Opinion

Biochars improve agricultural production: the evidence base is limited

 
Biochar application to soil is commonly recognized to improve soil fertility and consequently biomass and food production sustainably. We re-examined the robustness of the underlying data and found that of the 12,000+ publications on “biochar and agriculture” used in meta-studies only 109 ISI papers (or 0.9%) provide experimental data on the impact on crop yield and/or biomass production. Our analysis revealed that none (0%) of these studies compared a biochar treatment to a treatment adding to the soil the same amount of easily accessible nutrients found in biochar, 0.9% evaluated the toxicity of biochar, and 5.5% considered at least two cropping cycles after a single biochar application, which in all cases are major shortcomings. Finally, when computed only for agricultural soils (n=65), the mean biomass or grain yield gain, which was 16.1% (median at 7.1%) for all available experiments, decreased to -1.5% (median at 5.2%). Consequently, the underlying evidence base to support biochar application in agricultural soils to enhance biomass production and grain yield is so far limited.
  
  
Current concerns about food security, land degradation, and climate change, require paradigm changes in agricultural practices. It has indeed long been recognized that agricultural practices deplete organic carbon stocks compared to pristine ecosystems. Long before the modernization of agriculture, Swanson and Latshaw (1919) demonstrated that cultivation of prairies in Arkansas for decades had depleted SOM content of the 0-20 cm layer by 30%. Recently, Mazzoncini et al. (2011) in central Italy pointed to a current yearly decrease in croplands of 0.06-t ha-1 for the 0-30 cm layer and de Rosa et al (2024) estimated cropland SOC changes from European croplands up to -2 g C kg−1 year−1. Several shifts in land management have thus been suggested, such as improved soil fertilization, reduction of the intensity of tillage and introduction of cover crops (e.g. Khan et al., 2007; Poeplau and Don, 2015; Dignac et al. 2017) with thousands of research papers in support. Findings from primary experiments can lead to certain assumptions or incorrect conclusions, because sometimes they were not rigorously conducted, as demonstrated in the case of tillage by Baker et al. (2007), Luo et al. (2010), Ogle et al. (2019) and Liang et al. (2020). These authors indeed suggested that the potential of conservation tillage to enhance SOM stocks has been overestimated. Indeed, these compilations of studies that have been performed globally indicate that the abandonment of tillage leads to a top-soil enrichment in organic carbon that can be balanced by carbon losses in depth (e.g. Baker et al., 2007). More recently, Chaplot and Smith (2023), in their reanalysis of the literature on cover crops, reveal that despite the claim of sequestration rates of as much as 0.32±0.08 ton C ha-1 yr-1, 35 of the 37 existing field studies worldwide had shortcomings leading to inconclusive results, as they only sampled the top-soil and/or did not compare treatments based on equivalent soil mass; considered carbon content instead of stocks; or had inappropriate controls.
Biochars are obtained from the pyrolysis of dead biomass that has been previously fixed through photosynthesis by plants. Returning these biochars to soil constitutes an indirect way to durably transfer C from the atmosphere to soils. Several co-benefits are expected such as long-term carbon storage, since biochars are not easily degradable in soils, which could lead to an improvement of crop yields and ecosystem functioning (Schmidt et al., 2021).
More than a century ago, archaeologists doing field work in the Amazon basin noticed very dark and fertile soils, known as “terra preta do índio” or “terra mulata” (Nimuendajú Unkel, 1914). Much later, several soil scientists (Pabst, 1993; Sombroek, 1992; Lehmann et al. 2003) studied the characteristics of these soils, and pointed out that, in addition to elevated charcoal contents, soils also had increased levels of organic matter, calcium, nitrogen, and phosphorus. Since then, it has been suggested that the addition of charcoal to agricultural soils in other parts of the world could be very useful to sequester atmospheric carbon while enhancing biomass and food production for sustained agricultural production. 
Since biochars are obtained by biomass pyrolysis with different possible pyrolysis temperatures and types of biomass, there are numerous types of biochar with very different properties (Antal and Grønli 2003; Chan and Xu 2009; Bonelli et al. 2010; Schnee et al., 2016; Rajkovic et al., 2022). Chan and Xu (2009) indicate that the type of biomass mainly affects the nutrient and metal content of biochars, while the temperature of pyrolysis impacts the proportion of volatile organic components (Zimmerman 2010) and adsorption properties (Ghaffar et al., 2015). Schnee et al. (2016) showed that biochars produced from different feedstocks (mixed woods and Miscanthus) had very different pore size distributions and connectivities. The positive impact on soil fertility has consequently been attributed to the content in plant nutrients in biochars, as well as their large specific surface area and porosity, thus improving plant nutrition and water supply. Despite the general and accepted consensus in favour of biochars, studies such as Jeffery et al.’s (2017) identified large discrepancies between individual studies, with for instance crop yields varying between -32% and +974%. The objective of this paper is, similarly to that previously focused on tillage and cover crops, to re-examine the evidence base that led to the conclusions drawn from the literature.
       Estimating the impact of land management on agricultural production.     There are numerous best management practices (BMP) in agriculture to improve biomass production and crop yield. Such BMPs typically have both short-and long-term impacts. Manure application, for example, shows not only an immediate positive impact on crop yield due to the manure nutrient content but also long-term positive impacts, years after the applications stopped (Jefferey et al. 2017; Johnston and Poulton, 2018). Similarly, biochar application may induce both short- and long-term impacts on agricultural production due to the nutrients they contain and the associated changes in soil structure, nutrient buffering and/or bacterial diversity, a change in SOM decay rate due to priming (Burrell et al., 2016; Nguyen et al., 2018; Ding et al., 2018; Rasul et al, 2022) and water availability, the later having however been recently called into question (Rabbi et al., 2021). Furthermore, as for any experimental trial and specifically for biochars studies, there is, following Jeffery et al., (2015), a need to consider controls where (1) no biochar is applied to soil; (2) same amount of nutrients as contained in leachable biochars is applied; (3) addition to soil of the same amount of un-pyrolysed organic material as in biochar; (4) the pH is adjusted to bring the soil pH in line with this of biochar treatments to allow distinguishing biochar effects that occur beyond pH effects; (5) the impact is assessed several cropping seasons after single application. Trials should also consider a sufficient amount of plot replicates, ideally in a randomized design for the significance of the impact to be tested. Finally, since some biochars are known to contain some levels of toxins such as polycyclic aromatic hydrocarbons (PAHs) (Hussain et al., 2021), one would expect trials on biochars to investigate soil pollution and the quality of agricultural products.
          Biochar studies. Schmidt et al. (2021) were, to our knowledge, the last researchers to assess the impact of biochars in agriculture. Their selection resulted in 26 meta-analyses which, according to the authors, allowed a fair assessment of the overall agronomic effects that can be expected from biochars and for different environments, worldwide. Of the 26 meta-studies, three specifically considered the impact of biochar on crop yield and/or biomass production. These were from Jeffery et al., (2017), Dai et al., (2020) and Ye et al. (2020) which respectively considered 1125, 1254 and 232 paired comparisons. All three meta-studies concluded a significant positive impact of biochar on crop yields, which ranged from 10% (Ye et al., 2020) to 16% (Dai et al., 2020) through 13% (Jeffery et al., 2017). Despite these meta-analytical studies concluding a positive impact of biochars on crop productivity, the improvement rates are in all cases below 20% and some meta-studies such as by Jeffery et al. (2017) reported losses in single experiments as high as 30%. To consider the original data on biochar’s impact on biomass production and grain yield, we listed all individual studies on biochars that were referenced in the above-mentioned meta-studies. We however excluded the publications that were not in English, and reports and other publications that were not published in ISI journals. Only 56 ISI papers provided experimental data on the impact on crop yield and biomass production. Adding to these available papers to the end of 2021, the year that the Schmidt et al. paper was published, yielded a total of 109 ISI papers. Table S1 revealed that of these 109 studies, none (0%) compared the biochar treatment to a treatment adding to the soil the same amount of nutrients in leachable biochars, none (0%) assessed the impacts of biochars beyond changes in pH (0%), two (0.9%) evaluated the toxicity of biochars (Khan et al., 2013 and Hua and Wu, 2012) and 6 (5.5%) the impact for at least two cropping seasons after biochars application (Eyles et al. 2015; Gaskin et al. 2010; Lentz and Ippolito, 2011; Major et al 2010; Rogovska et al. 2014;  Xiao et al. 2016). This constitutes in all cases major experimental shortcomings. Finally, eight percent of the studies only evaluated the impacts of biochar over more than 3 years, which is another main shortcoming for the remaining 92% studies. The soil pH of the 109 studies ranged between 3.5 and 9.8. Seventeen studies used more than 5 replicates per treatment and the maximum was 100 for Constantin et al. (1977) for Tobacco in the USA followed by Devonald (1982) for garden pea in the UK with 40 replicates and Lau et al (2008) for grass in the USA with 25. The studies pointing to declines in biomass production and/or grain yield had values between -23.6% (Devonald (1982) and -81% (Constantin et al. 1977) while the studies reporting a gain ranged between 0%, investigating clover in the UK (Quilliam et al, 2012) to 296%, for using mustard in Australia (Park et al., 2011). Finally, 68 studies used agricultural soils (from research farms or private farms) while the remaining studied considered either a soil less media or soils that were not previously used by agriculture. The limitations of the studies being put aside, the mean gain computed from the 109 studies (without considering the precision, i.e. variance, of each experiment) was 16.1% (median at 7.1%). In contrast and as an indication, the mean gain computed from the studies using agricultural soils was -1.5% (median at 5.2%) (n=65).
        On possible ways forward.     The present study points to several shortcomings of existing studies that prevent confident conclusions from being drawn on the impact of biochar on biomass and grain production, which need to be urgently considered by modellers and policy makers. Further evidence is needed from improved research trials. Future studies not only need to consider several growing seasons after single biochars application and the content of pollutants in biochars and their long term impact on soil functioning and the quality of agricultural products, but also proper controls including: (1)  zero biochar application to soils; (2) application of same amount of nutrients as contained in leachable biochars, but as limitation that the dynamics of nutrient release might differ between treatments; (3) addition to soil of the un-pyrolysed organic material from which the biochar is made; (4) bring the soil pH in line with that of biochar treatments, to allow biochar effects to be distinguished from those of the changes in pH, but as limitation that the introduction of new cations may lead to differences between treatments; (5) long term impact on soil functioning and the quality of agricultural products. This is crucial, not only to obtain reliable results on the impact of biochars, but also on the mechanisms by which they affect the soil-plant system, including cascading effects. While this had been indicated a long time ago by Jeffery et al. (2015), the recent literature still points to the same shortcomings.
       Conclusions.    Biochar application to soils is increasingly seen as a credible solution to store more recalcitrant carbon in soils while improving soil fertility and agricultural production. The present study, which focuses on the impact of biochar application to soils on biomass and grain production, does not constitute a new meta-analysis on the subject, but rather a re-examination of the original field studies reported in published meta-analyses. In this case, we considered the underlying data from the most recent meta-analysis on the topic from Schmidt et al. (2021). Going backward to the various meta-analyses covered by Schmidt et al. (2021), based on literature published prior to 2017, and then eventually to the primary sources, containing experimental results, we point out that the vast majority of them are deficient in one or more ways as highlighted previously (lack of reference treatment adding to the soil the same amount of easily accessible nutrients found in biochar; consideration of long term effect after a single biochar application; assessment of the toxicity of biochar, …). Besides, it appeared that previous meta-studies pooled results from all soils (including non-agricultural soils such as peat or loss less media) whereas when considering agricultural soils the mean impact of biochars (without considering the precision in the data) was, as an indication, -0.64% (median at 5.5%). Consequently, biochar effect on biomass and food production was negligible for agricultural soils. Aside even from problems associated with the statistical validity of meta-analyses, this raises doubt on the interest that there might be to carry out updated meta-analyses, based on experimental data generated since 2017, as they suffer from the same flaws than those published earlier (data not presented here). Another reason to justify the inability to perform an updated meta-analysis, is that the Soil Science community still does not routinely publish non-significant or negative results, and therefore any new meta-analysis would likely still suffer from publication bias. This calls first of all for further evidence from improved field trials that biochars experimentalists need to conduct using proper reference treatments where for instance the same amount of nutrients as found in leachable biochars are applied, and longer-term surveys are implemented following single biochars applications. Also, the international community should investigate the impact of biochar application for a series of agricultural practices such as zero tillage or use of cover crops, among others. The pollution of soils and agricultural products by toxins such as PAHs, which have been identified in some biochars in extensive quantities, also needs further appraisal, as it might explain decreases in crop productivity. Several studies already pointed to detrimental impacts on rooting but also to PAH scavenging by microbes (Bao et al., 2020). Lastly, their long-term impacts of biochars on soil organic matter and overall soil functioning requires further investigation, as more and more crop residues (that constitute the main source of food for soil fauna) are being turned into biochars.
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Supplementary Material

Table S1. List of ISI research papers reporting original data on the impact of biochars on agricultural production. Authors followed by a “p“ when the study is based on a pot experiment (versus no letter for field), soil pH, maximum biochar application rate, duration of experimental trial of 2 years or shorter, number of plot replicates over 5, absence of a reference treatment with equal nutrient composition(in black); mean biomass or grain yield gain (%), level of significance of the gain (t-test), additional note (note). Only papers published in ISI journals and in English language were included.
	
s
	Soil pH
	Rate
	Dur>2
	n>5


	Ref*
	Gain
	t test

	
	Note



	
	
	
	year
	
	
	%
	
	
	

	Abid et al (2014) p
	NA
	10
	1
	3
	1
	166.0
	
	
	No fertilized reference

	Abiven et al (2015)
	5.5
	4


	2
	1
	1
	77.0
	
	
	Farmer led experiment

	Aguilar-Chávez et al (2020) p
	NA
	20
	1
	4
	1
	-8.7
	NS
	
	

	Akhtar et al (2014) p, a
	8.0
	100
	0.3
	4
	0
	17.0
	NS
	
	Overlap of conf. intervals

	Akhtar et al (2015) p, a
	7.2
	100
	0.8
	4
	1
	7.0
	NS
	
	Overlap of conf. intervals

	Alburquerque et al (2013) p, a
	6.5
	225
	1
	5
	0
	7.5
	NS
	
	

	Alburquerque et al (2014) p, a
	6.5
	225
	1
	5
	0
	NA
	NS
	
	

	Arif et al (2012)
	NA
	30
	1
	3
	0
	16.8
	NS
	
	No data on replicates

	Artiola et al (2012) p, a
	9.8
	20
	1
	8
	1
	18.0
	S
	
	Lettuce crop

	Asai et al (2009) a
	7.8
	16
	1
	4
	1
	4.5
	NS
	
	

	Badr et al (2015) a
	7.3
	4
	2
	1
	0
	5.5
	NS
	
	

	Bakar et al (2015)  p, a
	3.5
	40
	1
	4
	0
	76.1
	
	
	Ref=biochar+compost

	Baronti et al (2010) a
	7.2
	120
	2
	3
	
	33.0
	NS
	
	From -30% to +100%

	Bian et al (2014) a
	5.9
	40
	2
	3
	0
	4.2
	NS
	
	

	Borchard et al (2014) p, a
	NA
	45
	3
	3
	1
	-70.0
	S
	
	

	Bruun et al (2014) p, a
	6.8
	45
	1
	3
	1
	-28.0
	S
	
	Biochar decreases rooting

	Carter et al (2013) p
	4.7
	50
	1
	8
	1
	91.9
	S
	
	Metal toxicity

	Chan et al (2007) p, a
	4.5
	10
	1
	5
	1
	-40.0
	S
	
	Yield increased at 100 t

	Chan et al (2008) p, a
	4.5
	10
	1
	5
	1
	30.0
	S?
	
	No test result

	Chen et al 2010 a
	7.2
	1000
	1
	2
	0
	5.6
	NS
	
	

	Colauto et al (2010) p
	4.1
	2000
	1
	10
	0
	-48.9
	S
	
	

	Constantin et al (1977) p
	5.8
	10
	1
	100
	1
	-81.0
	S
	
	

	Cui et al (2011) a
	6.1
	40
	2
	3
	 
	0.0
	NS
	
	

	Curaqueo et al (2014) a
	5.7
	20
	1
	4
	0
	16.0
	NS
	
	From 10 to 22%, volcanic soils

	Deenik et al (2010) p, a
	5.6
	400
	1
	3
	0
	-48.1
	S
	
	

	Deng et al (2017) a
	8.0
	10
	2
	3
	0
	-54.0
	S
	
	

	Devonald (1982) p
	NA
	100
	1
	40
	0
	-23.6
	S
	
	

	Dong et al (2015)
	4.1
	22
	2
	4
	0
	4.4
	NS
	
	

	Dou et al (2012) a
	6.0
	40
	1
	3
	0
	-0.7
	NS
	
	

	Dunlop et al (2015) p
	5.2
	2000
	1
	5
	1
	7.2
	NS
	
	Soil less experiment

	Eyles et al (2015)
	5.7
	47
	2
	15
	L
	7.7
	NS
	
	Orchard

	Gajić and Koch (2012) p, a
	NA
	30
	1
	4
	0
	-10.0
	NS
	
	

	Gaskin et al (2010) a
	6.4
	22
	2
	4
	0 L
	-10.4
	NS
	
	

	George et al (2012) p, a
	NA
	50
	1
	10
	0
	-30.0
	S
	
	

	Graber et al (2010) p
	NA
	100
	1
	8
	0
	39.9
	S?
	
	Soil less experiment

	Güereña et al (2013) a
	7.4
	12
	1
	3
	0
	7.3
	NS
	
	

	Haefele et al (2011) a
	5.6
	40
	4
	3
	0
	7.1
	NS
	
	

	Haider et al (2015) p, a
	6.3
	15
	2
	3
	0
	5.0
	S?
	
	Overlap of conf. intervals

	Hansen et al (2017) a
	NA
	8
	3
	4
	0
	1.2
	NS
	
	

	Hossain et al (2010) p, a
	4.3
	10
	1
	NA
	0
	-7.4
	NS
	
	

	Hua et al. (2012) p
	5.4
	NA
	1
	3
	T 0
	-13.0
	
	
	No control

	Islami et al (2011) a
	6.4
	15
	3
	NA
	0
	7.0
	NS
	
	

	Iswaran et al (1980) p, a
	7.2
	0.5
	NA
	NA
	0
	6.6
	NS
	
	

	Jia et al (2012) p, a
	5.8
	40
	1
	NA
	0
	1.8
	NS
	
	

	Jones et al (2012) a
	6.8
	50
	3
	4
	0
	23.3
	NS
	
	1 in 3 was significant

	Khan et al (2013)
	NA
	50
	1
	
	T0
	30.0
	S?
	
	No control

	Kim et al (2016)
	6.1
	100
	1
	3
	0
	43.6
	S?
	
	1 in 2 was significant

	Kimetu et al (2008) a
	5.9
	6
	3
	1
	0
	14.9
	NS
	
	Replicates are farms

	Kloss et al (2014) a
	NA
	90
	1
	3
	0
	-17.0
	NS
	
	

	Kratky and Warren (1971)
	NA
	1000
	1
	4
	0
	-7.1
	NS
	
	

	Lashari et al (2014)
	7.8
	12
	2
	3
	
	190.0
	
	
	Ref=biochar+manure 

	Lau et al (2008) p
	5.7
	200
	1
	25
	0
	5.7
	NS
	
	

	Lentz and Ippolito (2012) a
	7.6
	22
	2
	3
	L
	-14.0
	NS
	
	

	Liang et al (2014) a
	8.0
	90
	4
	3
	
	7.0
	NS
	
	

	Linscott (1967) a
	NA
	150
	1
	4
	
	13.3
	NS
	
	

	Liu et al (2012) a
	5.5
	40
	1
	3
	
	4.9
	NS
	
	

	Liu et al (2014) a
	8.4
	40
	5
	3
	
	6.8
	NS
	
	

	Liu et al (2016) a
	NA
	NA
	2
	3
	
	6.4
	NS
	
	

	Major et al (2010)
	<7
	20
	4
	3
	L
	49.0
	S
	
	-2% 1st yr; virgin savannah

	Marks et al (2014) p, a
	8.2
	700
	1
	4
	
	-70.0
	S
	
	+70% for sludge

	Martissen et al (2014)
	5.5
	NA
	2
	1
	
	45.0
	
	
	Farmer led experiment

	Mc Cormack et al (2017)
	NA
	NA
	1
	NA
	
	NA
	NS
	
	No visible data

	Mekuria et al (2015)
	5
	10
	2
	3
	
	53.0
	S
	
	Metal toxicity

	Mousa (2017)
	7.9
	15
	1
	3
	
	31.7
	
	
	No test. no ISI journal

	Nabavinia et al (2015) a
	8.6
	2.5
	1
	1
	
	16.7
	NS
	
	

	Namgay et al (2010) a
	6.4
	300
	1
	1
	
	-11.0
	NS
	
	

	Noguera et al (2010)
	4.8
	1200
	1
	5
	
	42.7
	S?
	
	1 out of 2 was significantβ

	Nzanza et al (2012) a
	7.6
	5
	1
	6
	
	-2.3
	NS
	
	

	Oguntunde et al (2004)
	5.8
	NA
	1
	1
	
	96.7
	
	
	Burned soils

	Olmo et al (2014) a
	8.3
	40
	1
	4
	
	26.9
	S
	
	

	Park et al (2011) p
	5.1
	50
	1
	3
	
	296.0
	S
	
	Metal toxicity

	Peng et al (2011) p
	4.1
	2.4
	1
	3
	
	133.0
	S
	
	Metal toxicity

	Quilliam et al (2012) a
	6.8
	50
	1
	4
	
	0.0
	NS
	
	

	Rab et al (2016) a
	NA
	100
	1
	1
	
	8.8
	NS
	
	

	Rajkovich et al (2012)
	NA
	1500
	1
	6
	
	-20.0
	
	
	No data on reference

	Rillig et al (2010) a
	7.2
	5
	1
	11
	
	-34.1
	S
	
	

	Rondon et al (2007) a
	7.0
	1800
	1
	4
	
	-17.8
	NS
	
	Significant at low fert.

	Rogovska et al (2014) a
	5.4
	95
	2
	3
	L
	15.3
	NS
	
	Significant at first harvest

	Salama et al (2021) a
	7.5
	NA
	2
	5
	
	15.5
	S?
	
	Use of nano-biochar

	Schnell et al (2012) a
	6.4
	3
	1
	3
	
	-10.0
	NS
	
	

	Schulz and Glase (2012)
	NA
	1000
	2
	5
	
	18.0
	NS
	
	

	Shackley et al (2011)
	5.5
	60
	1
	1
	
	22.0
	NS
	
	

	Shen et al (2014) a
	5.1
	22
	2
	3
	
	-2.3
	NS
	
	

	Si et al (2018) a
	5.1
	2
	1
	3
	
	4.8
	NS
	
	

	Singlia et al (2014) p
	6.6
	0.4
	3
	3
	
	-4.9
	NS
	
	

	Solaiman et al (2010) a
	NA
	6
	1
	3
	
	13.8
	NS
	
	

	Song et al (2014) p
	6.3
	300
	1
	4
	
	71.4
	S
	
	

	Steiner et al (2007)
	4.7
	11
	3
	5
	
	NA
	NS
	
	Ref=biochar+manure

	Suddick and Six (2013) a
	7.8
	5
	1
	5
	
	-28.0
	NS
	
	

	Taghizadeh-Toosi et al (2011)
	5.5
	30
	1
	5
	
	2.2
	NS
	
	

	Tagoe et al (2008) a
	5.7
	0.1
	1
	3
	
	11.2
	
	
	No fertilized ref

	Tammeorg et al (2014) a
	6.6
	10
	3
	4
	
	-0.7
	NS
	
	

	Thomas et al (2019)
	NA
	10
	1
	8
	
	1.5
	NS
	
	

	Topolantz et al (2004)
	4.7
	300
	1
	11
	
	NA
	
	
	No reference

	Usman et al (2016) p
	6.0
	1600
	1
	3
	
	13.6
	NS
	
	Soil less experiment

	Uzoma et al (2011) 
	6.4
	20
	1
	4
	
	23.2
	NS
	
	

	Vaccari et al (2011)
	5.2
	60
	2
	4
	
	25.2
	S
	
	Metal toxicity

	Van de Voorde et al (2014)
	4.9
	10
	1
	3
	
	4.3
	NS
	
	

	Van Zswiten et al (2010) a
	5.8
	10
	1
	8
	
	10.7
	NS
	
	

	Viger et al (2015) p
	6.6
	100
	1
	20
	
	123.7
	S
	
	No fertilized ref

	Wang et al (2012) p, a
	6.6
	50
	1
	3
	
	13.0
	NS
	
	

	Xiao et al (2016) a
	7.9
	30
	2
	3
	L
	11.8
	S
	
	

	Xie et al (2013) a
	NA
	12
	1
	3
	
	-18.9
	NS
	
	

	Xu et al (2015)
	5.5
	85
	1
	4
	
	136.0
	S
	
	No fertilized ref

	Yamato et al (2006) a
	7.4
	50
	2
	3
	
	16.3
	S?
	
	No data for third site

	Zhang et al (2010) a
	6.5
	40
	1
	3
	
	11.5
	S?
	
	Overlap of conf. intervals

	Zhang et al (2012) a
	8.4
	40
	1
	3
	
	9.5
	S
	
	

	Zhang et al (2012b) a
	6.5
	40
	2
	3
	
	17.0
	S
	
	

	Zhao et al (2014) p, a
	7.5
	22
	1
	3
	
	11.0
	NS
	
	Significant at low pH

	Mean
	
	
	
	
	
	
	
	16.1
	
	

	Meanβ
	
	
	
	
	
	
	
	-0.64
	
	

	n=109
	
	
	n=9
	n=17
	n=0
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	


*treatment with same amount of macro and micronutrients found in biochars and applied in the biochar treatment; a “L” letter indicates the studies for which biochars impact is assessed at least two cropping seasons after single application; a “T” letter indicates the studies for which the toxicity of biochars has been assessed.
β Occurrence of Earthworms was used as a toxicity index.
Pot experiments
aagricultural soils
βIncluding the studies using agricultural soilsa (n=68), i.e. soils used for cropping as indicated in the materials and methods section of each study. The means does not consider the precision (i.e. variance) of each experiment.

