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Low fertility limits crop production on acidic soils dominating much of the humid tropics.
Biochar may be used as a soil enhancer, but little consensus exists on its effect on crop yield. Here we use a con-
trolled, replicated and long-term field study in Sumatra, Indonesia, to investigate the longevity and mechanism of
the effects of two contrasting biochars (produced from rice husk and cacao shell, and applied at dosages of 5 and
15 tha~'") on maize production in a highly acidic Ultisol (pHkc 3.6).
Compared to rice husk biochar, cacao shell biochar exhibited a higher pH (9.8 vs. 8.4), CEC (197 vs.
20 cmol. kg~!) and acid neutralizing capacity (217 vs. 45 cmol. kg~ ') and thus had a greater liming potential.
Crop yield effects of cacao shell biochar (15 t ha—') were also much stronger than those of rice husk biochar,
and could be related to more favorable Ca/Al ratios in response to cacao shell biochar (1.0 to 1.5) compared to
rice husk biochar (0.3 to 0.6) and nonamended plots (0.15 to 0.6).
The maize yield obtained with the cacao shell biochar peaked in season 2, continued to have a good effect in sea-
sons 3-4, and faded in season 5. The yield effect of the rice husk biochar was less pronounced and already faded
from season 2 onwards.
Crop yields were correlated with the pH-related parameters Ca/Al ratio, base saturation and exchangeable K. The
positive effects of cocoa shell biochar on crop yield in this Ultisol were at least in part related to alleviation of soil
acidity. The fading effectiveness after multiple growth seasons, possibly due to leaching of the biochar-associated
alkalinity, indicates that 15 t ha™! of cocoa shell biochar needs to be applied approximately every third season in
order to maintain positive effects on yield.
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1. Introduction

Biochar amendment to soils offers a method to sequester carbon in
soil with the co-benefits of waste management, pollutant immobiliza-
tion, fertility increase and/or N,O emission reductions of degraded
soils (Jeffery et al., 2015; Lehmann, 2007). The mechanism behind this
fertility increase can be improved water retention (Bruun et al., 2014),
improved soil structure (Bruun et al., 2014; Obia et al., 2017; Obia
et al,, 2016), improved nutrient retention (Biederman and Harpole,
2013; Hale et al., 2013; Laird et al., 2010; Martinsen et al., 2014), in-
creased robustness towards pests (Harel et al., 2012; Mehari et al,,
2015), improved nutrient transport by mycorrhizae (Warnock et al.,
2007), alleviation of soil acidity (Biederman and Harpole, 2013; Jeffery
etal.,, 2017; Martinsen et al., 2015; Yamato et al., 2006), or combinations
of these mechanisms. For less degraded soils, enrichment of the biochar
with nutrients by co-composting or mixing with urine or mineral nutri-
ents can still result in positive biochar effects on crop yield, especially in
those cases where nutrient availability of the main growth-limiting fac-
tor (Hagemann et al., 2017a; Kammann et al., 2015; Schmidt et al.,
2017; Schmidt et al., 2015).

Large variations in biochar effectiveness on crop harvest in the tropics
have been shown, from minor, generally insignificant effects to strongly
positive effects, with the median effect (taken from a meta-analysis
study) being an increase of about 20% (Jeffery et al., 2017). The effect of
biochar is usually strong in tropical soil (Agegnehu et al., 2016; Asai
et al., 2009; Jeffery et al.,, 2017; Jeffery et al., 2011; Major et al., 2010;
Yamato et al., 2006) in comparison to soils in temperate zones where
the effect of biochar on the yield and soil properties is usually low
(Bonanomii et al., 2017; Jeffery et al., 2017; Jeffery et al., 2011). Soils of
high fertility (high cation exchange capacity, water retention, neutral
pH) have shown to benefit less from biochar addition (Bass et al., 2016;
Cornelissen et al., 2013; Jones et al., 2012). Effects tend to be a bit more
strongly positive for acidic (pH < 5) and weathered soils with coarse or
medium/heavy texture which are characteristic of tropical soils (Crane-
Droesch et al., 2013; Jeffery et al,, 2017). The effect of biochar seems to
be thus strongly connected to the soil properties and the climate, but
thus far correlations with crop yield are not completely clear. Several au-
thors (including meta-analysis studies) state the yield increases are re-
lated to an overall improvement of soil qualities (Agegnehu et al., 2016;
Asai et al., 2009; Crane-Droesch et al.,, 2013; Jeffery et al,, 2017; Jeffery
et al,, 2011), also in tropical soils (Biederman and Harpole, 2013;
Gurwick et al., 2013; Jeffery et al., 2017), however pin pointing the
exact mechanism behind the increase in yields can be challenging.

In extensive four-season field trials in Thailand and the Philippines
with rice husk biochar, Haefele et al. (2011) observed increased yields
of 16-35%, and hypothesized that the increase was a result of improve-
ments in water retention and increased available K and P. Steiner et al.
(2007) tested biochar effects over four planting seasons in an acidic
soil in Brazil (pHy,o = 4.5), and found positive effects of biochar that
faded over time in multiple seasons. Major et al. (2010) studied biochar
effects in an acidic oxisol in Colombia for 4 years, and did not find any
effects in the first year, but maize yield increases in the three subse-
quent seasons. Griffin et al. (2017) investigated the amendment of wal-
nut shell biochar over four years in a field experiment, and found a
short-lived effect on maize crop yield in the second year. A long-term
wheat/maize field experiment in a calcareous soil (pH 7.1-7.8) with ex-
tremely high biochar dosages (30, 60, and 90 t ha™') revealed a slight
increase in cumulative yield over four seasons (Liang et al., 2014), due
to lower bulk density, improved soil moisture and K addition. Jones
et al. (2012) did a three-year study of biochar on maize and grass
yield, in pH-neutral (pH 6.6) sandy clay loam in Wales, UK. Biochar ef-
fects were stronger in year two than in year one. After three years in
the field, biochar had caused beneficial changes in the microbial
community.

Despite their merit of drawing general conclusions from a plethora of
data, the meta-analyses on biochar effect on crop yield have necessarily

pooled the available data without considering the time since biochar ap-
plication or inter-season variation for studies carried out over multiple
years. The reason is that there are too few studies carried out for longer
time spans. A recent review reported that 60% of the 428 data points
reviewed were based on one year trials or simply used data correspond-
ing to the first year of multiple-year studies (Bach et al., 2016). Thus,
there is a need for well-controlled, replicated and longer-term field stud-
ies on representative soils. Here, we contribute to closing this gap, as in-
formation will be obtained related to trends observed for yields from a
highly acidic soil up to five seasons since biochar application, with two
very different biochars. The mechanism explaining the soil enhancement
effect of biochar will also be investigated, as well as and how often one
would need to replenish the biochar in order to maintain the positive
soil fertility effects.

Ultisols in the humid tropics such as the presently studied soil require
significant liming or addition of organic matter to remediate Al toxicity,
which is acknowledged as one of the major causes for crop failure
(Bloom et al., 1979). Biochar often contains a major ash component,
which is alkaline in nature, and may be used as an alternative for lime,
with the co-benefits of carbon sequestration and other improved soil
characteristics (Cornelissen et al., 2013; Kelly et al.,, 2014; Kimetu et al.,
2008; Martinsen et al., 2015; Yamato et al., 2006). The two biochars tested
for their effects on crop yield and soil properties were made from cacao
shell and rice husk, strongly differing in acid neutralization capacity
(ANC) and cation exchange capacity (CEC). A high ANC of a biochar can
probably alleviate soil acidity and reduce available Al concentrations
(Gruba and Mulder, 2015; Major et al., 2010; Martinsen et al., 2015;
Steiner et al., 2007). Also P availability can be positively impacted by an
increasing pH (Lajtha and Schlesinger, 1988; Martinsen et al., 2014).

The hypotheses for this study were 1) that the agronomic effects of
biochar in this soil could be explained by reduced soil acidity, as expressed
by reduced exchangeable AI>* concentrations as well as increased pH, Ca/
Al ratios, and base saturation. As a result it was also hypothesized that the
biochar with highest ANC would give the strongest yield effects in a soil
where crop growth is mainly limited by soil acidity, and 2) that the bio-
char effectiveness on crop yield would decline over time, due to contin-
ued nutrient leaching and rapid depletion of the alkalinity added via the
biochar (Glaser et al., 2002; Lehmann and Rondon, 2006).

2. Materials and methods
2.1. General outline

To investigate the longevity and mechanism of biochar effects on
maize production in highly acidic soils of the humid tropics, an exten-
sive field trial was carried out over five cropping seasons, with two bio-
chars and five replicates at an experimental farm in the Lampung
district, South Sumatra, Indonesia. The soil was classified as a Typic
Kanhapludult Ultisols with high levels of exchangeable aluminum (Al;
around 2 cmol. kg~!) and very low pH (3.6 in KCl and 3.7 in water).
The Lampung district has high rainfall (1796 mm) and temperatures
(30 °C) throughout the year, and thus a high soil leaching and
weathering potential.

Both biochars were applied in dosages of 0, 5 and 15 t ha=' and
mixed into the upper 10 cm of the soil. Soil bulk density was
1.30 g cm 2. Percent addition of biochars (w/w) was thus 0.4% and
1.2% for the 5 and 15 t ha~! additions, respectively. Both soil chemical
parameters and maize yields were monitored over the five growth
seasons.

2.2. Biochars

Biochars were prepared from rice husk and cacao shell, two common
agricultural wastes in Indonesia. Pyrolysis was carried out in a simple
kiln without a retort function, and the procedure and conditions for
making the biochars have been extensively described in refs. (Alling
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et al., 2014; Martinsen et al., 2015; Obia et al., 2015), where the same
biochars were studied. Pyrolysis temperatures, as determined via Ther-
mogravimetric Analyses were between 400 and 500 °C (Obia et al.,
2015). Biochar characteristics were reported in earlier work
(Martinsen et al., 2015; Obia et al., 2015) and reported in Table S1.

2.3. Soils

Field trials were carried out on a strongly acidic (pHkc 3.6), sandy
loam Ultisol (Typic Kanhapludults; Sand: 54%; silt: 22%; clay: 24%) in
Lampung province (Southern Sumatra, Indonesia; 05°00.406 S;
105°29.405’ E; annual rainfall 1796 mm; Fig. S1), over five planting sea-
sons: season 1: July-October 2012; season 2: December 2012-April
2012; season 3: April-August 2013; season 4: November 2013-
February 2014; season 5: April-July 2014. Precipitation occurs through-
out the year in Lampung province, with relatively low rainfall in June-
November (seasons 1; part of seasons 3 and 5). In the relatively dry sea-
sons, the plots were irrigated when necessary, in order to keep the sea-
sons as comparable as possible, and because the effect of biochar on
moisture retention was neither the topic of the study nor a mechanism
expected to be of importance for biochar effects in this humid region. In
between cropping seasons, the land was tilled to 15-20 cm depth with a
hand held mini-tractor, fertilized, weeded with a generic maize weed
killer, and replanted. All plots were on flat terrain on the experimental
farm Tamanbogo, belonging to the Indonesian Soil Research Institute.
Selected soil properties are presented in Table S1.

2.4. Field trial design

Five blocks were established in a completely randomized block de-
sign. A total of 30 experimental plots of 4 x 4 m size were thus
established (two biochars at three dosages each, in five blocks). One-
meter spaces were kept between the plots. Both biochars were applied
in single dosages of 0, 5 and 15 t ha~! in each of the five blocks, prior to
the first growth season only (July 2012), by manual mixing into the
0-10 cm soil layer. The biochars were not enriched with organic nutri-
ents as this did not fit with common agricultural practice in the area
due to limited availability of manure. Each treatment (6 levels) in
each of the five blocks was sampled for 5 seasons (i.e. one sample per
treatment, block and season).

2.5. Field establishment

Maize (Zea mays L.) was planted at 20 cm x 75 cm spacing. Hand-
weeding was carried out when required. Mineral fertilizer was applied
three times per planting season: just before planting (NPK
30:30:30 kg ha™ 1), in the early vegetative growth stage (69 kg ha~!
urea-N), and in the early generative growth stage (69 kg ha—! urea-
N). Insecticide application was also carried out before planting. No
lime was applied as one of the purposes of the experiment was to inves-
tigate the pH effect of biochar amendment.

2.6. Yield data

Yield was normalized to grains dried overnight at 110 °C.

Statistical testing of effects of treatments or additions was done by
the statistical package “R”, version 3.4.4 (R-Core-Team, 2018). Linear
mixed-effects models were fitted using the R extension package Ime4
(Bates et al., 2015) to evaluate differences between biochar type, bio-
char dosage and season (fixed effects, Tables S5-S7 in the Supporting
information). Variation in yield (and soil characteristics Ca/Al and pH,
see below) between the different blocks was modeled by introducing
random effects associated with each of the blocks. Likelihood ratio
tests were used to simplify the fixed effects structure of the models.
Model checking was based on visual inspection of residual and QQ
plots. Differences between the management practices were assessed

by means of pairwise comparisons (package “multcomp”) using
model-based approximate t-tests with adjustment for multiplicity
(Hothorn et al., 2008). Variation between biochar types was assessed
by comparing 5 t ha~! Cacoa shell vs. 5 t ha—! Rice husk per season
(1-5) and 15 t ha™! Cacoa shell vs. 15 t ha™! Rice husk per season
(1-5). Variation with biochar dosage was assessed by comparing
5tha~!vs. 15 t ha~! Cacoa shell per season (1-5) and 5 t ha™ ! vs.
15 t ha—! Rice husk per season (1-5). Changes with season were
assessed by comparisons of seasons for each of the biochar type and
dose combinations separately.

2.7. Soil characterization after biochar amendment

After each planting season, soils from all individual plots were sam-
pled and stored at 4 °C. Per individual plot, five 100 g soil samples, taken
from 0 to 10 cm depth with a small spade, were pooled into one 500 g
mixed sample per plot. Thus, five replicate samples per treatment
were obtained (as there were five replicate plots per treatment). The
following parameters were measured for the first three planting sea-
sons: CEC (ammonium acetate 1 M, pH 7), pHy,o (pH in water, 1 g soil
in 5 mL water) and pHyc (pH in 1 M KCl), exchangeable base cations
in the CEC extracts and base saturation, exchangeable H™ (back-titra-
tion of the CEC extract with sodium hydroxide to pH 7) and AI*™, avail-
able P (Bray), and elemental composition [total N and H, organic C
(catalytic combustion elemental analysis at 1030 °C after acidification
of the soil with 50 uL 1 M HCl per 15 mg dry sample)], all using standard
methods as described in refs. (Alling et al., 2014; Cornelissen et al.,
2013; Martinsen et al., 2015) and in the footnote of Table S1. During sea-
son four and five, due to funding limitations soil analyses were re-
stricted to pHp,o, exchangeable K, and CEC. Differences in molar
exchangeable Ca/Al ratios and pH (three seasons for Ca/Al, five seasons
for pH) were assessed as described above. In addition, 0 t ha~! was in-
cluded for comparisons of biochar type, biochar dosage and season
(Tables S3-S7). Linear regression was used for exploring relationships
between grain yield and selected soil variables.

3. Results
3.1. Soil and biochar quality

The soil was a strongly acidic (pHp,0 = 3.7; pHgc = 3.6) sandy
loamy Typic Kanhapludult, with a low base saturation (15% of the
CEC; Table S1). Associated with the low soil pH, the soil had a relatively
high exchangeable AI** content (2.4 cmol. kg~ '), low exchangeable
Ca®* (1.0 cmol. kg~ !) and thus low Ca/Al molar ratio (0.63 & 0.05; av-
erage for control plots in planting seasons 1-3). The organic carbon con-
tent was low (0.87 + 0.01%). Cocoa shell biochar exhibited a higher pH
than rice husk biochar (9.8 vs. 8.4, respectively), as well as a much
higher CEC (197 vs. 18 cmol. kg™, respectively, for exchangeable and
soluble cations as measured by ammonium acetate extraction, and 37
vs. 26 cmol. kg™ !, respectively, for truly exchangeable cations as mea-
sured by ammonium replacement by KCl extraction). Importantly, the
cacao shell biochar exhibited a much higher acid neutralizing capacity
than the rice husk biochar (ANC, 217 cmol. kg~' vs. 45 cmol. kg™, re-
spectively), resulting in a much higher alkalinity. The cacao shell biochar
had a lower ash content (19 vs. 51%, respectively) and a higher organic C
content (70 vs. 41%, respectively) than the rice husk biochar. This could
be due to the high silicate content, yet small base cation content of the
rice husk biochar (Chandrasekhar et al., 2003), resulting in a relatively
high ash content, but low ANC of the charred material.

3.2. Crop yield: effect of biochar feedstock
Cacao shell biochar and rice husk biochar were both used in two dos-

ages, under maize cropping for five seasons. Without biochar amend-
ment, hardly any emergence of maize plants occurred and thus no
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maize yield was obtained (Figs. 1 and S1). This is likely a result of the
low soil pH and high levels of exchangeable Al (Ca/Al ratios between
0.15 and 0.6 with little variation between season 1 and 2; Fig. 2a). The
smallest cacao shell biochar amendment (5 t ha™!) alleviated the dele-
terious effects of AP™ (see next section) and improved maize emer-
gence and resulted in grain yields of 1.3 and 2.9 t ha~' in seasons 1
and 2, respectively. A dosage of 15 t ha™! resulted in significantly (p <
0.05) higher grain yields (1.9 and 4.3 t ha~! in seasons 1 and 2, respec-
tively) than a dosage of 5 t ha™" in all seasons except the first one (Fig. 1
and Table S3). At a dosage of 15 t ha™!, rice husk biochar was signifi-
cantly less effective (e.g., 0.5 t ha~! in season 2) than cacao shell biochar
(4.3 tha~'in season 2) in all seasons except season 1, and for a dosage
of 5 t ha—! the same was observed for seasons 1, 2 and 3 (Table S3).

3.3. Crop yield: effect of multiple seasons

The biochar trials (both 5 and 15 t ha™! dosages, both cacao shell
and rice husk feedstocks) were continued for five seasons. Variation of
biochar effectiveness in the seasons following application revealed an
interesting pattern (Fig. 1, Table S3). The maize yield obtained with
the 15 t ha™! cacao shell biochar peaked in season 2 at 4.3 t ha™!, con-
tinued to have a good effect in seasons 3 and 4 (Fig. 1); the production
stimulating effect faded during season 5 at the 15 t ha~! dosage. For the
lower 5 t ha™! dose of cacao shell biochar, a decline in maize yield was
already seen from season 3 onwards. The less strong yield effect of
15 t ha™! rice husk biochar amendment was only significant (p <
0.05) in season 1 (1.4 t ha~—! maize yield; Fig. 1), and already faded
from season 2 onwards. Results for maize stover biomass showed simi-
lar trends as for grain yield (Fig. S2).

3.4. Crop yield: effect of soil properties

Soil properties were measured after each planting season. The full
soil data set can be found in Tables S8-S15. Soil pHy,o and base satura-
tion increased significantly (p < 0.05) with the application of cacao shell
biochar at both addition rates (Fig. 2). In contrast, the addition of rice
husk biochar had a less pronounced effect on soil pH, Ca/Al ratios and
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base saturation, which is probably the main explanation for the differ-
ence in crop yield effects between the two biochar types. Similar to
the trends observed for maize yield, soil pH and base saturation gradu-
ally decreased with season in the cacao shell biochar treated plots
(Fig. 2). This indicates that the fading effect of biochar on crop yield
may be related to soil acidity. In particular, the exchangeable molar
Ca/Al ratios, analyzed in field samples for seasons 1-3, showed largely
similar patterns as grain yields, especially with biochar type and dosage,
and to a certain extent with season (Fig. 2). That is, they were signifi-
cantly higher for cacao shell biochar (around 1.5 at 15 t ha=! biochar
dosage) than for rice husk biochar (around 0.6 at 15 t ha™! biochar dos-
age). Also, Ca/Al ratios were significantly higher at the high dosage of
15 t ha=! cacao shell biochar (around 1.5) than for the lower dosage
of 5 t ha™! of the same biochar (0.7-0.9) and higher for seasons 1 and
2 (around 1.5 at 15 t ha~! cacao shell biochar) than for season 3 (around
1.0). For seasons 4 and 5 we do not have Ca/Al ratios, but as observed
previously (Gruba and Mulder, 2015), pH and Ca/Al ratios are signifi-
cantly correlated (Fig. S6), so here the measured pH values and their
trends can be relied upon (Tables S14 and S15). The relation between
pH and Ca/Al is related to the fact that base saturation (dominated by
Ca, by far) is positively correlated with pH, whereas exchangeable Al
is negatively correlated with pH (due to the decreasing solubility of Al
in soils with increasing pH). This has been demonstrated explicitly
(Gruba and Mulder, 2015).

The relation between crop yield and pH was not entirely straightfor-
ward across seasons, as e.g. pH (but not Ca/Al ratios) decreased from
season 1 to 2 for both cacao shell biochar dosages (Table S4b), whereas
crop yields showed a strong increase from season 1 to 2 (Table S3;
Fig. 1). However, when comparing dosages, the pH effect of 5 t ha™!
cacao shell biochar started to fade after season 2 (Table S4b; lowercase
green letters), and the same was observed for crop yield (Fig. 1). Similar
observations were made for the 15 t ha~! cacao shell biochar amend-
ment, where the pH effect was significant for the first 4 seasons but
no longer for season 5 (Table S4b), when also the crop yield effect
faded and was back on the level observed during season 1 (Fig. 1).

In Fig. 3a the significant relationship between maize grain yield and
Ca/Al ratios is shown (n = 75; p < 0.001; r? = 0.44). The zero maize
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Fig. 1. Maize grain yield (t ha—") after amendment with 0,5 or 15 tha~" cocoa shell or rice husk biochar, over five seasons, at Lampung, Sumatra. Errors bars represent one standard error in
five replicate blocks. Differences associated with biochar dosage (5 or 15 t ha~!; UPPERCASE LETTERS) and season (1-5; lowercase letters) is shown for the two biochars separately. Also

see Table S3, where also differences between biochar types are indicated.
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dose combinations separately (lowercase letters; season 1-3). Different letters indicate statistically different values (p < 0.05).

grain yield points were included as these data were actual results: as
mentioned above, without biochar amendment no grain yields were ob-
tained. p < 0.001 indicates a highly significant relationship, but, as typi-
cal for a field study, there was a lot of scatter in the observations,
reducing r2-values to 0.4-0.5 for crop yield vs. pH and Ca/Al Similarly
significant but slightly less strong relationships were observed between
grain yield and the other acidity-related parameters: pH (Fig. S3), BS
(Fig. 3b), and exchangeable K (Fig. 3c). Also here the zero grain yield
values were included, as these were actual measurements. The same re-
lationship was not observed for available P (Fig. S5), as P availability was
not affected by pH in this low pH range between 3.5 and 5 (Fig. S7).

4. Discussion

We observed a much stronger effectiveness in increasing crop yield
for the cacao shell biochar than for the rice husk biochar, even though
both were made in the same manner. This observation could be ex-
plained by its higher pH (9.8 vs. 8.4 for cacao shell and rice husk biochar,
respectively) and ANC (217 vs. 45 cmol. kg~ '; Table S1). The cacao shell

biochar can thus improve the acidity-related soil properties more effec-
tively than the rice husk one.

Recently, Gruba and Mulder (2015) showed that the exchangeable
Al concentration in acid soils reaches maximum values at pHy0 =~ 4.2,
while declining with pH increase. Thus, the pH for the unamended soil
(3.7) was far below this threshold and thus explains the high Al avail-
ability. Soils treated with 5 t ha=! cacao shell biochar still had PHh,0
=~ 4.2, still close to the Al release threshold. After addition of 15 t ha™!
cacao shell biochars, pH was 4.5-5.0, well above the pH where extensive
Al dissolution occurs. Since Ca concentrations increase sharply from
near-zero above pH 4.2, this implies that Ca/Al ratios increase strongly
with increasing pH, associated with the application of cacao shell
biochar.

Our first hypothesis was that the biochars' agronomic effects could
be explained by reduced soil acidity (reduced exchangeable AI*™), and
that the biochar with highest ANC would give the strongest yield effects.
This hypothesis was largely supported by our data, both with regard to
acidity alleviation explaining the biochar effects on crop yield, and with
regard to the higher-ANC biochar (cacao shell biochar) having stronger
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Fig. 3. Maize grain yield (tha~"') as a function of a) molar exchangeable Ca/Al ratio, b) base
saturation (BS), and c) exchangeable K, for samples amended with 0, 5 or 15 t ha~! cocoa
shell or rice husk biochar (five replicates), measured in field samples after planting
seasons 1, 2 and 3 (Ca/Al and K) or seasons 1-5 (BS). The zero maize grain yield points
were included in the graphs as these data were actual results: without biochar
amendment no grain yields were obtained. Drawn lines: linear regression. Dashed lines:
exponential fitting toy = a — e % where y is grain yield, x is x-axis variable (Ca/Al K,
BS), and a and b are fitting parameters optimized by minimizing the sum of squared
residuals between measured and modeled parameters.

effects than the low-ANC one (rice husk biochar). Although confirmed
in the large picture, not all individual pH observations were in agree-
ment with the hypothesis, e.g. relatively low pH in season 2 for both
cacao shell biochar dosages whereas crop yields were surging, and a sig-
nificant increase in pH from season 4 to 5 for the 5 t ha™! cacao shell
biochar trial. These exceptions in individual measurements are often en-
countered in field studies, and the differences between the two bio-
chars, and the trends with biochar dosage, were fully in line with the
acidity alleviation hypothesis.

4.1. Time trends and comparison with previous multiyear biochar field
trials

Our most significant findings with regard to time trends of biochar
effects on crop yield are i) that the biochar effect was stronger in the sec-
ond season than in the first one, and ii) that the effectiveness started to
fade after three to five cropping seasons, partly because the acidity alle-
viation effect started to fade (e.g., no significant effect on pH of either 5
or 15 t ha™' cacao shell biochar in season 5). Thus, our second hypoth-
esis that biochar effectiveness on crop yield would decline over time,
was supported by the observations. This could be due to continued nu-
trient leaching and rapid depletion of the alkalinity added via the bio-
char, and the effects varied with biochar type and dose.

We hypothesize that the first observation of initial increased effec-
tiveness over time may be explained by “aging” of the raw, non-
enriched biochar in soil, where biochar improves soil structure over
time, leading to improved soil aggregation (Obia et al., 2016) as well
as decreased soil density (Obia et al., 2017) and root penetration resis-
tance (Obia et al., 2017). Spectroscopic evidence has indicated that an
organic coating is formed on the biochar surface over time, resulting
in improved nutrient retention and creating a more optimal habitat
for soil microorganisms (Hagemann et al., 2017a; Hagemann et al.,
2017b; Kammann et al., 2015). In addition, precipitation of the dis-
solved Al may be a slow process (Gruba and Mulder, 2008). Better
crop yield effects in season 2 than immediately after application (season
1) have been observed in a few studies before (Griffin etal., 2017; Jones
et al., 2012; Major et al., 2010). Major et al. (2010) studied biochar
(20 t ha™!) effects in an acidic oxisol in the humid tropics of Colombia
for 4 years, and did not find any strong effects in the first year, but
maize yield increases of +28, 430 and +140% in the three following
seasons (yields around 2 to 5 tha™!). The authors attributed the greater
crop yield primarily to increases in available Ca and Mg, but indeed the
small but important increases in soil pHy¢ (from 3.9 to 4.1) and corre-
sponding increases in molar available Ca/Al ratios (from an extremely
low 0.06 to around 0.12, mainly due to increased Ca but not decreased
Al) probably also contributed to the observed biochar effects, similar
to observations in the present study. Compared to the present study,
where molar Ca/Al ratios around 0.2 resulted in almost no crop yield,
the crop yields of Major et al. (2010) of >2 t ha~! in the absence of bio-
char, were surprisingly high. Also Griffin et al. (2017), studying walnut
shell biochar over four years in a field experiment (10 t ha™!), under
dry conditions in CA, USA, on a silty clay loam with pH 6.7 and CEC of
22.3 cmol. kg™, observed positive yield effects in the second year
(+8%) but not in the first one. The authors ruled out pH and nutrient re-
tention effects, and attributed the yield effect to short-lived increases in
available K through direct additions of these nutrients via the biochar
(biochar often contains high K levels (Biederman and Harpole, 2013;
Martinsen et al., 2014)), analogous to the present study (Fig. 3¢) and
other observations of higher K in both soil solution and plant tissue
after biochar addition (Biederman and Harpole, 2013; Martinsen et al.,
2014). In addition, moisture retention effects could have explained the
biochar effect, and the best effect being in the second year could be ex-
plained by gradual improvements in soil structure (Bruun et al., 2014;
Obia et al., 2016). Jones et al. (2012) investigated the 3-year effect of
the amendment of 25 and 50 t ha™! biochar on maize and grass yield
as well as on soil parameters, in pH-neutral (pH 6.6) sandy clay loam
in Wales, UK. In accordance with our study, biochar effects were stron-
ger in year 2 than in year 1.

The second important observation, the fading biochar effect over
multiple seasons, can probably be attributed to leaching of the alkaline
ashes in the humid tropical climate with high rainfall (Glaser et al.,
2002; Lehmann and Rondon, 2006). Analogous to our study, Steiner
et al. (2007) tested 15 different treatments over four planting seasons
in an acidic soil in Brazil (pHy,o = 4.5), and found that biochar doubled
the grain yield in the presence of mineral fertilizers, but that the effect
faded after multiple seasons. The authors hypothesized that the positive
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yield effect resulting from the biochar amendment could partly be
caused by significantly lower exchangeable Al concentrations in
biochar-amended soil. However, the Ca/Al molar ratios that can be cal-
culated for their untreated soil (around 20) were much larger than the
ones observed presently (below 1), in accordance with their soil pH
being above the limit of pH 4.2 where exchangeable Al contents are sub-
stantially increased (Gruba and Mulder, 2008). These results cast doubt
on the hypothesis that reduced Al toxicity was the mechanism behind
the biochar effect in the Brazilian study (Steiner et al., 2007). A fading ef-
fect of the biochar over time after season 2 was also observed by Jones
et al. (2012): after 3 years in the field, the alkalinity associated with
the biochar had been fully neutralized, similar to our observations,
with the pH of the soil being back at 6.6, and the pH of the biochar itself
having decreased from 8.8 to 6.6. However, the pH effect of the biochar
probably was not of much importance in these near pH-neutral soils,
and the authors hypothesized that the main effect of biochar was bene-
ficial changes in the microbial community, stimulating fungal and bac-
terial growth as well as soil respiration.

On the other hand, in extensive four-season trials in Thailand and
the Philippines with rice husk biochar on a poor, dry, nonacidic (pH 6)
soil, Haefele et al. (2011) observed increased yields of 16-35%, although
without any clear trends with season, and hypothesized that the in-
crease was a result of improvements in water retention and increased
available K and P, not of pH. Yamato et al. (2006) investigated the effect
of biochar produced from Acacia mangium on maize and peanut yield
and soil properties in South Sumatra (Indonesia). They observed a sig-
nificant increase in yield, as well as the density of the rooting system,
soil pH, total N, available P,0s, cation exchange capacity, and observed
a strong reduction in soil A concentration, analogous to the present
study on the same island.

A meta-analysis undertaken by Jeffery et al. (2017) has shown the
significant positive effect of biochar application on crop productivity,
with a grand mean increase of +20-25% for tropical soils. This increase
was attributed to a liming effect and improved water holding capacity of
the soil, along with improved crop nutrient availability when biochar is
added to soil. Biederman and Harpole (2013), in their meta-analysis re-
ported a statically significant positive yield effect of biochar amendment
of +20%, citing pH and soil quality increases (mainly N, P, K) as the main
reasons for this. These conclusions have also been confirmed by a meta-
regression analysis carried out by Crane-Droesch et al. (2013). They
concluded that soil cation exchange capacity and organic carbon also
were strong predictors of crop yield response.

Despite the fact that the previous meta-analyses have shown that
biochar amendment leads to a significant effect on crop yield, individual
literature studies are still quite variable, showing inconsistency be-
tween laboratory and field tests and among field studies (Gurwick
et al., 2013). For example, Bass et al. (2016) investigated the effect of
biochar amendment on banana and papaya crop yield and soil proper-
ties in Australia. Although there was a positive effect of biochar on soil
properties, where cation exchange capacity, K+, Ca%™, soil C content
and water retention all increased, there was a no effect (for papaya),
or a negative effect (—18% for banana) on fruit yield. Further studies
are thus necessary in order to fully understand the effect of biochar on
soil properties and yield, despite the fact that increases in soil alkalinity
and nutrient availability seem to be the most reasonable and statically
significant explanations.

5. Perspective

Comparing biochar amendment to conventional liming, the ANC of
the cacao shell biochar (217 cmol. kg™!; Table S1) was about 0.2
CaCOs-equivalents (Sparks, 2012). In addition, the cacao shell biochar
added 127 cmol. kg™! exchangeable + soluble K, 37 cmol. kg™! Ca
and 32 cmol. kg~ Mg to the soil (Table S1). In comparison, dolomite
would add much more of both Ca and Mg (around 1000 cmol. each
(Sparks, 2012)), but not K. From the ANC of the cacao shell biochar it

can be calculated that minimally 3 t ha™! calcite or dolomite would be
needed for the same pH effect as 15 t ha™—! biochar. However, small-
scale tests with various dolomite additions over 10 d in the same soil re-
vealed that a higher dolomite dosage around 6 t ha~! was needed for a
pH increase to 4.5-5.0, the pH after 15 t ha~! cacao shell biochar
amendment. At a dolomite price of 250 to 500 US$ t~!, this is a major
cost for the small-scale farmers in Lampung district. Biochar can be
made for as little as 100 US$ t~! by these smallholder farmers, especially
when using clean, fast and free-of-charge flame curtain kilns
(Cornelissen et al., 2016), and provides the farmer with the added ad-
vantages of K addition (Biederman and Harpole, 2013; Martinsen
et al., 2014) and improvement of soil structure and microbiology
(Jones et al., 2012; Obia et al., 2016), as well as the global advantages
of carbon sequestration (Jeffery et al., 2015; Weng et al., 2017; Woolf
and Lehmann, 2012) and nitrous oxide suppression (Lehmann, 2007;
Obia et al,, 2015; Weng et al,, 2017).

6. Conclusion

The main conclusion of our study is that the primary cause of in-
creased crop production in an Ultisol of the humid tropics due to biochar
addition was related to its acid neutralizing capacity. Thus, the role of
biochar as a soil enhancer was mainly associated with its liming effect,
causing a significant decline in toxic Al. Our hypothesis that this effect
fades over time was supported, and thus multiple biochar amendments
are necessary. In this case biochar would need to be applied approxi-
mately every third season, similar to conventional liming in the study
area. Also, moderate additions of 5 t ha~! biochar did not suffice for
acidity alleviation, and high dosages of 15 t ha~! were necessary. Such
dosages are better amenable with intensive small-scale horticulture or
kitchen gardening than more extensive maize farming (Torres-Rojas
et al.,, 2011). In current controlled field trials in the study area we are
comparing biochar amendment to liming and ash amendment in
multi-season trials, also testing the longevity of the various amendment
effects, in order to come to the best farmer recommendation for biochar
implementation.

Acknowledgements

The authors would like to thank the Norwegian Research Council for
the support of the study (grant agreements 217918, program FriPro;
grant agreement 243789, program KlimaForsk), as well as the B4SS,
“Biochar for Sustainable Soils” project funded through the Global Envi-
ronment Facility (GEF project ID 5824; IMIS nr. GFL-5060-2770-4F17)
via Starfish Initiatives. Field assistance at the Tamanbogo farm in
Lampung, especially from Mukhlis, Sutono and Samson, was pivotal
for the success of the study. We thank Sigurbjorg Hjartardottir for help
with the graphics.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.03.380.

References

Agegnehu, G., Bass, A.M., Nelson, P.N., Bird, M.I, 2016. Benefits of biochar, compost and
biochar-compost for soil quality, maize yield and greenhouse gas emissions in a trop-
ical agricultural soil. Sci. Total Environ. 543, 295-306.

Alling, V., Hale, S.E., Martinsen, V., Mulder, J., Smebye, A., Breedveld, G.D., et al., 2014. The
role of biochar in retaining nutrients in amended tropical soils. J. Plant Nutr. Soil Sci.
177, 671-680.

Asai, H., Samson, B.K,, Stephan, H.M., Songyikhangsuthor, K., Homma, K., Kiyono, Y., et al.,
2009. Biochar amendment techniques for upland rice production in Northern Laos 1.
Soil physical properties, leaf SPAD and grain yield. Field Crop Res. 111:81-84. https://
doi.org/10.1016/j.fcr.2008.10.008.

Bach, M., Wilske, B., Breuer, L., 2016. Current economic obstacles to biochar use in agricul-
ture and climate change mitigation. Carbon Manage. 1-8.


https://doi.org/10.1016/j.scitotenv.2018.03.380
https://doi.org/10.1016/j.scitotenv.2018.03.380
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0005
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0005
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0005
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0010
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0010
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0010
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1016/j.fcr.2008.10.008
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0020
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0020

568 G. Cornelissen et al. / Science of the Total Environment 634 (2018) 561-568

Bass, A.M.,, Bird, M.L, Kay, G., Muirhead, B., 2016. Soil properties, greenhouse gas emissions
and crop yield under compost, biochar and co-composted biochar in two tropical ag-
ronomic systems. Sci. Total Environ. 550, 459-470.

Bates, D., Maechler, M., Bolker, B.M., Walker, S., 2015. Fitting linear mixed-effects models
using {Ime4}. ]. Stat. Softw. 67, 48.

Biederman, L.A., Harpole, W.S., 2013. Biochar and its effects on plant productivity and nu-
trient cycling: a meta-analysis. GCB Bioenergy 5:202-214. https://doi.org/10.1111/
gcbb.12037.

Bloom, P., McBride, M., Weaver, R., 1979. Aluminum organic matter in acid soils: buffering
and solution aluminum activity. Soil Sci. Soc. Am. J. 43, 488-493.

Bonanomi, G., Ippolito, F., Cesarano, G., Nanni, B., Lombardi, N., Rita, A., et al., 2017. Biochar
as plant growth promoter: better off alone or mixed with organic amendments?
Front. Plant Sci. 8, 1570.

Bruun, E., Petersen, C., Hansen, E., Holm, J.K., Hauggaard-Nielsen, H., 2014. Biochar
amendment to coarse sandy subsoil improves root growth and increases water reten-
tion. Soil Use Manag. 30, 109-118.

Chandrasekhar, S., Satyanarayana, K., Pramada, P., Raghavan, P., Gupta, T., 2003. Review
processing, properties and applications of reactive silica from rice husk—an overview.
J. Mater. Sci. 38, 3159-3168.

Cornelissen, G., Martinsen, V., Shitumbanuma, V., Alling, V., Breedveld, G.D., Rutherford,
D.W., et al,, 2013. Biochar effect on maize yield and soil characteristics in five conser-
vation farming sites in Zambia. Agronomy 3, 256-274.

Cornelissen, G., Pandit, N.R,, Taylor, P., Pandit, B.H., Sparrevik, M., Schmidt, H.P., 2016.
Emissions and char quality of flame-curtain “Kon Tiki" kilns for farmer-scale char-
coal/biochar production. PLoS One 11, e0154617.

Crane-Droesch, A, Abiven, S, Jeffery, S., Torn, M.S., 2013. Heterogeneous global crop yield
response to biochar: a meta-regression analysis. Environ. Res. Lett. 8, 044049.

Glaser, B., Lehmann, J., Zech, W., 2002. Ameliorating physical and chemical properties of
highly weathered soils in the tropics with charcoal - a review. Biol. Fertil. Soils 35:
219-230. https://doi.org/10.1007/s00374-002-0466-4.

Griffin, D.E., Wang, D., Parikh, SJ., Scow, K.M., 2017. Short-lived effects of walnut shell bio-
char on soils and crop yields in a long-term field experiment. Agric. Ecosyst. Environ.
236:21-29. https://doi.org/10.1016/j.agee.2016.11.002.

Gruba, P., Mulder, J., 2008. Relationship between aluminum in soils and soil water in min-
eral horizons of a range of acid forest soils. Soil Sci. Soc. Am. J. 72:1150-1157. https://
doi.org/10.2136/sssaj2007.0041.

Gruba, P., Mulder, J., 2015. Tree species affect cation exchange capacity (CEC) and cation
binding properties of organic matter in acid forest soils. Sci. Total Environ. 511,
655-662.

Gurwick, N.P., Moore, LA, Kelly, C., Elias, P., 2013. A systematic review of biochar re-
search, with a focus on its stability in situ and its promise as a climate mitigation
strategy. PLoS One 8, €75932.

Haefele, S.M., Konboon, Y., Wongboon, W., Amarante, S., Maarifat, A.A., Pfeiffer, E.M,, et al.,
2011. Effects and fate of biochar from rice residues in rice-based systems. Field Crop
Res. 121:430-440. https://doi.org/10.1016/j.fcr.2011.01.014.

Hagemann, N., Joseph, S., Schmidt, H.-P., Kammann, C.., Harter, J., Borch, T, et al,, 2017a.
Organic coating on biochar explains its nutrient retention and stimulation of soil fer-
tility. Nat. Commun. 8, 1089.

Hagemann, N., Kammann, C.I, Schmidt, H.-P., Kappler, A., Behrens, S., 2017b. Nitrate cap-
ture and slow release in biochar amended compost and soil. PLoS One 12, e0171214.

Hale, S.E., Alling, V., Martinsen, V., Mulder, ]., Breedveld, G.D., Cornelissen, G., 2013. The
sorption and desorption of phosphate-P, ammonium-N and nitrate-N in cacao shell
and corn cob biochars. Chemosphere 91:1612-1619. https://doi.org/10.1016/j.
chemosphere.2012.12.057.

Harel, Y.M,, Elad, Y., Rav-David, D., Borenstein, M., Shulchani, R., Lew, B,, et al., 2012. Bio-
char mediates systemic response of strawberry to foliar fungal pathogens. Plant Soil
357, 245-257.

Hothorn, T., Bretz, F., Westfall, P., 2008. Simultaneous inference in general parametric
models. Biom. J. 50, 346-363.

Jeffery, S., Verheijen, F.G.A,, van der Velde, M., Bastos, A.C., 2011. A quantitative review of
the effects of biochar application to soils on crop productivity using meta-analysis.
Agric. Ecosyst. Environ. 144, 175-187.

Jeffery, S., Bezemer, T.M., Cornelissen, G., Kuyper, T.W., Lehmann, J., Mommer, L., et al.,
2015. The way forward in biochar research: targeting trade-offs between the poten-
tial wins. Glob. Change Biol. Bioenergy. 7:1-13. https://doi.org/10.1111/gcbb.12132.

Jeffery, S., Abalos, D., Prodana, M., Bastos, A.C., van Groenigen, J.W., Hungate, B.A,, et al.,
2017. Biochar boosts tropical but not temperate crop yields. Environ. Res. Lett. 12,
053001.

Jones, D., Rousk, J., Edwards-Jones, G., DeLuca, T., Murphy, D., 2012. Biochar-mediated
changes in soil quality and plant growth in a three year field trial. Soil Biol. Biochem.
45, 113-124.

Kammann, CI., Schmidt, H.-P., Messerschmidt, N., Linsel, S., Steffens, D., Miiller, C, et al.,
2015. Plant growth improvement mediated by nitrate capture in co-composted bio-
char. Sci. Rep. 5.

Kelly, C.N., Peltz, C.D., Stanton, M., Rutherford, D.W., Rostad, C.E., 2014. Biochar application
to hardrock mine tailings: soil quality, microbial activity, and toxic element sorption.
Appl. Geochem. 43, 35-48.

Kimetu, J., Lehmann, ., Ngoze, S., Mugendi, D., Kinyangi, J., Riha, S., et al., 2008. Reversibil-
ity of soil productivity decline with organic matter of differing quality along a degra-
dation gradient. Ecosystems 11, 726-739.

Laird, D., Fleming, P., Wang, B., Horton, R., Karlen, D., 2010. Biochar impact on nutrient
leaching from a Midwestern agricultural soil. Geoderma 158, 436-442.

Lajtha, K., Schlesinger, W.H., 1988. The biogeochemistry of phosphorus cycling and phos-
phorus availability along a desert soil chronosequence. Ecology 69, 24-39.

Lehmann, J., 2007. A handful of carbon. Nature 447:143-144. https://doi.org/10.1038/
447143a.

Lehmann, J., Rondon, M., 2006. Bio-char soil management on highly weathered soils in
the humid tropics. Biological Approaches to Sustainable Soil Systems. Vol. 113,
p. e530.

Liang, F., Li, G., Lin, Q., Zhao, X., 2014. Crop yield and soil properties in the first 3 years after
biochar application to a calcareous soil. J. Integr. Agric. 13, 525-532.

Major, J., Lehmann, J., Rondon, M., Goodale, C., 2010. Fate of soil-applied black carbon:
downward migration, leaching and soil respiration. Glob. Chang. Biol. 16:
1366-1379. https://doi.org/10.1111/j.1365-2486.2009.02044.x.

Martinsen, V., Mulder, J., Shitumbanuma, V., Sparrevik, M., Barresen, T., Cornelissen, G.,
2014. Farmer-led maize biochar trials: effect on crop yield and soil nutrients under
conservation farming. J. Plant Nutr. Soil Sci. 177, 681-695.

Martinsen, V., Alling, V., Nurida, N., Mulder, ., Hale, S., Ritz, C,, et al,, 2015. pH effects of the
addition of three biochars to acidic Indonesian mineral soils. Soil Sci. Plant Nutr. 61,
821-834.

Mehari, Z.H., Elad, Y., Rav-David, D., Graber, E.R., Harel, Y.M., 2015. Induced systemic resis-
tance in tomato (Solanum lycopersicum) against Botrytis cinerea by biochar amend-
ment involves jasmonic acid signaling. Plant Soil 395, 31-44.

Obia, A., Cornelissen, G., Mulder, ]., Dorsch, P., 2015. Effect of soil pH increase by biochar
on NO, N,0 and N, production during denitrification in acid soils. PLoS One 10,
e0138781.

Obia, A, Mulder, J., Martinsen, V., Cornelissen, G., Borresen, T., 2016. In situ effects of bio-
char on aggregation, water retention and porosity in light-textured tropical soils. Soil
Tillage Res. 155:35-44. https://doi.org/10.1016/].still.2015.08.002.

Obia, A., Barresen, T., Martinsen, V., Cornelissen, G., Mulder, J., 2017. Effect of biochar on
crust formation, penetration resistance and hydraulic properties of two coarse-
textured tropical soils. Soil Tillage Res. 170, 114-121.

R-Core-Team, 2018. R: A Language and Environment for Statistical Computing Version
3.4.4. R Foundation for Statistical Computing, Vienna, Austria.

Schmidt, H.P., Pandit, B.H., Martinsen, V., Cornelissen, G., Conte, P., Kammann, C.I., 2015.
Fourfold increase in pumpkin yield in response to low-dosage root zone application
of urine-enhanced biochar to a fertile tropical soil. Agriculture 5, 723-741.

Schmidt, H.P., Pandit, B.H., Cornelissen, G., Kammann, C.I,, 2017. Biochar-based Fertiliza-
tion with Liquid Nutrient Enrichment: 21 Field Trials Covering 13 Crop Species in
Nepal. Land Degradation & Development.

Sparks, D.L,, 2012. Advances in Agronomy. Academic Press.

Steiner, C., Teixeira, W.G., Lehmann, J., Nehls, T., de Macedo, J.L.V., Blum, W.E.H., et al.,
2007. Long term effects of manure, charcoal and mineral fertilization on crop produc-
tion and fertility on a highly weathered Central Amazonian upland soil. Plant Soil
291:275-290. https://doi.org/10.1007/s11104-007-9193-9.

Torres-Rojas, D., Lehmann, J., Hobbs, P., Joseph, S., Neufeldt, H., 2011. Biomass availability,
energy consumption and biochar production in rural households of Western Kenya.
Biomass Bioenergy 35:3537-3546. https://doi.org/10.1016/j.biombioe.2011.05.002.

Warnock, D., Lehmann, J., Kuyper, T., Rillig, M., 2007. Mycorrhizal responses to biochar in
soil - concepts and mechanisms. Plant Soil 300:9-20. https://doi.org/10.1007/
511104-007-9391-5.

Weng, Z.H., Van Zwieten, L., Singh, B.P., Tavakkoli, E., Joseph, S., Macdonald, L.M,, et al.,
2017. Biochar built soil carbon over a decade by stabilizing rhizodeposits. Nat. Clim.
Chang. 7, 371.

Woolf, D., Lehmann, J., 2012. Modelling the long-term response to positive and negative
priming of soil organic carbon by black carbon. Biogeochemistry 111, 83-95.

Yamato, M., Okimori, Y., Wibowo, LF., Anshori, S., Ogawa, M., 2006. Effects of the applica-
tion of charred bark of Acacia mangium on the yield of maize, cowpea and peanut,
and soil chemical properties in South Sumatra, Indonesia. Soil Sci. Plant Nutr. 52:
489-495. https://doi.org/10.1111/j.1747-0765.2006.00065.x.


http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0025
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0025
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0025
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf2010
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf2010
https://doi.org/10.1111/gcbb.12037
https://doi.org/10.1111/gcbb.12037
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0035
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0035
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0040
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0040
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0040
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0045
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0045
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0045
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0055
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0055
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0055
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0060
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0060
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0065
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0065
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0070
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0070
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.1016/j.agee.2016.11.002
https://doi.org/10.2136/sssaj2007.0041
https://doi.org/10.2136/sssaj2007.0041
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0090
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0090
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0090
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0095
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0095
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0095
https://doi.org/10.1016/j.fcr.2011.01.014
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0105
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0105
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0110
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0110
https://doi.org/10.1016/j.chemosphere.2012.12.057
https://doi.org/10.1016/j.chemosphere.2012.12.057
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0120
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0120
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0120
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf2015
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf2015
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0125
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0125
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0125
https://doi.org/10.1111/gcbb.12132
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0135
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0135
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0140
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0140
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0140
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0145
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0145
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0150
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0150
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0150
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0155
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0155
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0155
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0160
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0160
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0165
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0165
https://doi.org/10.1038/447143a
https://doi.org/10.1038/447143a
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0175
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0175
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0175
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0180
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0180
https://doi.org/10.1111/j.1365-2486.2009.02044.x
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0195
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0195
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0200
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0200
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0200
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0205
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0205
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0205
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0210
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0210
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0210
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0210
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0210
https://doi.org/10.1016/j.still.2015.08.002
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0220
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0220
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0220
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf2005
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf2005
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0225
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0225
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0230
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0230
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0230
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0235
https://doi.org/10.1007/s11104-007-9193-9
https://doi.org/10.1016/j.biombioe.2011.05.002
https://doi.org/10.1007/s11104-007-9391-5
https://doi.org/10.1007/s11104-007-9391-5
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0255
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0255
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0260
http://refhub.elsevier.com/S0048-9697(18)31140-9/rf0260
https://doi.org/10.1111/j.1747-0765.2006.00065.x

	Fading positive effect of biochar on crop yield and soil acidity during five growth seasons in an Indonesian Ultisol
	1. Introduction
	2. Materials and methods
	2.1. General outline
	2.2. Biochars
	2.3. Soils
	2.4. Field trial design
	2.5. Field establishment
	2.6. Yield data
	2.7. Soil characterization after biochar amendment

	3. Results
	3.1. Soil and biochar quality
	3.2. Crop yield: effect of biochar feedstock
	3.3. Crop yield: effect of multiple seasons
	3.4. Crop yield: effect of soil properties

	4. Discussion
	4.1. Time trends and comparison with previous multiyear biochar field trials

	5. Perspective
	6. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


