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Biochar produced from argan shells can be contaminated by toxic substances accumulated during the
pyrolysis process. To determine the potential impact of toxic substances and salt stress, this study
focused on the effect argan shell biochar had on the germination of salad (0%, 0.5%, 1%, 2%, 4% or 8%
biochar dry weight in a sand-biochar mixture) and barley seeds (0%, 1%, 2.5%, 5% or 10% biochar dry
weight in a peat-biochar mixture). No negative salt stress effect of argan biochar on the germination of
salad was observed nor on the germination rate and fresh weight of seedlings. Additionally, biochar
application increased the germination rate and the fresh biomass weight in all of the treatments. No
significant difference was observed from the control with the barley germination rate, fresh and dry
weights of barley seedlings, water content and water use efficiency of different mixtures (peat-biochar).
Thus, for both the salad and barley germination tests, no negative effects of biochar produced from argan
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shells were identified, providing a preliminary indication that it could be safely used for agriculture.
Copyright © 2017, Kasetsart University. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The application of biochar to soils is becoming more and more
common and it is now generally accepted as a management tool for
the sequestration of carbon and the mitigation of global climate
change in soils where the carbon would otherwise have been
released into the atmosphere rapidly as carbon emissions (Lorenz
and Lal, 2014; Smith, 2016). It has also been used to amend
nutrient-poor soil for soil ecological restoration, soil pH, nutrient
mobility and water retention (Lehmann et al., 2006; Liu et al., 2012;
Wang et al., 2016). It can lower chemical fertilizer usage and pre-
vent eutrophication of groundwater (Xu et al., 2013; Shareef and
Zhao, 2017). Some studies have shown that it could also increase
the growth of plants and microbial activity (Cui et al., 2013; Zhang
etal., 2016), decrease soil bulk density (Brewer et al., 2014; Liu et al.,
2016), increase air-filled porosity (Han et al., 2015; Obia et al., 2016)
and increase water holding capacity (Abel et al., 2013; Wang et al.,
2016). Thus biochar improves the physical, chemical and biological
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properties of soils, which have an indirect effect on increased yields
(Smider and Singh, 2014; Zhang et al., 2016).

Under semi-arid, arid and desert climatic conditions, such as in
Morocco, agricultural practices reserve a majority of the water re-
sources for irrigation, with the resultant extent of irrigated agri-
culture combining with high evaporative rates leading to
degradation of soil quality (Badraoui et al., 2000). One possible
solution is the addition of biochar, a highly porous pyrolyzed
biomass which is well documented to help retain water and nu-
trients in soils.

In previous research (Bougbis et al., 2016), argan shells obtained
after extraction of argan oil were selected as the biomass source
and converted into biochar using a pyrolytic stove fabricated in
Morocco based on the design provided by Dr. Claudia Kammann
(Institute for Plant Ecology, Giessen University, Germany). The
physical and chemical analysis of argan shell biochar revealed a
highly alkaline pH (pH = 10.7), a high electrical conductivity
(EC = 4.83 mS/cm), high contents of K (1906.25 parts per million;
ppm), Na (339.2 ppm), Mg (125.892 ppm) and NaNO3 (100 ppm),
and low contents of Ca (4.8 ppm), KHPO4 (0.33 ppm) and of heavy
metals compared to sandy soil and peat. Thus, due to its high
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nutrient content and low content of heavy metals, argan biochar
can improve plant growth especially in sandy soil.

However, the use of biochar is not without its critics. Research
shows that biochar can contain dangerous inorganic (heavy metals)
and organic contaminants (Hale et al., 2012; Oleszczuk et al., 2013;
Buss and Masek, 2014; Domene et al., 2015; Kottowski and
Oleszczuk, 2015). Where there are high levels of contaminants,
there is a risk of their uptake by plants or migration down the soil
profile to groundwater (Kottowski and Oleszczuk, 2015). This may
have negative effects for humans, for the environment and for
living organisms. Thus, biochar applied to soils should be free of
toxic substances before any future large-scale application.

The salad germination test was selected in the current study to
test for salt stress where the biochar is mixed with an inert, fine-
sand medium and the germination of a salt-sensitive species
(salad, Lactuca sativa L.) is evaluated. Thus, negative effects at high
application levels on salad germination may indicate high ash
contents but no harmful substances. To test for toxic substances,
the barley (Hordeum vulgare L.) germination test was selected
where biochar is mixed into an organic medium (unfertilized peat
substrate) and the plant is not sensitive to salt stress. Thus, negative
effects at high application levels on barley germination may indi-
cate the potential toxic effects of harmful substances produced
during the process of pyrolysis.

Materials and methods
Salad germination test

The biochar was mixed with an inert, fine-sand medium and
used in the salad germination test based on ISO—17126 (Busch
et al., 2012), where the germination of a salt-sensitive species
(Lactuca sativa L.) was evaluated. Several different proportions of
biochar and fine sand were mixed following geometrical dilution.
In accordance with the ISO test, the factor 2 is the maximal allowed,
so the series used was: 0% (control), 0.5%, 1%, 2%, 4% and 8%. For one
replicate, an amount of fresh weight equal to 100 g of dry weight
was taken out of the whole mixture and filled into a Petri dish. Tap
water was added to set the water content to 85% of the maximum
WHC. Forty seeds of Lactuca sativa L. were evenly sowed, leaving a
free space of around 1 cm to the border of the Petri dishes. The
seeds were pressed softly into the substrate. Afterward, 90 g (dry
weight) of coarse sand was distributed on top. The prepared Petri
dishes were placed open in a bloated, zippered plastic bag and
positioned in the green house. For the first 48 h, black plastic foil
covered the dishes.

After 5 d incubation, harvesting commenced and the number of
germinated seedlings and the fresh and dry weights of the above
ground biomass were determined. The Petri dishes, which still
contained the soil mixture were mixed and 25 g of dry weight were
taken. Around 100 ml of water were added. After shaking for 1 h at
150 rpm, the substrate was allowed to settle for 30 min and then
the pH and electrical conductivity (EC) were measured. All de-
terminations were replicated three times.

Barley germination test

Five biochar-peat mixtures were prepared, using small amounts
of biochar (0%, 1%, 2.5%, 5% and 10%) where 1% describes a mixture
of 1 g dry biochar with 99 g dry peat. Then, the dry weight and
water holding capacity (WHC) of the substrates were determined.
To prepare 1000 ml of dry weight for every mixture, the amount of
fresh weight of biochar and peat and the amount of water needed
to set the mixture to 60% of the maximum water holding capacity
(WHCmax) were calculated. Afterward, some textile/filter paper
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Fig. 1. Salad germination test results: (A) germination rate; (B) fresh weight per Petri
dish; (C) fresh weight per plant. Values are mean + SD of the three replicates. Different
letters indicate significant differences (one-way analysis of variance) between different
mixtures of biochar and the control (CTR).

was placed into the bottom of the plant pots and the mixtures were
split into four replicates while leaving sufficient to cover the seeds.
After sowing 20 seeds of barely in every pot, the rest of the mixture
was distributed over the seeds and the initial weight of the whole
construction (pot + mixture with 60% of WHCmax + seeds) was
recorded. The plots were then randomly placed in the greenhouse.
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Fig. 2. Effect of biochar application on pH and electrical conductivity (EC) before and after germination of salad: (A) pH values before planting; (B) pH values after planting; (C) EC
values before planting; (D) EC values after planting. Values are mean + SD (n = 3). Different letters indicate significant differences (one-way analysis of variance) between different

mixtures of biochar and the control (CTR).

The weight of each pot was recorded daily and the difference
from the initial weight was made up by adding tap water. The
consumption of water (through evapotranspiration) and the pro-
duced biomass were used to determine the water use efficiency
(WUE). After 9 d, the germination rate, biomass fresh weight, dry
weight, water content and WUE (mg dw/g H,0) were determined.

Statistical analysis

For the barley and salad germination tests, the effects of
different biochar additions on all replicated measurements were
tested using one-way analysis of variance. The significance of dif-
ferences among treatment groups was determined using the Tukey
test. A result was considered significant at p < 0.05. All statistical
tests were performed using the SigmaPlot 11 software (Systat Inc.;
Chicago, IL, USA).

Results
Salad germination test

In all of the five repeated tests (0.5%, 1%, 2%, 4% and 8% biochar;
Fig. 1A), the biochar increased the germination rate of Lactuca sativa
but not significantly even at a mixture with 0.5% biochar. The
highest germination was observed with the highest application rate
and represented an increased germination rate of 50% compared to
the control. Determining the fresh weight per Petri dish of L. sativa
seedlings in the biochar test indicated that biochar increased the
fresh weight in all of the five repeated tests but the increase was
only significant with the three highest application rates (Fig. 1B).

Biochar increased the fresh weight by 76% in the mixture with 8%
biochar compared to the control. Determining the fresh weight per
plant indicated that biochar increased the fresh weight in the four
repeated tests while it was nearly similar in the lowest (0.5%)
addition. A significant increase was observed with the 2% and 4%
biochar applications (Fig. 1C) by 40% and 29%, respectively,
compared to the control.

Fig. 2A (before planting) and 2B (after planting) show the pH of
each mixture from the highest and lowest rates of application
compared to the control. With a higher biochar concentration, the
pH before planting was large enough to exceed the pH for the
control case while it increased (but not significantly) with the
lowest addition. The same results were found after planting. Fig. 2C
(before planting) and 2D (after planting) show the EC measured at
the highest and lowest rates of application compared to the control.
With a higher biochar concentration, the EC was large enough to
exceed the EC for the control. With 0.5% biochar, before planting,
the EC increased (but not significantly), while it decreased after
planting. The water holding capacities were 0.36 g H,O per g soil
(dry weight), 0.39 g H,0 per g soil (dry weight) and 0.43 g H,O per g
soil (dry weight) in the 0%, 0.5% and 8% biochar-sand mixtures,
respectively. The biochar application increased the WHC by 7.69% in
the 0.5% and by 16.28% in the 8% compared to the control.

Barley germination test

In the three repeated test runs (1%, 2.5% or 5% biochar-peat
mixture), the biochar increased the germination rate of barley but
not significantly (Fig. 3A) while at the high level of biochar (10%), a
small but not significant decrease in the germination rate was
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Fig. 3. Effect of argan shell biochar on germination of barley: (A) germination rate; (B)
fresh weight per pot; (C) dry weight per pot. Values are mean + SD of the four rep-
licates. Different letters indicate significant differences (one-way analysis of variance)
between different mixtures of biochar and the control (CTR).

observed. Fig. 3B shows the fresh weight of barley seedlings in the
four biochar tests compared to the control. The results indicated
that the biochar increased the fresh weight of barley in three
repeated tests (1%, 2.5% or 5% biochar-peat mixture); but the largest
positive effect was observed in the 2.5% biochar in which biochar
increased the fresh weight by 14% compared to the control. At the
higher level, biochar decreased the fresh weight of barley seedlings,
but none of the biochar additions resulted in a significant difference
to the control. Fig. 3C shows the dry weight of barley seedlings in
the four biochar tests compared to the control. In all repeated test
runs, the biochar had a positive effect on the seedling dry weight. It
increased the dry weight even with the lowest application rate; but
none of the biochar additions resulted in a significant increase. The

largest positive effect was observed in the 2.5% biochar where the
biochar increased the dry weight by 13% compared to the control.

Argan shell biochar had a positive effect on the water content
(Fig. 4A) at three biochar-peat mixtures (1%, 2.5%, 5%) while it
decreased the water content at the higher level (10%). The largest
positive effect was observed with the 2.5% biochar where the
water content increased by 14% compared to the control but none
of the biochar additions resulted in a significant difference
compared to the control. In all of the four repeated tests: 1%, 2.5%,
5% and 10% biochar of the biochar-peat mixture (Fig. 4B), there was
an increase (but not significantly) in the water use efficiency even
with a mixture with 1% biochar. The largest difference was
observed with the 2.5% application rate where the biochar
increased the water use efficiency by 11% compared to the control.
The water holding capacities were 5.89% g H,0 per g soil (mixture)
dry weight, 6% g H,0 per g soil (mixture) dry weight and 6.39% g
H,0 per g soil (mixture) dry weight in the 10%, 5% and 0% biochar-
peat mixtures, respectively.

Discussion
Salad germination test

The results revealed a positive effect of argan shell biochar on
the germination rate of salad in all biochar treatments. The same
result was observed for the fresh weight of seedlings which is a
more sensitive parameter to the biotoxic substances in the biochar
(Fig. 1B and C). Even with 8% biochar, a positive effect was observed.
Argan shell biochar has a highly alkaline pH, high EC, high contents
of K, Na and Mg and low contents of Ca and heavy metals compared
to the soil (Bougbis et al., 2016). Previous research has revealed that
the contents of water soluble K, Ca, Na and Mg increased signifi-
cantly with biochar application because of the higher content of the
cations contained in the biochar relative to soil (Biederman and
Harpole, 2013; Jung et al, 2016; Wang et al.,, 2016). Moreover,
biochar increases the retention of mineral nutrients which de-
creases lixiviation and is likely to increase nutrient availability in
the long term (Lehmann and Rondon, 2006; Lehmann et al., 2006;
Sigua et al., 2016).

Furthermore, changes in the nutrient and carbon availability
after biochar addition to soils may have a positive impact on mi-
crobial abundance, rhizobial nodulation and soil fauna because
biochar contains macro- and micro-pores (Lehmann et al., 2011;
Zhang et al., 2016). Such changes in soil fauna may well have ef-
fects on nutrient cycles, soil structure and indirectly affect plant
growth (Lehmann et al., 2011).

Based on these studies, the current results (increasing germi-
nation rate, fresh weight of biomass, pH and EC) can be explained
by the presence of more water-soluble nutrients in the mixture
which mainly originated from the argan shell biochar. Thus, mixing
argan biochar and soil would facilitate cation retention in the soil.

The application of biochar at an increasing rate significantly
increased the pH before and after planting. Similar to pH, biochar
addition at high level increased significantly the EC of the mixture
before and after planting. The high pH of argan shell biochar indi-
cated that a substantial portion of the nutrient salts sequestered in
argan waste was concentrated during the pyrolysis process. The
same results were reported by Singh et al. (2010), Biederman and
Harpole (2013) and Wang et al. (2016). Given its high pH value,
the argan biochar could contain high levels of both macro- and
micro-nutrient elements, which were concentrated in the biochar
during the pyrolysis process. Collectively, the results indicated that
argan shell biochar would be beneficial to soil at these levels and
will be useful to increase the pH of acidic soils. The biochar appli-
cation increased the WHC by 16.28% at 8% compared to the control.
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An increase in the WHC with biochar application has been reported
by Abel et al. (2013), Cao et al. (2014) and Wang et al. (2016).

Barley germination test

The germination results of different mixtures (peat-biochar)
were compared with the germination results of the control (un-
fertilized peat, 0% biochar) where the fresh/dry weight was the
most sensitive parameter to indicate any negative effect of biochar
on seedlings. In all biochar treatments, no negative effects of argan
shell biochar were observed on the germination rate of barley
(Fig. 3A). The same result was observed for the more sensitive pa-
rameters of the fresh and dry weight of seedlings to biotoxic sub-
stances in biochar (Fig. 3B and C). No negative effect of peanut hull
biochar on the germination of barley was reported by Busch et al.
(2012). Furthermore, argan shell biochar had a positive effect on
the germination rate, seedling fresh/dry weight, water content and
water use efficiency in 1%, 2.5% and 5% biochar-peat mixtures
(Figs. 3 and 4) with increases in all the parameters, even at low
levels of biochar treatment. At the highest level (10% biochar-peat
mixture), biochar increased the dry weight of the biomass and
the water use efficiency.

However, at 10%, biochar decreased (but not significantly) the
germination rate and fresh weight of barley seedlings compared to
the control. The reduction of fresh weight could be attributed to
delayed germination that could have resulted in reduced time for
growth (9 d) and so led to reduced fresh weight. Delayed germi-
nation was also reported for barley seeds from different biochars
(Bargmann et al., 2013). Thus, detailed research utilizing long-term
experiments will be a logical next step.

Comparing the chemical properties of argan shells to the peat,
there was a high content of K, Na and Mg and a low content of heavy
metals; the observed increases, even though low, mainly in the
fresh and dry weights of biomass could have been the results of the
high level of water soluble nutrients and the absence or low content
of harmful substances in the mixture with biochar application. Thus
argan shell biochar could provide potentially better plant growth.

Argan shell biochar has also a positive effect on the water con-
tent and water use efficiency (Fig. 4A and B) with increases in these
two parameters even at the lowest application rate, although none
of the biochar additions resulted in a significant increase. As with
the present study, improvement in the water retention capacity
after biochar addition has previously been observed (Cao et al.,
2014; Obia et al., 2016) and reported to be due to its porous

nature (Downie et al., 2009; Yu et al., 2016). Furthermore, Laird
et al. (2009); Sun and Lu (2014) and Obia et al. (2016) have re-
ported that the use of biochar as a soil amendment was anticipated
to increase both nutrient and water retention and thereby crop
productivity where there is less drainage which was in line with the
current observations.

Biochar use as a soil conditioner is currently an important topic
of research because of the benefits to crop yield and to the soil, by
increasing the water holding capacity, pH, soil organic matter levels
and favoring microbial activity. However, biochars can contain toxic
compounds produced during the process of pyrolysis or accumu-
lated in the feedstock used in the production of biochars. Thus, for
future large-scale application of biochar, it is important to ensure
that it will neither show toxic effects nor otherwise pose a short- or
long-term threat to soil and the environment.

To determine the potential impact of toxic substances and salt
stress, this study focused on the effect of argan shell biochar has on
seed germination. Two different germination tests were selected:
1) a barley germination test and 2) a salad germination test. The
results obtained from the two phytotoxicity tests revealed no
negative effects of argan shell biochar on germination, which pro-
vides a preliminary indication that it could be safely used for
agriculture. However, future research in long-term experiments
will be a logical next step and should consider changes in nutrient
availability and plant growth.

Conflict of interest

None.

Acknowledgements

This work was funded by the Hassan Il Agronomic and Veteri-
nary Institute, Agadir, Morocco. The authors would like to
acknowledge Mr Mohamed Doulhousne for his contribution to the
experimental work.

References

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M., Wessolek, G., 2013. Impact
of biochar and hydrochar addition on water retention and water repellency of
sandy soil. Geoderma 202, 183—191.

Badraoui, M., Agbani, M., Soudi, B., 2000. Evolution de la qualité des sols sous mise
en valeur intensive au Maroc. Conference ‘Intensification agricole et qualité des
sols et des eaux’, Rabat, Maroc, 2—3 Novembre.



252 L. Bougbis et al. / Agriculture and Natural Resources 51 (2017) 247—252

Bargmann, I., Rillig, M.C.,, Buss, W., Kruse, A., Kuecke, M., 2013. Hydrochar and
biochar effects on germination of spring barley. ]. Agron. Crop Sci. 199, 360—373.

Biederman, L.A., Harpole, W.S., 2013. Biochar and its effects on plant productivity
and nutrient cycling: a meta-analysis. Glob. Change Biol. 5, 202—214.

Bougpbis, L., Daoud, S., Koyro, HW.,, Kammann, C.I, Ainlhout, L.F.Z., Harrouni, Moulay
Cherif, 2016. Biochar from argan shells: production and characterization. Int. J.
Recycl. Org. Waste Agric. 5, 361—365. http://dx.doi.org/10.1007/s40093-016-
0146-2.

Brewer, C.E., Chuang, V., Masiello, C.A,, Gonnermann, H., Gao, X., Dugan, B,
Driver, L.E., Panzacchi, P, et al., 2014. New approaches to measuring biochar
density and porosity. Biomass Bioenergy 66, 176—185.

Busch, D., Kammann, C., Griinhage, L., Miiller, C., 2012. Simple biotoxicity tests for
evaluation of carbonaceous soil additives: establishment and reproducibility of
four test procedures. J. Environ. Qual. 41, 1023—1032.

Buss, W., Masek, 0., 2014. Mobile organic compounds in biochar: a potential source
of contamination-phytotoxic effects on cress seed (Lepidium sativum) germi-
nation. J. Environ. Manag. 137, 111-119.

Cao, C.T.N,, Farrella, C,, Kristiansenc, P.E., Rayner, J.P., 2014. Biochar makes green roof
substrates lighter and improves water supply to plants. Ecol. Eng. 71, 368—374.

Cui, L, Yan, J., Yang, Y., Li, L., Quan, G., Ding, C,, Chen, T,, Fu, Q., et al., 2013. Influence
of biochar on microbial activities of heavy metals contaminated paddy fields.
Bioresources 8, 5536—5548.

Domene, X., Enders, A., Hanley, K., Lehmann, J., 2015. Ecotoxicological character-
ization of biochars: role of feedstock and pyrolysis temperature. Sci. Total En-
viron. 512, 552—561.

Downie, A., Crosky, A., Munroe, P., 2009. Physical properties of biochar, pp. 13—32.
In: Lehmann, J., Joseph, S. (Eds.), Biochar for Environmental Management:
Science and Technology. Earthscan, London, UK.

Hale, S.E., Lehmann, ]., Rutherford, D., Zimmerman, A.R., Bachmann, RT,
Shitumbanuma, V., O'Toole, A., Sundqyvist, K.L,, et al., 2012. Quantifying the total
and bioavailable polycyclic aromatic hydrocarbons and dioxins in biochars.
Environ. Sci. Technol. 46, 2830—2838.

Han, X., Chu, L, Liy, S., Chen, T., Ding, C., Yan, J., Cui, L., Quan, G., 2015. Removal of
methylene blue from aqueous solution using porous biochar obtained by KOH
activation of peanut shell biochar. Bioresources 10, 2836—2849.

Jung, KW, Kim, K., Jeong, T.U., Ahn, K.H., 2016. Influence of pyrolysis temperature
on characteristics and phosphate adsorption capability of biochar derived from
waste-marine macroalgae (Undaria pinnatifida) roots. Bioresour. Technol. 200,
1024-1028.

Kottowski, M., Oleszczuk, P., 2015. Toxicity of biochars after polycyclic aromatic
hydrocarbons removal by thermal treatment. Ecol. Eng. 75, 79—85.

Laird, D.A., Brown, R.C., Amonette, J.E., Lehmann, J., 2009. Review of the pyrolysis
platform for coproducing bio-oil and biochar. Biofuels Bioprod. Biorefin. 3,
547—-562.

Lehmann, J., Gaunt, J., Rondon, M., 2006. Bio-char sequestration in terrestrial eco-
systems — a review. Mitig. Adapt. Strateg. Glob. Change 11, 403—427.

Lehmann, J., Rillig, M.C., Thies, ]., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011.
Biochar effects on soil biota — a review. Soil Biol. Biochem. 43, 1812—1836.
Lehmann, J., Rondon, M., 2006. Bio-char soil management on highly weathered soils
in the humid tropics, pp. 517—531. In: Uphoff, N. (Ed.), Biological Approaches to

Sustainable. Soil Systems. CRC Press, Boca Raton FL, USA.

Liu, S., Ahlm, L., Douglas, A., Day, D.A., Russell, LM., Zhao, Y., Gentner, D.R,,
Weber, RJ., et al.,, 2012. Secondary organic aerosol formation from fossil fuel
sources contribute majority of summertime organic mass at Bakersfield.
J. Geophys. Res. 117, 1-13, DO0V26. http://dx.doi.org/10.1029/2012JD018170.

Liu, Z., Mi, B., Jiang, Z., Fei, B., Cai, Z., Liu, X., 2016. Improved bulk density of bamboo
pellets as biomass for energy production. Renew. Energy 86, 1-7.

Lorenz, K., Lal, R., 2014. Biochar application to soil for climate change mitigation by
soil organic carbon sequestration. J. Plant. Nutr. Soil. Sci. 177, 651-670.

Obia, A., Mulder, J., Martinsen, V., Cornelissen, G., Borresen, T., 2016. In situ effects of
biochar on aggregation, water retention and porosity in light-textured tropical
soils. Soil Tillage Res. 155, 35—44.

Oleszczuk, P., Josko, I., Kusmierz, M., 2013. Biochar properties regarding to con-
taminants content and ecotoxicological assessment. J. Hazard. Mater. 260,
375—382.

Shareef, TM.E., Zhao, B.W., 2017. The fundamentals of biochar as a soil amendment
tool and management in agriculture scope. J. Agric. Chem. Environ. 6, 38—61.
http://dx.doi.org/10.4236/jacen.2017.61003.

Sigua, G.C., Novak, J.M., Watts, D.W., Johnson, M.G., Spokas, K., 2016. Efficacies of
designer biochars in improving biomass and nutrient uptake of winter wheat
grown in a hard setting subsoil layer. Chemosphere 142, 176—183.

Singh, B., Singh, B.P., Cowie, A.L., 2010. Characterisation and evaluation of biochars
for their application as a soil amendment. Soil Res. 48, 516—525.

Smider, B., Singh, B., 2014. Agronomic performance of a high ash biochar in two
contrasting soils. Agric. Ecosyst. Environ. 191, 99—107.

Smith, P., 2016. Soil carbon sequestration and biochar as negative emission tech-
nologies. J. Glob. Change Biol. 22, 1315—-1324.

Sun, F, Ly, S., 2014. Biochars improve aggregate stability, water retention, and pore-
space properties of clayey soil. . Plant. Nutr. Soil. Sci. 177, 26—33 v177.1/issuetoc.

Wang, Y., Zhang, L., Yang, H., Yan, G., Xu, Z, Chen, C, Zhang, D., 2016. Biochar
nutrient availability rather than its water holding capacity governs the growth
of both C3 and C4 plants. ]. Soils Sediments 16, 801—-810.

Xu, X,, Cao, X, Zhao, L., Wang, H., Yu, H., Gao, B., 2013. Removal of Cu, Zn, and Cd
from aqueous solutions by the dairy manure-derived biochar. Environ. Sci.
Pollut. Res. Int. 20, 358—368. http://dx.doi.org/10.1007/s11356-012-0873-5.

Yu, X., Wu, C, Fu, Y., Brookes, P.C,, Lu, S., 2016. Three-dimensional pore structure
and carbon distribution of macroaggregates in biochar-amended soil. Eur. J. Soil
Sci. 67, 109—120.

Zhang, D., Pan, G., Wu, G., Kibue, G.W,, Li, L., Zhang, X., Zheng, ]., Joseph, S., 2016.
Biochar helps enhance maize productivity and reduce greenhouse gas emis-
sions under balanced fertilization in a rainfed low fertility inceptisol. Chemo-
sphere 142, 106—113.





