scale' (for the printed version should you not opt for color in print) 
please submit in addition usable black and white versions of all the color illustrations. 
 
Figure captions  
Ensure that each illustration has a caption. Supply captions separately, not attached to 
the figure. A caption should comprise a brief title (not on the figure itself) and a 

http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/artworkinstructions
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description of the illustration. Keep text in the illustrations themselves to a minimum 
but explain all symbols and abbreviations used. 
 
 

Tables  
 
Number tables consecutively in accordance with their appearance in the text. Place 
footnotes to tables below the table body and indicate them with superscript lowercase 
letters. Avoid vertical rules. Be sparing in the use of tables and ensure that the data 
presented in tables do not duplicate results described elsewhere in the article. 
 
References  
 
Citation in text  
Please ensure that every reference cited in the text is also present in the reference list 
(and vice versa). Any references cited in the abstract must be given in full. Unpublished 
results and personal communications are not recommended in the reference list, but may 
be mentioned in the text. If these references are included in the reference list they 
should follow the standard reference style of the journal and should include a 
substitution of the publication date with either 'Unpublished results' or 'Personal 
communication' Citation of a reference as 'in press' implies that the item has been 
accepted for publication. 
 
Web references  
As a minimum, the full URL should be given and the date when the reference was last 
accessed. Any further information, if known (DOI, author names, dates, reference to a 
source publication, etc.), should also be given. Web references can be listed separately 
(e.g., after the reference list) under a different heading if desired, or can be included in 
the reference list. 
 
References in a special issue  
Please ensure that the words 'this issue' are added to any references in the list (and any 
citations in the text) to other articles in the same Special Issue. 
 
Reference management software  
This journal has standard templates available in key reference management packages 
EndNote (  http://www.endnote.com/support/enstyles.asp) and Reference Manager (  
http://refman.com/support/rmstyles.asp). Using plug-ins to wordprocessing packages, 
authors only need to select the appropriate journal template when preparing their article 
and the list of references and citations to these will be formatted according to the journal 
style which is described below. 
 
Reference style  

http://www.endnote.com/support/enstyles.asp
http://refman.com/support/rmstyles.asp
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Text: All citations in the text should refer to:  
1. Single author: the author's name (without initials, unless there is ambiguity) and the 
year of publication;  
2. Two authors: both authors' names and the year of publication;  
3. Three or more authors: first author's name followed by 'et al.' and the year of 
publication.  
Citations may be made directly (or parenthetically). Groups of references should be 
listed first alphabetically, then chronologically.  
Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999). 
Kramer et al. (2010) have recently shown ....'  
List: References should be arranged first alphabetically and then further sorted 
chronologically if necessary. More than one reference from the same author(s) in the 
same year must be identified by the letters 'a', 'b', 'c', etc., placed after the year of 
publication.  
Examples:  
Reference to a journal publication:  
Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific 
article. J. Sci. Commun. 163, 51–59.  
Reference to a book:  
Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New 
York.  
Reference to a chapter in an edited book:  
Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, 
in: Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing 
Inc., New York, pp. 281–304. 
 
Journal abbreviations source  
Journal names should be abbreviated according to  
Index Medicus journal abbreviations: http://www.nlm.nih.gov/tsd/serials/lji.html;  
List of title word abbreviations: http://www.issn.org/2-22661-LTWA-online.php;  
CAS (Chemical Abstracts Service): http://www.cas.org/sent.html. 
 
Video data  
 
Elsevier accepts video material and animation sequences to support and enhance your 
scientific research. Authors who have video or animation files that they wish to submit 
with their article are strongly encouraged to include these within the body of the article. 
This can be done in the same way as a figure or table by referring to the video or 
animation content and noting in the body text where it should be placed. All submitted 
files should be properly labeled so that they directly relate to the video file's content. In 
order to ensure that your video or animation material is directly usable, please provide 
the files in one of our recommended file formats with a preferred maximum size of 50 
MB. Video and animation files supplied will be published online in the electronic 
version of your article in Elsevier Web products, including ScienceDirect: 

http://www.nlm.nih.gov/tsd/serials/lji.html
http://www.issn.org/2-22661-LTWA-online.php
http://www.cas.org/sent.html
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http://www.sciencedirect.com. Please supply 'stills' with your files: you can choose any 
frame from the video or animation or make a separate image. These will be used instead 
of standard icons and will personalize the link to your video data. For more detailed 
instructions please visit our video instruction pages at 
http://www.elsevier.com/artworkinstructions. Note: since video and animation cannot 
be embedded in the print version of the journal, please provide text for both the 
electronic and the print version for the portions of the article that refer to this content. 
 
Supplementary data  
 
Elsevier accepts electronic supplementary material to support and enhance your 
scientific research. Supplementary files offer the author additional possibilities to 
publish supporting applications, high-resolution images, background datasets, sound 
clips and more. Supplementary files supplied will be published online alongside the 
electronic version of your article in Elsevier Web products, including ScienceDirect: 
http://www.sciencedirect.com. In order to ensure that your submitted material is directly 
usable, please provide the data in one of our recommended file formats. Authors should 
submit the material in electronic format together with the article and supply a concise 
and descriptive caption for each file. For more detailed instructions please visit our 
artwork instruction pages at http://www.elsevier.com/artworkinstructions. 
 
Submission checklist  
 
The following list will be useful during the final checking of an article prior to sending 
it to the journal for review. Please consult this Guide for Authors for further details of 
any item.  
Ensure that the following items are present:  
One author has been designated as the corresponding author with contact details:  
• E-mail address  
• Full postal address  
• Telephone and fax numbers  
All necessary files have been uploaded, and contain:  
• Keywords  
• All figure captions  
• All tables (including title, description, footnotes)  
Further considerations  
• Manuscript has been 'spell-checked' and 'grammar-checked'  
• References are in the correct format for this journal  
• All references mentioned in the Reference list are cited in the text, and vice versa  
• Permission has been obtained for use of copyrighted material from other sources 
(including the Web)  
• Color figures are clearly marked as being intended for color reproduction on the Web 
(free of charge) and in print, or to be reproduced in color on the Web (free of charge) 
and in black-and-white in print  

http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions


52 
 

• If only color on the Web is required, black-and-white versions of the figures are also 
supplied for printing purposes  
For any further information please visit our customer support site at 
http://support.elsevier.com. 
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