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1 INTRODUCTION 

 

1.1 Background 

 

The world is facing dire challenges such as global warming and impoverishing soils 

(FAO & ITPS 2015). Climate change is an undeniable anthropogenic and global 

phenomenon that is accelerated by emissions of greenhouse gases such as carbon 

dioxide (CO2). A forecasted increase in temperature will aggravate problems. The 

decomposition of soil organic carbon will very likely increase along with a rising 

temperature which accelerates greenhouse gas emissions and degradation of the soils 

(Nguyen et al. 2010). The growing human population is dependent on land to produce 

food and materials for their needs. With a changing climate and a growing pressure on 

soils, there are already alarming signs of soil deterioration which increases the need to 

find and implement sustainable land-use practices and other possible tools to keep soils 

fertile and productive (Ding et al. 2016, Bruckman et al. 2016) 

 

Biochars are charred organic materials which are studied as tools to sequester carbon 

into the soil. Biochars typically have high carbon content and are regarded as a 

relatively recalcitrant and slowly decomposing materials (Nguyen et al. 2010, Lehmann 

& Stephen 2015). Therefore, the residence time of biochars carbon is long enough for 

it to be considered as possible means to sequestrate carbon into the soil and mitigate 

climate change  (Sohi et al. 2010, Zimmerman & Gao 2013, Palviainen et al. 2018, Lu 

et al. 2019). Different biochars have been studied also for other promising properties 

such as preventing erosion of nutrients from the soil, improving soil properties and 

sorption of toxic chemicals from wastewaters (Anderson et al. 2016, Page-Dumroese 

et al. 2016, Riikonen 2019). For these reasons, biochars have recently roused the 

interest of the scientific community, companies and other stakeholders as means to 

compensate for anthropogenic carbon dioxide emissions. Biochars are listed as negative 

emission technology in the IPCC special report of Climate Change and Land (2019). 

They are considered as one of the possible climate change mitigation actions among 

afforestation and reforestation, sustainable forest management and biomass energy with 

carbon capture and storage (Masson-Delmotte et al. 2019).  
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Forests play an important role in global carbon cycle and therefore mitigating climate 

change (Fahey et al. 2010, Li, Hu, et al. 2018). If carbon-rich and recalcitrant biochars 

could be used for soil amendment in forests, the carbon storage capacity of forests 

would increase manifold. However, soils are highly complex systems. Due to their 

complexity and unique physical properties, understanding the myriad of different 

processes within the soil is a challenge (Binkley & Fisher 2013). Thus, understanding 

how a new factor will affect the system as a whole, is not an easy task. Furthermore, as 

Binkley and Fisher (2013) point out, forest soils are not a clear concept. Agricultural 

and forest soils have their differences. Contrary to agricultural soils, forest soils are 

generally more acidic, roots of the trees penetrate soil deeply, there are more stones and 

microbial diversity, less disturbance and fertilization, several separate horizontal soil 

layers and organic matter is produced from litter. In addition to their differences, the 

shifts of land use from agriculture to a forest and back blur the division of the soils 

(Binkley & Fisher 2013). Intensively managed tree plantations give an extra challenge 

for the definition, since plantations resemble forests, but they are managed more like 

agricultural crops.  

 

One crucial but less observed part of forest soil is soil biota, especially the living part 

other than vegetation (Binkley & Fisher 2013). For example, Rumpel et al. (2012) state, 

that microbial activity or its absence plays a crucial role in soil carbon stability. 

Furthermore, soil biota is one essential part of functioning ecological processes, such 

as nutrient cycling, on earth. If biochars are found to be beneficial to use for soil 

amendment and carbon sequestration purposes, it is important to know how they will 

affect to soil biota.  

 

There is a growing uplift of biochars that has appeared within the 21st century. The 

articles about biochars according to the ScienceDirect by Elsevier (corporate office in 

Amsterdam, Netherlands, https://www.elsevier.com) have increased almost 

exponentially from a few articles (24) between 1986-2006 to over thousand published 

articles per year from the year 2016 onward. Year 2021 articles were published 6 499 

and on 9.3.2022 articles have already been published 3 539. Despite the increase, there 

is a lack of studies about the social, economic and political feasibility of biochars use. 

Also, the actual use of biochars has remained relatively small and have not increased 

https://www.elsevier.com/
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nor adapted into practice at the same phase as the enthusiasm. There is also a question 

about the production costs of biochars. For example, in IPCC’s Climate Change and 

Land report (2019), biochars have been assessed to be in the highest cost range of the 

presented response options to climate change. Thus, despite the promising properties of 

biochars and their possible positive effects on soil properties, it is appropriate to 

question every now and then: can the actual benefits of different biochars match the 

enthusiasm around them and what would be required that it actually could? 

 

1.2 Scope of this thesis 

 

Most of the studies of biochars impact on soil biota are done on agricultural soils, 

possibly due to the societal and economic benefits related to enhancements in food 

production (Jeffery et al. 2011, Liu et al. 2013, Gao et al. 2019, Glaser & Lehr 2019, 

Farhangi-Abriz et al. 2021). Since the results from agricultural soils cannot be applied 

to the forest soils due to their differences, more information is needed from forest soils. 

Moreover, forest soils also suffer from deterioration such as soil acidification, a 

decrease in soil biodiversity, a loss of soil organic carbon content and a deterioration of 

overall soil biological properties (Li, Hu, et al. 2018, Li, Wang, et al. 2020). To assign 

this gap of knowledge, this thesis concentrates on forest soils biota. More precisely, the 

impact of biochars on soil fauna is estimated via the changes in microbial biomass 

carbon and soil respiration. 

 

Furthermore, biochar has been studied mainly in laboratories, pot studies and 

greenhouse studies and forest field studies are lacking. However, the applicability of 

studies with predetermined conditions into practice at field conditions is weak. 

Therefore, this thesis concentrates on studies that have conducted as field studies on 

forest soils. Due to the lack of studies within the subject, also plantations are included 

within the range of forest soils. In this study forest soil is defined as soil that is currently 

covered with trees dense enough (tree canopy > 10%, (FRA 2020)) to be considered as 

forest. Also, seedlings that are planted with the intention to form a forest or plantation 

later on, are included in this thesis. 
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In their study, Santin et al. (2017) proved that physical and chemical properties differ 

between charcoal produced in wildfires and anthropogenically produced biochars. 

Thus, it is reasonable to leave pyrogenic organic carbon produced in wildfires outside 

of the scope of this thesis. Most of the studies on biochars are conducted in tropical 

climate regions. To get more comprehensive understanding of the impact of biochars 

on forest soils, tropical regions are left out and climate regions chosen for this thesis 

are boreal, temperate and subtropical. 

 

This thesis was conducted as a part of Co-creation lab, which is multidisciplinary 

cooperation project between Helsinki Institute of Sustainability Science (HELSUS) and 

the University of Helsinki. The theme of the year 2021 project has been biodiversity. 

This thesis has been part of the multidisciplinary team of four students, where everyone 

made their individual thesis about biochars within the given challenge; 

“How could biochar enhance biodiversity in soil and accelerate transformation to low 

carbon economy?”. The partner of biochar team has been Helsinki energy company 

Helen. 

 

 

2 LITERATURE REVIEW 

 

2.1 Amazonian dark earths 

 

Interest on biochars initially arose from Amazon. Amazonian dark earths (ADE), from 

which “Terra preta” (shortening from Portuguese name ”Terra  preta  de  índio”) is 

probably the most known, are found in several parts of Amazonia (Glaser et al. 2002a, 

Woods et al. 2009, Amanda et al. 2015, Riikonen 2019) ADEs differ greatly from 

adjacent soils with contrastingly richer nutrient content, characteristically with high 

concentrations of stable organic matter and nutrients such as phosphorus, manganese, 

magnesium, zinc and calcium (Lehmann et al. 2003, Woods et al. 2009, Gul et al. 

2015). One remarkable thing of ADEs is that it is dense with carbon, and from which 

large quantities are charred organic material or in other words pyrolyzed organic 

material or charcoal. 
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Different theories of the formation of ADEs have been suggested, and it is still unclear 

whether ancient civilizations of Amazonia produced ADEs purposefully for better crop 

yields (Woods et al. 2009). However, one possible reason for the formation of ADEs 

have been suggested to be charcoal, which has led to assumptions and further studies 

of the soil amendment capabilities of biochars (Glaser et al. 2001, Glaser et al. 2002b, 

Riikonen 2019).  Glaser et al. (2002) argue in their study that charcoal produced in 

hearths is more probable reason for charcoal in ADEs than slash and burn -technique, 

which was, and is, still a common agricultural practice in the area. Whichever the cause 

of high concentrations of carbon in ADEs, it is hypothesized that charcoal would be an 

essential reason for the fertility of ADEs. However, the high anthropogenic influence 

of these soils, such as several types of organic and inorganic household wastes, makes 

identification of the impact of charcoal alone impossible (Glaser et al. 2002b, Glaser 

2007) 

 

2.2 Definition of biochars 

 

Biochars are a pyrogenic organic material, produced by pyrolysis, in which organic 

material is charred in high temperatures (> 350 ˚C) with conditions of low oxygen. The 

pyrolysis temperature is defined as the highest temperature reached in the pyrolysis 

process (Schmidt et al. 2022). The production and use of pyrogenic organic material 

are not new inventions. In different parts of world historical charcoal kilns, that are also 

called relic charcoal hearths, can be found, where charcoal has been produced in oxygen 

depleted conditions that resemble modern production of biochars (Young & Johnson 

1996, Mastrolonardo et al. 2019, Faghih et al. 2019, Hardy et al. 2019). However, even 

though there are reports in literature of charcoal use as fertilizer, biochars are relatively 

novel subject for research. Modern biochars are studied for their possible use for soil 

amendment or other environmental management, which separates them from other 

carbon-rich charred materials such as charcoal and char (Lehmann & Stephen 2015).  

 

The term “biochar” contains a large number of different biochar types that vary by 

different feedstock materials, their production conditions and post treatments producing 

materials with large range of different properties. Apart from European Biochar 

Certificate -Guidelines for a Sustainable Production of Biochar (2022) and 
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Standardized Product Definition and Product Testing Guidelines for Biochar That Is 

Used in Soil (2015) by International Biochar Initiative (IBI), the standards for biochars 

are not yet established (International Biochar Initiative 2015, Schmidt et al. 2022). A 

few biochar-related terms are presented in Table 1. in order to clarify terminology used 

in the literature when referring to biochars or similar materials. In this thesis, the term 

“biochar” (BC) is also used when referring to materials that are named differently in 

literature but share the same properties as biochars and are used for the same purposes. 

 

Table 1. This table is a modification of the definitions by Lehmann, Pignatello, Bird and Joseph from 

the book Biochar for Environmental Management: Science, technology and implementation by 

Lehmann and Joseph (2015), Chapter 1. Box 1.1 “Nomenclature of biochar and related materials in 

comparison to pyrogenic C structures” (Lehmann & Joseph 2015). 

Biochar (BC) Solid product, that is produced through pyrolysis in low 

oxygen conditions. Designed to be used for soil amendment 

purposes such as soil improvement, carbon sequestration to 

mitigate climate change, improved efficiency of resource use 

or restoration of polluted environment. 

Hydrochar Solid product of hydrothermal carbonization, that differs from 

biochars by its production process and properties. 

Pyrolysed 

Carbonaceous 

Material (PCM) 

An umbrella concept for all pyrolyzed carbon rich material 

that has been produced in low oxygen conditions. 

Pyrolysed 

Organic material 

(POM) 

An umbrella concept used in literature, referring pyrolyzed 

organic material that has been produced in low oxygen 

conditions. 

Char Material generated by incomplete combustion process. 

Charcoal Produced by thermochemical conversion from biomass and 

used for energy generation. 

Activated 

Carbon  

Refers to PCM that has been activated with steam or 

chemicals and used for e.g., separation processes or filtration. 
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Black Carbon In different science disciplines (e.g., geologic, soil science) 

black carbon refers to pyrolyzed carbon, that can be found from 

environment as consequence of fossil fuel combustion or 

wildfires. 

 

Biochars can be produced from various organic materials. Parenting material is called 

also raw material or feedstock material. Feedstock possibilities are almost endless, 

including wood chips, crop residues, seaweed, organic waste, animal manure or sewage 

sludge (Lehmann & Stephen 2015, Li, Hu, et al. 2018, Riikonen 2019, Hui 2021). Since 

different characteristics of biochars are defined by feedstock material, production 

conditions (such as pyrolysis temperature and duration of pyrolysis) and possible post-

treatments, biochars cannot be managed as uniform material. However, similar 

characteristics are found in different types of biochar, such as follows: biochars are a 

porous material, which have low density and high surface area. These properties 

increase biochars ability to adsorb different chemicals and nutrients (Lehmann & 

Stephen 2015, Luo et al. 2016, Li, Hu, et al. 2018, Li, Wang, et al. 2020). Biochars also 

have aromatic carbon structures that make them considerably recalcitrant material (Chia 

et al. 2015, Li, Hu, et al. 2018, Hui 2021).  

 

In their meta-analysis, Gul et al. (2015) confirmed the common opinion that biochars 

characteristics are greatly dependent on feedstock material and pyrolysis temperature. 

Depending on the production process and pyrolysis temperature, fresh biochars contain 

specific amounts of labile and volatile compounds, which are utilized first by soil biota 

and thus decompose fast. In general, higher production temperatures give biochars 

typically higher pH, greater surface area, porosity and lower proportion of labile and 

volatile compounds concentrations such as dissolved organic carbon (DOC) (Gul et al. 

2015). Instead of labile compounds, higher pyrolysis temperatures produce more 

aromatic carbon compounds, that make biochars more recalcitrant (He et al. 2017). 

After the initial rush of mineralization of labile compounds in fresh biochars, 

degradation of aromatic ring structures is slow or negligible (Smith et al. 2010, Cross 

& Sohi 2011). Lignicellulosic concentrations in feedstock material, such as in wood, 

produce typically biochars with lower pH and nutrient content compared to feedstocks 

of crop residues and manure. The latter feedstocks produce typically also higher 
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quantity of less stabile carbon compounds (Kloss et al. 2012, Gul et al. 2015, Li, Hu, 

et al. 2018).  

 

The effect of biochars as soil amendment depends on their effect on soil properties, 

physical, chemical and biological. In addition to the quality, also quantity is an 

important factor. In their meta-analysis of biochars impact on forest ecosystem soils 

and greenhouse gases, Li et al. (2018b) argue, that a number of forest soil characteristics 

change generally by biochar amendment. A level of nutrients increases (Gul et al. 2015, 

Sackett et al. 2015, Gundale et al. 2016, Mastrolonardo et al. 2019, Cui et al. 2021), as 

well as cation exchange capacity (Lorenz & Lal 2014, Glisczynski et al. 2016) and 

gradually water holding capacity (Prober et al. 2014, Li, Hu, et al. 2018) of the soil. 

The quantity of soil organic carbon has been observed to increase (Wang et al. 2014, 

Gundale et al. 2016, Cui et al. 2021) as well as soil pH (Gul et al. 2015). However, the 

woody biochars do not have significant impact on soil pH. In general, aggregate 

formation and porosity of soil increase (Lu et al. 2014, Sun & Lu 2014, Obia et al. 

2016). Bulk density is one characteristic of soil that seems to decrease with biochar 

amendment. These claims are backed with reviews on soils in general (including 

pasture and agricultural soils) (Sohi et al. 2010, Lehmann et al. 2011, Ameloot et al. 

2013, Li, Hu, et al. 2018).  

 

2.3 The effect of biochars on soil properties and tree growth 

 

Soil properties, microbial abundance and activity and properties of the added organic 

matter such as biochar form together a complex net of interactions from which the 

causalities are challenging to estimate. However, there is an increasing amount of 

studies that aim to clear those interactions. 

 

2.3.1 Bulk density and soil porosity 

 

Biochars have generally high surface area, low density, and porous nature (Woods et 

al. 2009, Lehmann et al. 2011, Lehmann & Stephen 2015, Luo et al. 2016, Li, Hu, et 

al. 2018). Micropores (< 2nm) and mesopores (2 - 50nm) of biochars can hold water 

or air and dissolved substances. Biochars in general reduce soil bulk density and 
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increase soil porosity (Chia et al. 2015). Porosity of the soil increases physical space 

for soil flora and fauna (Lu et al. 2014, Li, Hu, et al. 2018) and especially macropores 

(< 200 nm) can protect micro-organisms from predators and serve as a habitat 

(Quilliam et al. 2013, Gul et al. 2015). From these, in general fungi has been seen to favor 

larger pores than bacteria. Hyphal structure of fungi allows it to occupy far larger 

habitat than bacteria and translocate water and nutrients over relatively long distances 

(Ruamps et al. 2011).  

 

Even though there are not many studies of interaction between different biochars and 

forest soil bulk density, for example Prober et al. (2014) showed in two-year field 

experiment on three pastures in Australia that were former woodlands of Eucalyptus 

species that woody biochar lowered bulk density of the soil. The soil was fine clay 

loam with soil organic carbon (SOC) 10 - 13 g/kg and the rate of biochar (600 ˚C) 

amendment used was 20 t/ha. The same porous nature of biochars increases soil water 

holding capacity and occasionally also soil moisture content when biochars are 

amended to the soil (Prober et al. 2014)  

 

2.3.2 Soil organic carbon and priming effect  

 

Understanding the interaction between biochars and soil organic matter (SOM) is 

important. That is because many crucial properties of soil, such as nutrient availability, 

are depending on SOM. One of those properties is the stability of soil organic carbon 

(SOC) since the SOM consists roughly half (45%) of carbon (Binkley & Fisher 2013). 

SOM contains more organic carbon than vegetation and atmosphere globally combined 

(Kögel-Knabner & Kleber 2011, Stockmann et al. 2013, Lehmann & Kleber 2015). 

SOC is not only a large pool of carbon it is also dynamic one (DeCiucies et al. 2018). 

Therefore, assessment of the effectivity of biochars in climate change mitigation via 

carbon sequestration to the soil cannot be done without understanding the possible 

interactions with biochars and the amount and stability of SOC (Fang et al. 2014, 

Whitman et al. 2015).  

 

Mineralization of SOC means decomposition of organic carbon into smaller units. 

Significant part of the mineralization is induced by enzymes that are excreted by 
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microbes and fungi. Resulted humified carbon is in usable form for plants, microbes 

and fungi and can be adsorbed by them (Binkley & Fisher 2013, Whitman et al. 2015). 

While this process is crucial for ecological point of view, it keeps carbon in labile form 

and circling in the environment including atmosphere. By Adair et al. (2008) and their 

model they constructed to describe global litter decomposition, SOC can be divided 

into considerable stable, moderately stable and labile pools of carbon. This is done via 

estimation of the carbon turnover time. The assumption is that physical and biochemical 

properties of the soil and carbon, as well as the accessibility of microbes to it, define 

the decomposition time (Krull et al. 2003, Dungait et al. 2012).  From the climate 

mitigation point of view, favorable form of carbon would be most stable one, bound to 

the soil minerals where it may last long periods of time, such as centuries (Kögel-

Knabner & Kleber 2011). 

 

SOC mineralization or stabilization in biochar amended soils is dependent on so-called 

“priming effect” that is induced by microbes (Rasul et al. 2022). In general, positive 

priming means speeding up a process and negative priming slowing the process. 

Whitman et al. (2015) describe ‘priming’ as “an increase or decrease in mineralization 

of one source of OM (e.g., native SOM) due to the addition of a new OM source (e.g., 

biochar).”. In this MSc thesis the term ‘priming’ means increase (positive priming) or 

decrease (negative priming) in mineralization of native SOC when addition of biochars 

have an effect to it. The priming effect of biochars on SOC is a complex phenomenon 

between physicochemical properties of biochars, soil properties and microbial activity 

(Whitman et al. 2015, Rasul et al. 2022).  

 

Kuzyakov (2010) describes in his study priming effect to be interaction between living 

and dead organic matter. It has to be understood that in the soil constant ‘maintenance 

respiration’ occurs due to microbial metabolism. Blagodatskaya and Kuzyakov (2008) 

call this phenomenon ‘apparent priming’ in their meta-analysis of studies published 

since 1980 about priming effect. Apparent priming can be caused by the addition of 

organic substrates, such as biochars, to the soil. There are different conditions for 

apparent priming, and it can be positive or negative. Blagodatskaya and Kuzyakov 

present that if the amount of carbon added is small compared to the microbial biomass 

carbon, the addition has “triggering effect” where positive apparent priming effect 
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appears from few minutes to several hours. If carbon is added less but comparable 

amount than the amount of microbial biomass carbon, apparent positive priming effect 

will appear for several days to weeks. This they call “pool substitution”. Third typical 

condition according to Blagodatskaya and Kuzyakov for apparent priming is 

“preferential substrate utilization” where carbon is added in higher amounts than 

microbial biomass carbon readily in the soil. In that case microbes consume freshly 

added carbon and thus apparent priming is negative when the decomposition of soil 

carbon stops for some time. Common to all apparent priming is that the considerably 

stable pool of carbon that is not readily usable for plants, remains unchanged (Kuzyakov 

2010). The ‘actual’ or ‘real’ priming appears simultaneously with apparent priming. 

Real priming increases or decreases the stable carbon pools. However, these two types 

of priming are very hard to distinguish from each other (Mondini et al. 2006, Kuzyakov 

2010). The most favorable scenario for carbon sequestration to the soil would be, if 

biochars do not have noteworthy effect on SOC mineralization or decreases it.  

 

Whether the biochar induced priming effect is positive, negative or neutral and in which 

conditions is a crucial question when assessing the carbon sequestration potential of 

biochars. Certain characteristics of biochars are linked to either positive or negative 

priming. For example, a high specific surface (SSA) area is more likely to induce 

positive priming. This is due to higher SSA equals to higher adsorption capacity of 

nutrients, nutrient retention and thus favorable conditions to microbial growth. Higher 

SSA provides also potentially larger habitat for micro-organisms (Li, Hu, et al. 2018, 

Xu et al. 2018, Fiorentino et al. 2019). The older age of biochars (compared to fresh 

biochars) is on the other hand linked to the negative priming. This is since oxidized 

surfaces of older biochars provide better protection to SOC (Liang et al. 2010). 

However, Paetsch et al. (2018) reported that native SOC mineralization increased the 

most for soil containing aged biochar, compared to fresh biochar and soil without 

treatment. The SOC of soil prior to experiment was 14 g/kg. Paetsch et al. used fresh 

biochar made of maize in 1200 °C and mixed it with loamy texture soil with same 

amount (30 t/ha) that the field experiment with the same biochar (stored dark and dry) 

was made three years before. Application rate of biochar is also relevant for 

mineralization or stabilization of SOC. Liu et al. (2018) made incubation experiment 

for 120 days in loamy soil (SOM 6.25 g/kg) with three different biochars (rice husks, 
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pecan shells and bamboo chips) pyrolyzed at 550 ˚C temperature and applied at rates 

of 10 – 50 g/kg. Their result showed that the negative priming effect increased with 

increasing application rate (Liu et al. 2018). 

 

Rasul et al. (2022) state as the result of their review of different studies that examine 

biochar induced priming effect (mainly in laboratory incubation studies), that the type 

of feedstock, incubation period and the amount as well as pyrolysis temperature of 

biochars affect to the magnitude and the direction of the priming effect. For example, 

biochars pyrolyzed in high temperature have generally higher pH and higher surface 

area as mentioned before (Gul et al. 2015). Both of those properties affect to the 

signaling of micro-organisms. Higher pH increases hydrolysis of the signaling 

chemicals leading to reduced decomposition of carbon (Gao et al. 2016). High surface 

area of biochars increases sorption of enzymes of microbes and thus reduces carbon 

decomposition as well (Masiello et al. 2013).  

 

Chen et al. (2021) got corresponding results of the effect of pyrolysis temperature in 

their study where they showed that biochar produced in considerably low pyrolysis (300 

˚C) resulted in increased SOC mineralization whereas in high temperatures produced 

biochar (800 ˚C) resulted in the stabilization of SOC. Biochar was applied at 2% (w/w) 

rate to agricultural sandy clay loam soil (SOC 10.6 g/kg) and incubated in 15, 25, and 

35 ̊ C (Chen et al. 2021).  Purakayastha et al. (2015) showed in their study that different 

feedstock types induced different priming effects. They incubated biochars produced 

form rice and wheat straw, maize stover and pearl millet stalk all pyrolyzed in 400 ˚C 

in sandly loam soil (SOC 5.3 g/kg) with application rate of 20 t/ha. Biochars produced 

from maize stover, pearl millet stalk and wheat straw induced short-term negative 

priming, whereas biochar produced from rice straw induced short-term positive priming 

(Purakayastha et al. 2015). Singh and Cowie (2014) show in their incubation study of 

biochars in from different feedstock materials (Eucalyptus saligna wood, Eucalyptus 

saligna) leaves, poultry manure and cow manure) pyrolyzed in two different 

temperatures (400 ˚C and 550 ˚C) in clayey soil (SOC 4.2 g/kg) that both feedstock 

material and pyrolysis temperature affect to the priming effect. Lower pyrolysis 

temperature resulted for stronger positive priming effect than higher pyrolysis 

temperature, similar results than Chen et al (2021) repeated later. Leaf and poultry 
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manure biochars induced stronger positive priming in both pyrolysis temperature than 

cow manure and woody biochars. The biochars application rate was 8.17 g/kg and the 

experiment continued for five years. High cellulose content seems to result biochars 

with lower total carbon content and higher ash content which is more likely to induce 

positive priming effect (Singh & Cowie 2014, Maestrini, Herrmann, et al. 2014). 

Whereas biochars which feedstock materials with high cellulose content result with 

higher total carbon content and lower ash content which ultimately results in negative 

priming effect (Yu et al. 2018).  

 

In addition to the properties of biochars, also soil properties are crucial when estimating 

priming effect the biochars induce. In the study of Fang et al. (2019) where woody 

biochar produced from eucalyptus (Eucalyptus saligna) with pyrolysis 450 ˚C and 550 

˚C were applied and incubated in 20% (w/w) to 200g soil very rich in clay (53%) with 

SOC 4.5 g/kg. In addition, 0-4% of labile organic matter (sugarcane residue) were 

added to the soil. Fang et al. found out that additions of small labile organic matter rates 

(0 and 1%) resulted in positive priming of the SOC, whereas 2 or 4% input of labile 

organic matter shifted the priming effect negative for both biochars. It seems also that 

in SOC-poor soils labile parts of biochars induce positive priming (Stewart et al. 2013, 

Wang et al. 2016, Fang et al. 2019). In their meta-analysis from 27 incubation studies 

Ding et al. (2018) found that SOC mineralized more profoundly in sandy soil (47 g/kg) 

than clayey soil (41.1 g/kg). Other way round, soil with higher clay content resulted 

more likely to negative priming effect induced by biochar addition. More coarse texture 

of soil seems to induce positive priming while finer texture of soil supports negative 

priming effect (Ding et al. 2018).  

 

2.3.3 Carbon sequestration and storage  

 

As described in previous chapter, biochar properties, soil properties and activity of 

different micro-organisms form a complex net of interactions which all affect to the 

possible long-term sequestration of carbon in the soil. Apart from oceans and geologic 

part of the earth, soils contain the largest carbon storages. Estimates are 1 550 Pg 

(Petagrams, 1015g) in soil organic carbon, 950 Pg in soil inorganic carbon and peat 150 

Pg up to 1m depth, estimated Lal in his study (2008). From biotic storage, woody plants 
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are estimated to contain most of the carbon: 400-500 Pg compared to 100-150 Pg of 

non-wood organisms. The estimated 780 Pg of atmospheric carbon is increasing by 4.1 

Pg yr-1. Even though carbon is sequestrated to the soil around 60 Pg yr-1 by biota, 

approximately the same amount of carbon is released to the atmosphere by 

decomposition (Lal 2008). Therefore, there is a need to find ways to sequester carbon 

from the global carbon cycle to more stable forms to mitigate climate change.  

 

There are estimations of biochars overall potential to mitigate climate change by 

sequestrating carbon to the soil. They vary greatly, from potential offset of CO2 carbon 

equivalent emissions of 1.8 Pg yr-1 by Woolf et al. (2010) to 9.5 Pg yr-1 by Lehmann et 

al. (2006). These numbers require that the secondary product formed by production of 

biochars is utilized, for example as biofuel or energy. Potential of climate change 

mitigation effect of biochars is not based only on the high stable carbon content but also 

how much emissions can be avoided when feedstock of biochars is not left to 

decompose (Lehmann et al. 2006, Woolf et al. 2010). DeLuca and Boisvenue (2012) 

state that to make carbon more stable in the soil, it would need to transform from organic 

carbon into inorganic carbon and from humus layer with organic matter to mineral soil. 

Biochars could be so-called “shortcut” to transform organic carbon into a more stable 

form (DeLuca & Boisvenue 2012). Furthermore, the mitigative benefits of biochars 

could be increased if the parent material is from by-products of industry, such as manure 

from animal husbandry or logging residues from forestry. The importance of keeping 

the production emissions of biochars lower than its capacity to store carbon is crucial 

to it being beneficial in mitigating climate change.  

 

Biochar induced SOC sequestration can occur via stabilization of SOC within 

aggregates. Aggregation formation with biochars and SOC happens with help of protein 

secretion of microbiota. For example, chaplins and glomalin are proteins that have a 

positive effect on aggregate formation. They generate hydrophobic soil surfaces which 

prevents water penetration in SOM and promote formation and stability of micro- and 

macroaggregates. Aggregation formation prevents SOM degradation and increases 

SOC accumulation (King 2011, Sawyer et al. 2011, Zhu et al. 2017, Weng et al. 2018). 

Mineralization of SOC can also be decreased via biochars inhibitory effect on microbial 

enzymes that degrade carbon. Biochars ability to adsorb substrates traps the enzymes 
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and decreases mineralization of carbon (Li, Li, et al. 2018). Biochars can also inhibit 

signaling molecules (e.g., N-acyl-homoserine lactone, AHL) between microbes via the 

adsorption or hydrolysis. For example, Masiello et al. (2013) showed in their study that 

biochar produced in 700 °C inhibited cellular communication of AHL 10 times more 

than the same amount of biochar made with pyrolysis in 300 °C. Other possible 

mechanisms are organic matter encapsulation to biochars pores and sorption-protection 

onto the surface of biochars, processes that are commonly appearing with aggregate 

forming (Rasul et al. 2022). One possible reason for negative priming are potentially 

toxic compounds such as enzene, ethylbenzene, phenols, xylenes, toluene, volatile fatty 

acids, and polycyclic aromatic hydrocarbon (PAH) that biochars contain due to 

incomplete combustion (Oleszczuk et al. 2013, Kołtowski & Oleszczuk 2015, Rombolà 

et al. 2015, Ghidotti et al. 2017). However, for example Kołtowski et al. (2017) have 

also observed the possibility of biochars to decrease toxicity of soil pollutants. This is 

mainly due to sorption characteristics of biochars (Kołtowski et al. 2017).  

 

Carbon storage does indeed seem to increase with biochar amendment in forest soils. 

Wang et al. (2014) observed in their study that the application of bamboo leaf biochar 

(5 t/ha) produced in pyrolysis temperature of 500 ˚C to the subtropic forest fine clay 

loam soil (SOC 1.68 g/kg) increased carbon storage compared to the application of 

fresh bamboo leaf of equivalent amount. Also, Gundale et al. (2016) deducted that since 

they noticed no increase in CO2 efflux in their study of adding 10 t/ha of woody biochar 

in fine sandy soil (total carbon 19.4 g/kg), biochar increased the stable pool of soil 

carbon. Cui et al. (2021) found out as well that the carbon storage of the soil increased 

within four years after 10 t/ha of woody biochar (550 ˚C) amendment in coarse forest 

soil with sand and silt (total carbon 34.9 wt%). Sánchez-García et al. (2016) did a two-

year study of the application of holm oak wood biochar (650 ˚C) and compost in 

calcareous and drip-irrigated organic olive plantation with fine sandy clay loam soil 

(SOC 16.8 g/kg) in South-East Spain with application rate 20 t/ha and found out that 

compared to other treatments, biochar increased soil organic carbon. However, this 

effect was statistically significant only during the first year. Sackett et al. (2015) report 

from their one-year study that two different woody biochars (350-450 ˚C), amended 

with rate of 5 t/ha in shallow coarse sandy and sandy loam soil (SOC 0.547 g/kg) had 

minimal effects on carbon turnover in soil. 
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In the studies of former charcoal kiln sites, charred carbon content was unsurprisingly 

found to be manyfold in all the kiln sites compared to the adjacent soils (Young & 

Johnson 1996, Carrari et al. 2016, Carrari et al. 2017, Mastrolonardo et al. 2019, Faghih 

et al. 2019, Hardy et al. 2019). For example, Mastrolonardo et al. (2019) estimated in 

their study that 70-94% of organic carbon in the soil was from charcoal and that this 

amount would equal 342 t/ha of biochar (control SOC A horizon 31.5 g/kg, B horizon 

5.6 g/kg). Instead, uncharred carbon content was found to be lower on the former kiln 

sites than adjacent control soils (SOC 72.5 g/kg) (Hardy et al. 2019). 

 

2.3.4 Soil nutrient availability  

 

Gul et al. (2015) show in their meta-analysis that biochars have elements in different 

combinations. These include carbon, oxygen, nitrogen, phosphorus, potassium and 

calcium. Among the other elements than carbon, the results of what kind of effect 

biochars amendment have, are not as coherent. In the study of Gundale et al. (2016), 

biochar application to the soil notably increased nutrients, that are known to limit 

productivity in the boreal forests (such as ammonium, NH4
+). Fine sandy and silty soil 

(total carbon 19.4 g/kg) was amended with 10 t/ha biochar. Gundale et al. presumed 

that this positive effect was likely due to increased nitrogen mineralization, rather than 

the effect of biochar itself since the increase was multiple amounts compared to the 

ammonium contained by biochar. Similar results got Kalu et al. (2021) in their 

greenhouse pot experiment with 15N tracing technique. Biochar addition increased 

nitrate uptake of plants, while reducing nitrate leaching and nitrous oxide emissions. 

They deducted that increased biomass yield was consequent of increased original soil 

nitrogen uptake. However, in the study of Kalu et al. biochars reduced plant-available 

ammonium. Woody biochar (400 ˚C) and woody nutrient-enriched biochar (estimated 

680-750 ˚C) was added into agricultural sandy loam soil (SOC 10.6 g/kg) in the rate of 

1-5% (w/w). Each of the treatments received fertilizers either 15NH4NO3 or NH4
15NO3 

and were planted with Italian ryegrass (Lolium multiflorum) (Kalu et al. 2021). 

Palviainen et al. (2020) measured the nitrogen concentration of pine needles in boreal 

forests during a three-year biochar amendment in sorted coarse sand (total carbon 32.3 

– 12.8 g/kg) with application rate of 5-10 t/ha and found no change. Neither Sackett et 
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al. (2015) (350-450 ˚C, 5 t/ha, coarse sandy and sandy loam soil, SOC 0.547 g/kg) nor 

Sánchez-García et al. (2016) (650 ˚C, 20 t/ha, sandy clay loam soil, SOC 16.8 g/kg) 

did notice that biochars application would have affected noticeably nitrogen dynamics. 

Lu et al. (2019) had opposite results in their two-years study at subtropical Chinese 

chestnut plantation since biochar (500 ˚C) applied in 2-10 t/ha in fine clay loam soil 

(SOC 15.26 g/kg) decreased the concentrations of ammonia (NH4
+), nitrates (NO3) and 

water-soluble organic nitrogen. It is notable that these studies are from different 

climates, soils and environments (forest, plantation, pot studies), so the real comparison 

between them is not possible (Sackett et al. 2015, Sánchez-García et al. 2016, Lu et al. 

2019). 

 

From studies on the former charcoal kiln sites, Mastrolonardo et al. (2019) found out 

in their study that those sites had greatly higher quantities nitrogen than the control 

sites. On the contrary, in their study in the Appalachian Mountains, Young and Johnson 

(1996) found out that the amount of nitrogen was significantly a bit lower (7 228 mg 

kg-1 compared to 12 308 mg kg-1 control soils) in the interface soil layer between the 

forest floor and mineral soil (control SOC A horizon 39-41 g/kg, B horizon 4-12 g/kg). 

However, they do point out, that the actual difference might be less due to the large 

standard errors. Also, two of the four kiln sites that lacked topsoil (A-horizon), probably 

due to erosion, had lower total nitrogen concentrations compared to the control soils. 

Overall, the quantity of total nitrogen differed little between studied soils (Young & 

Johnson 1996). Hardy et al. (2016, 2019) found in their studies that the soil C:N ratio 

was systematically higher in all former charcoal kiln sites. 

 

Topsoils that were intact in two kiln sites in the study of Young and Johnson (1996), 

were richer in total nitrogen, potassium and calcium than in the control soils. 

Concentrations of calcium were found to be overall higher in the former kiln sites than 

in the control soils. Mastrolonardo et al. (2019) also found higher concentrations of 

potassium, calcium, magnesium, sodium, manganese and zinc from the former kiln sites 

than in the control soils. Sackett et al. (2015) found in their one-year study in the hard 

wood shallow coarse sandy and sandy loam forest soils with two different biochars 

(maple and spruce, 350-450 ˚C, 5 t/ha, SOC 0.547 g/kg) that potassium, phosphate and 

calcium increased significantly in two pulses. Potassium and phosphates increased 2-6 
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weeks after application and calcium 9-12 months after application. Hardy et al. (2016, 

2019) had contrary results, with lower concentrations of calcium, potassium and 

magnesium in the former charcoal kiln sites. The opposite results of Mastrolonardo and 

Hardy are interesting, since they both studied former kiln sites in Belgium with similar 

climate conditions and soil (silt, silt loam). 

 

Phosphorus is essential macronutrient for microbial activities and plant growth. It is 

often restrictive nutrient for tree growth, for example in boreal regions. Phosphorus was 

found in lower concentrations at some of the former charcoal kiln sites (Young & 

Johnson 1996, Hardy et al. 2016). This is contrary to Cui et al. (2021) short-term 

incubation study (550 ˚C, 10 t/ha, coarse forest soil, total carbon 34.9 wt%) which 

results showed that biochar enhanced concentrations of available phosphorus.  

 

Compared to the control soils, cation exchange capacity was reported to be higher in 

some of the former charcoal kiln sites (Faghih et al. 2019, Hardy et al. 2019). Especially 

high cation exchange capacity was in coarse soils, according to Hardy et al. (2016). 

Also, the value of soil pH was reported to be higher in the former charcoal kiln sites 

(Young & Johnson 1996, Faghih et al. 2019, Hardy et al. 2019) as well as in some of 

the short-term studies with biochars (Palviainen et al. 2018, Ramlow et al. 2018, Zhu 

et al. 2020). On the contrary, soil pH was not found to alter significantly after two years 

of woody biochar (350-450 ̊ C) amendment with 5 t/ha application rate to shallow sandy 

or sandy-loam soil (SOC 3.25 g/kg) in the study of Noyce et al. (2015). It is notable, 

that biochars with different feedstocks have different pH’s and the pH of biochar is not 

a particularly good predictor for its effect on soil pH. 

 

2.3.5 Tree growth  

 

Soil properties, such as pH and nutrient availability, effect directly to growth and 

prosper of plants, such as trees. Therefore, the effect which biochars have on soil will 

also have indirect effect on tree growth. One aspect to observe biochars effect on soil 

ecosystem is to examine how trees have reacted on biochars amendment.  
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Meta-analysis from Thomas and Gale (2015) show that biochars have positive effect 

on woody plants with mean 41% increase in biomass. Shorter experimental period (< 6 

months) resulted a bit greater increase then longer experimental period (> 12 months). 

The increase was also notable greater in boreal and tropical biomes versus temperate 

and hardwood species versus conifer species. However, as researchers note in their 

study, most of the studies are relatively short-term when compared to the life cycle of 

woody perennials and especially field studies are lacking from their meta-analysis 

(Thomas & Gale 2015) Also Palviainen et al. (2020) found out in their 3-year field 

study with spruce biochar rates of 5-10 t/ha in young Scots pine (Pinus sylvestris) 

forests at boreal climate region that the higher rate of biochar increased significantly 

the diameter growth of pine trees. The growth, 1mm yr-1, was equivalent of 25% 

increase compared to control. Lower rate of biochar increased the height growth of 

dominant trees by 12% (Palviainen et al. 2020)  

 

Historical charcoal production sites give some insight into how long-term and high rate 

pyrolyzed organic materials, into which biochars are also included, impact might affect 

tree growth. Young and Johnson (1996) studied charcoal kilns in southern 

Appalachians, Northern America at four different sites. They found that the basal area 

of the trees was only 50% of the trees in control areas. The composition of the trees was 

also different, which could partly explain their results. Oak and maple, that were 

dominant overstory species in control areas, were almost absent from the former 

charcoal kiln sites (Young & Johnson 1996) Carrari et al. (2017) studied 61 former 

charcoal kiln sites at temperate evergreen sclerophyllous and deciduous broadleaf 

forests in Tuscany, Italy (total carbon 51.4 - 61.5 g/kg). Even though the former kilns 

had a positive effect on understory vegetation, woody species richness in the 

“established regeneration” layer (> 1.3 - 4 m height) was considerably lower (Carrari 

et al. 2017). Though, in their former study, Carrari et al. did not found difference in 

woody biomass between the former charcoal kiln sites and the control soils (Carrari et 

al. 2016). Mastrolonardo et al. (2019) found that average values of tree ring width were 

slightly lower on the former charcoal kiln sites compared to the control soils, even 

though the soil was relatively more fertile in the former. However, they estimated that 

amount of charcoal derived organic carbon would equal 342 t/ha of biochar, which is 

manifolds larger quantity than any studies of biochars have used so far (Mastrolonardo 
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et al. 2019). These results prove that more long-term studies of the impact of large 

quantities of biochars on tree growth are required. 

 

2.4 Impact of biochars on forest soil biota 

 

If you wish, you may include a Preface (a.k.a. foreword, acknowledgements) in your 

thesis. It is typically placed after the title page and abstract but before the table of 

contents. You may thank your co-workers, supervisors, family, friends or whoever you 

wish. It is also customary to list the funders of the research here. 

 

As shown before, microbial abundance and activity are a crucial part of soil ecosystems 

to understand when studying the effect of biochars on soil. Unfortunately, the field 

studies about biochars impact on forest soil biota are not abundant. For example, 

mechanisms through which biochars affect microbial abundance, activity and 

community structures, are complex and only partially understood. However, different 

biochars have typically some common properties (such as sorption ability, high specific 

surface area, porous structure and often high pH) that directly or indirectly affect 

microorganisms (Rasul et al. 2022). In the next section, impact of biochars to all the 

relevant aspects of soil biota, that were able to be found information from, are covered. 

 

The three most common ways biochars are assumed to have an influence on soil biotic 

communities are as follows, adapted from Thies et al. (2015): 1. Biochars can offer 

direct physical shelter for soil organisms (e.g., from predators, drying up). They may 

provide similar functions as soil aggregates since biochars are in general porous 

material with large internal surface area, containing micro- and macropores. Biochars 

are also recalcitrant material and stay intact for considerably long periods of time. 2. 

Biochars alter soil abiotic factors to be more favorable for some soil organisms, for 

example increase of pH and water holding capacity via higher soil porosity. 3. Biochars 

can be used as a source of energy by soil organisms (Thies et al. 2015). Fresh biochars 

have various amounts of labile substances as remains from its feedstock material such 

as carbon, nitrogen, potassium, phosphorus and magnesium, whereas older biochars can 

adsorb substances such as water, nitrogen, potassium or phosphorus from the soil to 

themselves and release them within time. 
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Different types of micro-organisms prefer to utilize different types of SOM. So called 

r-strategists are fast-growing microbial species that are specialized on fresh sources of 

organic material (Fontaine et al. 2003, Blagodatskaya & Kuzyakov 2008). Therefore, 

growth of r-strategists on the soil can be a quick response to biochars addition. After 

available labile substrates are utilized, the amount of r-strategists decrease when they 

die or become dormant (Fontaine et al. 2003). For example, gram-negative bacteria 

prefer easily degradable organic substances such as labile carbon of biochars (Santos et 

al. 2012, Farrell et al. 2013). K-strategists are slow-growing microbial species that are 

almost omnipresent in the soil since they are specialized to utilize complex SOM 

substances which are nearly inexhaustible (Fontaine et al. 2003). As K-strategists, 

gram-positive bacteria preferentially decompose recalcitrant, aromatic carbon from 

biochars. Gram-positive bacteria can be therefore found more abundant from biochars 

produced in high pyrolysis temperatures and aging biochars (Santos et al. 2012, Farrell 

et al. 2013). Fungi prefers lower pH of soil and can be found more abundant from 

ageing biochars, since the aging process tends to lower pH of biochars (Gul et al. 2015). 

 

Depending on the feedstock material, biochars may contain some quantities of 

compounds that can be biocidal such as ethylbenzene, phenols and xylenes (Ghidotti et 

al. 2017). Biochars have found to have some negative effects on earth worms, but only 

in the short-term (Weyers & Spokas 2011). Graber et al. (2010) concluded in their study 

that compounds in biochar tars that can be phytotoxic or biocidal in large quantities, 

stimulate growth and are beneficial in preventing plant diseases in low quantities. 

However, these studies are not conducted on forest soils and majority of them are not 

executed in field conditions (Graber et al. 2010).  

 

In forest soils, the most studied soil organisms are microorganisms. They can be studied 

by measuring a) microbial activity via enzymes secretion and soil respiration, b) 

microbial quantity by biomass and c) microbial community structure by diversity. There 

are contradicting results whether these aspects correlate with each other. Wang et al. 

(2014) reported in their study that soil respiration and microbial biomass carbon (MBC) 

did not correlate with each other, whereas Zhou et al. (2017) reported that soil 

respiration correlated positively with MBC (Wang et al. 2014, Zhou et al. 2017). Even 
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though both studies were executed in subtropical monsoon climate, the study of Wang 

et al. was conducted in intensively managed chestnut plantation and the study of Zhou 

et al. in ecosystem research forest, which might explain the differences in their results. 

 

2.4.1 Soil respiration  

 

Soil respiration consists of autotrophic and heterotrophic respiration (Zhou et al. 2017). 

Autotrophic respiration originates from tissue and exudation of roots and other 

vegetation which release CO2 as part of their metabolic activity. Heterotrophic 

respiration is also referred to as microbial respiration since it is the CO2 that soil 

organisms produce with their bodily activities when they decompose organic materials 

in order to produce energy for their living (Jauhiainen et al. 2014, Pumpanen et al. 

2015). Since the measurements of soil CO2 efflux are often not specified to either type 

of respiration, in this thesis soil respiration is treated as an indicator of microbial and 

other soil organism activity.  

 

Wang et al. (2014) found out in their study of bamboo leaf biochar effect on soil 

respiration in subtropic Chinese chestnut plantation, that the biochar treatment (500 

˚C, 5 t/ha, subtropic fine clay loam soil, SOC 1.68 g/kg) increased CO2 efflux. 

However, in their 12-month study, the effect diminished after the first month after 

biochar application. It is notable, that the chestnut plantation was intensively managed 

and every year in May, urea, phosphate and potassium chloride (85 kg N ha−1, 25 kg P 

ha−1 and 65 kg K ha−1 respectively) were applied to the soil and it was tilled 30cm 

deep (Wang et al. 2014). There are different theories for the causes of short time 

increase of CO2 efflux after adding biochars to the soil. For example, it has been 

suggested that CO2 rush results from respiration of microbes that use the labile 

organic compounds from the surfaces of biochars particles. Other reason for this 

phenomenon is considered to be the short-term priming of existing organic matter 

pools in the soil (Maestrini 2014). 

 

Another study at the same site as Wang et al. (2014) from Lu et al. (2019) for 

following two years was conducted so, that the experimental plots were not fertilized 

or irrigated during the study period (SOC 15.26 g/kg). Bamboo leaf biochar (500 ˚C) 
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was applied at quantities of 2-10 t/ha. CO2 emissions followed seasonal variation 

despite the treatment. Thus, Lu et al. deducted that biochar application did not 

significantly change soil respiration in long term. On the contrary, the emissions of 

nitrous oxide (N2O) decreased and uptake of methane (CH4) to the soil increased. This 

reaction was also greatest at the highest biochar application quantity (Lu et al. 2019). In 

the study of Cui et al. (2021), spruce biochar amended soil (10 t/ha, 550 ˚C, coarse 

forest soil, total carbon 34.9 wt%) was collected from the temperate forest after four 

years and incubated in different temperatures (5-25 ˚C). They found no significant 

change of biochar amendment to CO2 emissions. Similar results had Sackett et al. 

(2015), who found no detectable changes in CO2 or CH4 effluxes 12 months after 

biochar amendment (350-450 ˚C, 5 t/ha, coarse sandy and sandy loam soil, SOC 0.547 

g/kg). 

 

At the boreal region, studies from Gundale et al. (2016) and Palviainen et al. (2018) 

both concluded that biochar addition did not have clear or consistent effect on soil 

respiration. Palviainen et al. (2018) conducted one and half year study with two spruce 

biochars with different pyrolysis temperatures (500 ˚C and 650 ˚C, 0,5 and 10 t/ha, 

coarse sand, total carbon 32.3 – 12.8 g/kg). Soil respiration was increased only in the 

first months of the experiment but was diminished afterwards. The two-year study of 

Gundale et al. (2016) was a bit atypical compared to other experiments reviewed in this 

thesis. At the experimental site clear-cutting was executed and after 10 t/ha biochar 

addition (mainly from wood and bark of P. sylvestris, fine sandy and silty soil, total 

carbon 19.4 g/kg), seedlings of 10 cm high P. sylvestris were planted on the site. Quite 

interesting was the result of the study of the four former charcoal kilns with loess 

deposit as soil parent material in Wallonia, Belgia. Hardy et al. (2019) noticed that soil 

respiration was much lower at control soils than in the former kiln soils. 

 

2.4.2 Microbial biomass carbon  

 

Microbial biomass carbon (MBC) is a commonly used measure for the quantity of 

microbial biomass in the soil. Other possible measures are microbial biomass nitrogen 

(MBN) and phospholipid fatty acids (PLFA). Since the most studies gathered for this 
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thesis contained measures of MBC, also this section concentrates on the findings of 

biochars impact on MBC. The results are diverse as shown below. 

 

In the subtropic Chinese chestnut (Castanea mollissima Blume) plantation Lu et al. 

(2019) observed that MBC increased during the first year after biochar amendment (2-

10 t /ha, 500 ˚C, subtropic forest fine clay loam soil, SOC 15.26 g/kg). The higher the 

quantity of biochar application, the higher the increase of MBC was compared to the 

control soil (11.2% by 2 t/ha, 28.0% by 5 t/ha and 30.7% by 10 t/ha). However, the 

effect diminished in the second year. Wang et al. (2014) also detected an increase in 

MBC at the same Chinese chestnut plantation in their 12-month experiment prior to the 

study of Lu et al. (2019), but only in the first month after biochar application (500 ˚C, 

7,25 and 5,00 t/ha, subtropic forest fine clay loam soil, SOC 1.68 g/kg).  

 

In the study of Cui et al. (2021), spruce biochar amended soil (550 ˚C, 10 t/ha, coarse 

forest soil, total carbon 34.9 wt%) was collected from the temperate forest after four 

years and incubated in different temperatures (5-25 ˚C). They found that biochar 

increased the stability and maintained microbial biomass in increasing temperatures. 

Also, carbon sequestration was higher in biochar amended soils compared to the control 

soils. Results from Cui et al. suggest that biochars could help maintain the soil microbial 

activities and therefore also soil fertility in increasing temperatures. Li et al. (2020a) 

made their field study on subtropical Chinese nutmeg (Torreya grandis) orchard with 

clay loam soil (SOC 26.7 g/kg) and detected quite different result. Their study showed 

the decreasing effect of wheat straw biochar (450 ˚C) on soil MBC in their two-year 

study. Biochar quantities were 20-40 t/ha and the decrease of MBC was greater on 

higher biochar application quantities (Li, Song, et al. 2020). Different results between 

these studies can be due to different soil textures (coarse versus fine) and application 

rates of biochars. 

 

Many of the results seem to suggest that biochars have no significant effect on microbial 

biomass. Singh (2013) found no change in microbial biomass after ten months of woody 

biochar amendment (450 ˚C, 3.97 t/ha, sandy clay loam, SOC 4.2 g/kg) in the temperate 

forest. However, he detected a small amount of biochar carbon within microbial 

biomass (between 0.14-0.18%) by using stable isotopes and thus deducted that biochars 
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can be utilized as a carbon source by microorganisms (Singh 2013). Noyce et al. (2015) 

had a similar result with sugar maple and white spruce biochar (400 ˚C) at a quantity of 

5 t/ha after a two-year field experiment in the temperate forest with shallow sandy or 

sandy-loam soil (SOC 3.25 g/kg). Neither of the biochar types altered microbial 

biomass in the studied two different soil layers (organic and mineral). Palviainen et al. 

(2018) found no change in MBC in the boreal pine forest with spruce biochar (500 ˚C 

and 650 ˚C) at amendment quantities of 5-10 t/ha in coarse sand (total carbon 32.3 – 

12.8 g/kg). 

 

2.4.3 Microbial communities 

 

Observed changes induced by biochars in forest soil microbial communities are 

variable. Community changes can be measured by PLFA or DNA-analysis. In the 

following studies, both of the methods are used. In subtropical regions microbial 

communities have been observed to change by biochar amendment in Chinese nutmeg 

(Torreya grandis) orchard in a two-year study (450 ˚C, 20-40 t/ha, clay loam soil, SOC 

26.7 g/kg). For example, the relative abundance of Acidobacteria_Gp6 increased with 

higher biochar amount (Li, Song, et al. 2020). In the north temperate forests of Canada, 

in the studies of Noyce et al. (2016) and Mitchell et al. (2016) differences were detected 

in microbial communities. Noyce et al. studied four-year-old biochar particles (15g 

/litterbag, 800 ˚C, sandy-loam to sandy clay loam, total carbon 451 - 68 g/kg, dissolved 

organic carbon 2,3 - 0,09 µg/g) and found that microbial community had significantly 

higher eukaryotic diversity and lower prokaryotic diversity compared to the control 

soils. Mitchell et al. studied phosphorus-limited hardwood forests with sugar maple 

biochar (350-450 ˚C, 5-20 t/ha, sandy-loam to sandy clay loam, total carbon 50.2-77.2 

g/kg), and they found that biochar amendment increased fungal and bacterial activity 

(Noyce et al. 2016, Mitchell et al. 2016). In Belgium at the former charcoal kilns (silt 

to silt loam soil), Hardy et al. (2019) observed clearly different microbial community 

structures compared to the control soils. For example, the proportion of arbuscular 

mycorhizal fungi was larger in former kilns (2.33 ± 0.49%) than in adjacent soils (1.97 

± 0.36%).  
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Singh (2013) found changes in microbial communities only on family level in the 

temperate forests of Switzerland after one year of biochar amendment (450 ˚C, 3.97 

t/ha, sandy clay loam, SOC 4.2 g/kg). For example, the relative abundance of 

Actinobacteria and Bacteriodetes increased while Deltaproteobacteria decreased. In the 

similar manner, in the study of Gundale et al. (2016), most microbial community 

variables were unresponsive to wooden biochar (10 t/ha, sandy soil, total carbon 19.4 

g/kg) in boreal region forests after two years. However, biochar did dampen the 

decreasing effects of soil mixing to microbial community variables as well as other soil 

properties. Noyce et al. (2015) found first no effect of two different biochar types 

(maple and spruce) to community composition of soil microorganisms in the north 

temperate forests in two-year study in Canada (350-450 ˚C, 5 t/ha, shallow sandy to 

sandy-loam, SOC 3.25 g/kg). However, minor changes were found when they studied 

mineral layer separately from the organic layer. Significant difference in fungal 

community composition (p = 0.046) and marginally significant difference in the 

bacterial community (p = 0.051). The fungal community seemed to react to the quantity 

of biochar applied and bacterial community to the biochar type. 

 

 

3 RESEARCH OBJECTIVES 

 

To be able to use biochars as tools to mitigate climate change and possibly improve soil 

properties by spreading it in the forest soils, the gap in comprehensive understanding 

about how biochars affect forest soil microorganisms, microbial activity and biomass, 

needs to be addressed. Most of the studies about the effect of biochars on forest soil 

biota are conducted as laboratory or pot studies. Despite the importance of the 

information these studies provide, the results are not applicable for field conditions. 

Therefore, the review about biochars effect on forest soil microorganisms studied in 

field conditions is lacking. This thesis aims to fill this gap by conducting a meta-

analysis with the available scientific data of the impact of biochars on forest soil 

microorganisms. 

 

This study aims to examine contemporary knowledge of the changes in microbial 

activity and biomass caused by the addition of biochars in forest soil. Through 
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literature review the most common measured values that could be found were 

microbial biomass carbon and soil respiration. Thus, the hypothesis for this study are 

as follows: 

Hypothesis 1. Applying biochars to the forest soil will increase the soil microbial 

biomass carbon (MBC) due to favorable changes in soil properties for most 

microorganisms. 

Hypothesis 2. Applying biochars to the forest soil will increase soil respiration due to 

increased microbial activity. 

 

 

4 MATERIALS AND METHODS 

 

This research report was made as a meta-analysis. Studies were searched from digital 

databases. Meta-analysis was conducted with variables that were measured most 

frequently as the indicators of soil microorganisms in forest soils.   

 

4.1 Data collection 

 

This study concentrates on field studies since the controlled conditions of lab and pot 

studies cannot equal the complex interactions of field conditions. Due to the scarcity of 

available studies, three climatic regions as well as plantations are included in research 

criteria. 

 

 

Research criteria  

Studies included (June 2013 – January 2021):  

- Biochars are added to forest or tree plantation soil   

- Climate regions of boreal, temperate and subtropical 

- The effects of biochars on forest soil biota are studied in field conditions. 

Studies where biochar amended forest soil is collected from the field and 

incubated in the lab for measurements are included 

- There are at least three replicates per treatment  
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- The experimental design includes a treatment with only biochar and a 

control without any treatment in the same experimental / environmental 

conditions  

- Studies had to be peer-reviewed 

   

Studies excluded:  

- Wildfire as a source of charred organic material  

- Non-forest field studies  

- Incubation, microcosm and pot studies where the soil is collected from 

forest and biochars are added to the soils afterwards in the laboratory.  

   

First, tentative searches with Google Scholar search-engine were done in order to find 

suitable index words included in scientific peer-reviewed articles for the research 

problem. An anonymous private browsing window was used in order to avoid possible 

bias as a result of Google algorithms.    

 

Following this, the University of Helsinki digital library collection (Helka) was used to 

find appropriate article titles, yielding 275 results with the index words: “"biochar" 

AND "forest soil" AND "field study" AND ("microbial biomass" OR "microbial 

community structure" OR "microbial diversity" OR "microbial activity" OR "microbial 

respiration")”.  Following this initial search and using the same approach, the Google 

Scholar search-engine was used with index words as follows: “("biochar" OR 

"charcoal") AND "forest soil" AND "field study" AND ("microbial biomass" OR 

"microbial community structure" OR "microbial diversity" OR "microbial activity" OR 

"microbial respiration")”. Elaboration of index words was done between searches with 

an addition of the word “charcoal” since the number of reach results was hoped to 

increase and the charcoal added to forest soils was assumed to be of similar quality than 

biochar. In Helka, the same search with inclusion of index word “charcoal” was 

conducted but it resulted only 15 results, from which none filled the search criteria. The 

initial result for the Google Scholar search was 873, but the result varied slightly 

between every search and when changing the page as well of the same search, with the 

range from 810 to 906.  
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In total 1175 titles were examined using both search engines, though this number is 

approximate due to the changing search results of Google Scholar. All searches using 

both search engines were conducted during the same week at the end of March 2021. 

The article titles were examined, and the abstracts of the most suitable articles were 

read. During this process, if the article fulfilled the research criteria, the article was 

obtained, downloaded, and saved on a computer hard drive. A record was kept with a 

digital notebook to note of how many titles were examined per day.  

 

All the adequate articles that fulfilled research criteria were recorded in MS Excel-based 

database. One double was excluded. From the 25 full text studies, three had to be left 

out due to the properties of biochars or experimental conditions did not fill the research 

criteria (fire produced biochar, wrong climate region, Figure 1). Two of the studies were 

left out since they were unreviewed Master’s degree studies. From the left 20 studies 

the most used methodologies to quantify the impact of biochars on soil biota were 

microbial biomass carbon (MBC) (10 studies) and soil respiration (15 studies). 

Therefore, those two variables were chosen to conduct the meta-analysis. Two studies 

utilized the same experimental design, but with measurements taken from adjacent 

years: 2012 and 2013. The data from these two studies cannot be expected to be 

independent from each other, and thus effect sizes might be skewed within the meta-

analysis. This could have led to underestimation of standard errors. Thus, one study 

(Noyce et al. 2015) was excluded from the meta-analysis, since the data in the earlier 

study, (Sackett et al. 2015), readily included all the required information in available 

form.  

 

Raw data was not available for most of these studies, and emails were subsequently 

sent to the authors in request for measurements of either MBC or soil respiration Also 

standard error (SE) or standard deviation (SD) for the mean measurements were 

requested and the number of replicates (n-value). In the case of some studies, the 

corresponding researchers did not respond to these data requests. In those cases, the 

digital tool Web Plot Digitizer by Ankit Rohatgi, version 4.5, Pacifica, California, USA 

(https://automeris.io/WebPlotDigitizer) was used to extract as precise and accurate 

values as possible from the graphs found in these studies.  
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Since the number of adequate studies was generally low, studies where the soil was first 

amended with biochars on the field and after a certain time period collected and 

incubated in the laboratory in order to measure MBC and/or CO2 flux were accepted.  

The lack of adequate studies also led to the decision to include two studies where the 

long-term effects of charcoal on the forest soils were studied Faghih et al. (2019) and 

Hardy et al. (2019). Unfortunately, the latter (Hardy et al. 2019) had no SE/SD provided 

for the measurements and this study had to be left out from meta-analysis. There were 

two other studies that could not be included, since the data was not provided by the 

corresponding author(s) and specific values could not be extracted from graphs or the 

data lacked SE/SD. Some of the studies provided results for either soil respiration or 

MBC but not for both. The final numbers of studies were seven (7) for MBC and eleven 

(11) for soil respiration resulting in total of 14 studies (Table 2). After quality evaluation 

by reading methodology and implementation of the selected studies, they were 

accepted. 

 

The application methods of biochars throughout the studies were quite coherent. 

Biochars had been applied from surface to 20cm depth and mixed with soil layer in 

question by tilling or hoeing in almost all cases. In one study, Gundale et al. (2016), 

biochar was added to the site of clear felling and mixed with excavator. The depth of 

biochar application in the study in question was approximately 30cm. Containerized P. 

sylvestris seedlings, approximately 10cm tall, were planted at the site after biochar 

application. Different sampling depths, soil types, quantity of biochar, and pyrolysis 

temperature of biochar were considered as different treatments within each study and 

were handled separately. The results of various timescales in which each study was 

conducted were combined together per treatment and the mean value for each treatment 

was calculated. There were 16 treatments of MBC measurements and 25 treatments of 

soil respiration.   
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Figure 1. Flowchart of the selection process of studies for meta-analysis. MBC means microbial 

biomass carbon. Studies indicate full original research papers published 2013-2021. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the study Cui et al. (2021), where forest soil with four-years biochar amendment 

was incubated in different temperatures (5 ˚C, 15 ˚C and 25 ˚C) only treatment with 15 

˚C degrees was chosen. The chosen temperature was estimated to be closest to the 

average temperature in which the other study experiments were conducted (climate 

regions from boreal to subtropic). Otherwise, the number of replicates would have 

disproportionally increased the weight of this particular study.  
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Table 2. The list of the studies that fulfilled the research criteria. 

Author(s) Year Climate 

region 
The name of the study 

Singh N. 2013 
Temperate 

(Switzerland) 

Dynamics of pyrogenic organic matter: physical, chemical and 

biological transformation and stabilization processes in the soil. 

https://doi.org/10.5167/uzh-89502 (Singh 2013) 

Maestrini et al. 2014 
Temperate 

(Switzerland) 

Carbon losses from pyrolysed and original wood in a forest soil 

under natural and increased N deposition  

https://doi.org/10.5194/bg-11-5199-2014 (Maestrini, Abiven, et al. 

2014) 
 

Sackett et al. 2015 

North 

temperate 

(Canada) 

Soil and greenhouse gas responses to biochar additions in a 

temperate hardwood forest 

https://doi.org/10.1111/gcbb.12211 (Sackett et al. 2015) 

Gundale et al. 2016 
Boreal 

(Sweden) 

The effect of biochar management on soil and plant community 

properties in a boreal forest  

https://doi.org/10.1111/gcbb.12274 (Gundale et al. 2016) 

Hawthorne I. 2017 

Dry 

temperate 

rain forest 

(Canada) 

Impacts of Biochar Application to a Douglas-fir Forest Soil on 

Greenhouse Gas Fluxes and Water Quality 

https://doi.org/10.14288/1.0345623 (Hawthorne 2017) 

Zhou et al. 2017 

Humid 

subtropic 

(China) 

Biochar increased soil respiration in temperate forests but had no 

effects in subtropical forests 

http://dx.doi.org/10.1016/j.foreco.2017.09.038  (Zhou et al. 2017) 

Palviainen et al. 2018 
Boreal 

(Finland) 

Effects of biochar on carbon and nitrogen fluxes in boreal forest 

soil  

https://doi.org/10.1007/s11104-018-3568-y (Palviainen et al. 2018) 

https://doi.org/10.5167/uzh-89502
https://doi.org/10.5194/bg-11-5199-2014
https://doi.org/10.1111/gcbb.12211
https://doi.org/10.1111/gcbb.12274
https://doi.org/10.14288/1.0345623
http://dx.doi.org/10.1016/j.foreco.2017.09.038
https://doi.org/10.1007/s11104-018-3568-y
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Ramlow et al. 2018 

Temperate 

(Colorado, 

USA) 

Promoting revegetation and soil carbon sequestration on 

decommissioned forest roads in Colorado, USA: A comparative 

assessment of organic soil amendments 

https://doi.org/10.1016/j.foreco.2018.05.059 (Ramlow et al. 2018) 

Ventura et al. 2018 
Temperate 

(Italy) 

Biochar mineralization and priming effect in a poplar short rotation 

coppice from a 3-year field experiment  

https://doi.org/10.1007/s00374-018-1329-y (Ventura et al. 2019) 

Faghih et al. 2019 
Temperate 

(Iran) 

Long-term charcoal-induced changes to soil properties in 

temperate regions of northern Iran 

https://doi.org/10.1007/s11676-018-0641-6 (Faghih et al. 2019) 

Lu et al. 2019 

Humid 

subtropic 

(China) 

Responses of soil greenhouse gas emissions to different 

application rates of biochar in a subtropical Chinese chestnut 

plantation 

https://doi.org/10.1016/j.agrformet.2019.03.001 (Lu et al. 2019) 

Li et al. 2020 

Humid 

subtropic 

(China) 

Biochar mitigates the effect of nitrogen deposition on soil bacterial 

community composition and enzyme activities in a Torreya grandis 

orchard 

https://doi.org/10.1016/j.foreco.2019.117717 (Li, Song, et al. 2020) 

Zhu et al. 2020 
Boreal 

(Finland) 

Short-term effects of biochar on soil CO 2 efflux in boreal Scots 

pine forests 

https://doi.org/10.1007/s13595-020-00960-2 (Zhu et al. 2020) 

Cui et al. 2021 
Temperate 

(Austria) 

Long-term effects of biochar application on greenhouse gas 

production and microbial community in temperate forest soils 

under increasing temperature 

https://doi.org/10.1016/j.scitotenv.2021.145021 (Cui et al. 2021) 

 

 

 

 

https://doi.org/10.1016/j.foreco.2018.05.059
https://doi.org/10.1007/s00374-018-1329-y
https://doi.org/10.1007/s11676-018-0641-6
https://doi.org/10.1016/j.agrformet.2019.03.001
https://doi.org/10.1016/j.foreco.2019.117717
https://doi.org/10.1007/s13595-020-00960-2
https://doi.org/10.1016/j.scitotenv.2021.145021
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Figure 2. Formula (1) for standard mean difference (SMD). Si (2) indicates the pooled standard 

deviation across the two groups (Deeks and Higgins 2010). 

4.2 Meta-analysis 

 

Review Manager 5.4.1 by Cochrane, not-for-profit organization with headquarters in 

London, UK (https://training.cochrane.org/online-learning/core-software-cochrane-

reviews/revman), was chosen as the program for meta-analyses, since it produces the 

desired Hedges’ adjusted g for the continuous data when calculating standardized mean 

difference (SMD). Hedges’ g was seen more favorable for this meta-analysis since it 

has adjustment for small sample bias, contrary to Cohen’s d, another popular value. 

SMD was chosen as the measure for effect size for this study since it facilitates the use 

of continuous data with various measurement methods, time scales and units. The 

variables needed for SMD are the sample size for treatment and control, mean values 

for treatment and control as well as standard deviation for treatment and control (Table 

3). The formulas 1-3 (Figure 2 and 3) illustrate how Hedges’ g is calculated in Review 

Manager (Deeks & Higgins 2010). Random-effect model was used instead of the fixed-

effect model since the direction and magnitude of the impact of interception was seen 

to be too variable. All of the results are calculated with 95% confidence interval.  

 

 

 

Study i 
Group 

size 
Mean 

response 
Standard 
deviation 

Experimental n1i m1i sd1i 

Control n2i m2i sd2i 

 

 

           (1) 

 

 

 

 

           (2) 

 

 

 

Table 3. The values needed to calculate Hedges' g (Deeks and Higgins, 2010, Table 2: Continuous 

data). 
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           (3) 

 

 

 

 

In order to observe the possible effects of the different treatments, different subgroups 

were formed, and their SMDs were compared. The subgroups were formed so that the 

distribution of treatments between subgroups would be as even as possible. Formed 

from the additional information collected, the subgroups were climatic region (boreal, 

temperate, subtropic), quantity of biochar applied (< 10 t/ha, >= 10 t/ha), pyrolysis 

temperature of biochar (<= 450 ˚C, 451-650 ˚C, >650 ˚C), duration of the experiment 

(<= 12 months, > 12 months), feedstock material (wood, other), soil texture 

(classification as in Table 4) and the difference between pH of biochar and soil (< 4, > 

4). This procedure was made for both measurement variables: soil respiration and MBC.  

 

Table 4. The classification of soils by texture, which is used in this thesis. The classification is the same 

in Höglund, E. (2021) to make our results more comparable. The classification is originally modified 

from Weil and Brady (2016) by Höglund, E. (2021). 

Texture Soil type Sand (%) Silt (%) Clay (%) 

Coarse 

Sand 86-100 0-14 0-10 

Loamy sand 70-86 0-30 0-15 

Sandy loam 50-70 0-50 0-20 

Medium 

Loamy sand 23-52 28-50 7-27 

Silty loam 20-50 74-88 0-27 

Silty loam 0-20 88-100 0-12 

Fine 

Clay loam 20-45 15-52 27-40 

Sandy clay loam 45-80 0-28 20-35 

Silty clay loam 0-20 40-73 27-40 

Sandy clay 45-65 0-20 35-55 

Silty clay 0-20 40-60 40-60 

Clay 0-45 0-40 40-100 

 

In the soil respiration subgroup “Pyrolysis temperature of biochar”, the study of 

Gundale et al. (2016) had to be left out, since the information of pyrolysis temperature 

Figure 3. Formula (3) for standard error (SE) in standard mean difference (SMD) (Deeks and Higgins 

2010). 
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was not provided in the study, nor by the corresponding author. The company Vindelkol 

AB (vindelkol.se) which had produced biochar was also contacted, but response was 

not obtained within the time-period of this study. 

 

For the subgroup of soil texture, two studies had to be left out from the analysis due to 

the lack of information of soil texture. These studies were Faghih et al. (2019) and Lu 

et al. (2019). The soil textures within this sample of studies were only coarse or fine, 

no soils that would have fit to the category of medium soil texture could be found. In 

the subgroup of difference in pH, the study of Maestrini et al. (2014) had to be left out, 

since the information about pH of biochar could not be received. 

 

All the results have been calculated with 95% confidence interval. Despite the 

hypotheses, the magnitude and direction of change could not be predicted, so a fixed 

effects model could not be used; instead, a random effects model was used. Cochrane 

Reviews have included the value of I2 to their statistical program, which describes the 

percentage of variety. Larger percentages indicate a higher difference that is due to 

heterogeneity rather than chance. I2 = 0% indicates no observed heterogeneity and 

larger percentage up to 100% increasing heterogeneity. P -value of I2 indicates the 

significance of detected heterogeneity. This quantity is used since the more 

conventional ways of calculating inconsistency (such as Cochran’s Q), fail often to 

detect true heterogeneity as significant in meta-analyses with small numbers of studies. 

Furthermore, the P -values of these tests are frequently miss-interpreted to be non-

significant, if it does not reach the 95% interval level (P < 0.05) (Higgins et al. 2003).  

 

 

5 RESULTS 

 

The results of the meta-analyses were diverse. On the contrary to the hypotheses, 

biochar amendment did not change soil respiration or microbial biomass carbon 

statistically significantly (p > 0.05, Figure 4). The individual SMDs (Figure 4). can be 

from the same study but they are considered as separate measurements due to the 

different treatments (pyrolysis temperature, quantity of biochar applied, type of biochar 

used and sample depth). 
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MEAN

Zhu et al. 2020 d.

Zhu et al. 2020 c.

Zhu et al. 2020 b.

Zhu et al. 2020 a.

Zhou et al. 2017 b.

Zhou et al. 2017 a.

Ventura et al. 2018

Sackett et al. 2014 d.

Sackett et al. 2014 c.

Sackett et al. 2014 b.

Sackett et al. 2014 a.

Ramlow et al. 2018

Palviainen et al. 2018 d.

Palviainen et al. 2018 c.

Palviainen et al. 2018 b.

Palviainen et al. 2018 a.

Maestrini et al. 2014

Lu et al. 2019 c.

Lu et al. 2019 b.

Lu et al. 2019 a.

Hawthorne I. 2017

Gundale et al. 2016 b.

Gundale et al. 2016 a.

Faghih et al. 2019 b.

Faghih et al. 2019 a.

-3 -2 -1 0 1 2 3

a.

5.1 Soil respiration  

 

With a 95% confidence interval (CI), the CI with all soil respiration studies combined 

was [-0.33, 0.19] with standardized mean difference (SMD) -0.07 and the P value = 

0.59. Confidence intervals of all individual study SMDs stretched both sides over the 

axis (effect size = 0), in other words no significant difference in effect between biochar 

amendment and control could be found (Figure 4). The SMD values between the studies 

were also diverse. It varied between higher effect size on biochar amended soil 

(Maestrini 2014, Lu et al. 2019), higher effect size on control soil (Gundale et al. 2016, 

Zhou et al. 2017) and no difference between biochar amended and control soil (Ramlow 

et al. 2018, Zhu et al. 2020). The overall SMD was slightly, but not remarkably, on the 

side of control soils. According to the experimental design, several studies had SMD 

on both biochar amendment soil and control soil, depending on the treatments (quantity 

of biochar, biochar type, pyrolysis temperature, soil type, measured soil depth).   
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MEAN

Zhu et al. 2020 d.

Zhu et al. 2020 c.

Zhu et al. 2020 b.

Zhu et al. 2020 a.

Zhou et al. 2017 b.

Zhou et al. 2017 a.

Singh N. 2013 c.

Singh N. 2013 b.

Singh N. 2013 a.

Sackett et al. 2014 b.

Sackett et al. 2014 a.

Palviainen et al. 2018 b.

Palviainen et al. 2018 a.

Li et al. 2020 b.

Li et al. 2020 a.

Cui et al. 2021

-4 -3 -2 -1 0 1 2 3

b.

Figure 4. Overall effect of biochar amendment to a. soil respiration (CO2) and b. microbial biomass 

carbon (MBC). Positive mean effect indicates that CO2 or MBC were higher on biochar amended soils. 

Negative mean effect indicates that CO2 or MBC were higher on control soils. Bars indicate standard 

deviation of each standard mean difference (SMD). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the different treatment within studies, subgroups were formed to observe 

possible effects of different treatments. Climate (boreal, temperate and subtropic) did 

not have any notable effect on soil respiration between treatments within the studies of 

this meta-analysis (Figure 5). The SMD of all three climate regions was close to zero 

effect size, which indicated no difference between biochar amended soil and control 

soil. The observed heterogeneity between subgroups were nonexistent (I² = 0%, P = 

0.90). Similarly, the quantity of biochar (< 10 t/ha, >= 10 t/ha) did not cause any notable 

difference between biochar amended soils and controls and there was no detectable 

heterogeneity between subgroups (I² = 0%, P = 0.95) (Figure 7). Pyrolysis temperature 

(<= 450 ˚C, 451-650 ˚C, > 650 ˚C) of biochar did not give any real differences either. 

However, interestingly the pyrolysis temperature between 500 ˚C and 650 ˚C (Figure 

6) gave a bit higher respiration rates on biochar amended soil (SMD: 0.21 CI: [-0.22, 

0.64], P = 0.34), whereas under 450 ˚C and over 650 ˚C pyrolysis temperatures resulted 

slightly higher soil respiration rates on control soils (SMD: -0.16, CI: [-0.59, 0.26], P = 
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> 650
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< 450

Mean effect (Hedge's g)

Mean effect of pyrolysis 
temperature of BC to soil respiration

Figure 6. The mean effects of climate regions to the soil respiration (CO2) and the microbial biomass 

carbon (MBC). Positive mean effect indicates that CO2 was higher on biochar amended soils. Negative 

mean effect indicates that CO2 was higher on control soils. Bars indicate standard deviation of each 

standard mean difference (SMD). 

0.44 and SMD: -0.23, CI: [-1.01, 0.54], P = 0.56, respectively). However, there was no 

detectable heterogeneity between subgroups, so the differences are considered to show 

due to chance (I² = 0%, P = 0.40).   
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to soil respiration and MBC

Figure 5. The mean effects of climate regions to soil respiration (CO2) and microbial biomass carbon 

(MBC). Positive mean effect indicates that CO2 or MBC were higher on biochar amended soils. 

Negative mean effect indicates that CO2 or MBC were higher on control soils. Bars indicate standard 

deviation of each standard mean difference (SMD). 
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The duration of the experiment (<= 12 months, > 12 months) did show minor 

differences (Figure 7). Short-term studies resulted slightly higher soil respiration rates 

on biochar amended soil (SMD: 0.08, CI: [-0.31, 0.46], P = 0.69) and long-term studies 

resulted in negligible higher soil respiration rates on control soils (SMD: -0.23, CI: [-

0.60, 0.14], P = 0.22). However, heterogeneity between subgroups is not remarkable (I2 

= 21.6%, P = 0.26), so the effect difference can be within pure chance.  Feedstock of 

biochars did not have a significant effect on soil respiration (Figure 7). Heterogeneity 

between groups was nonexistent. 

 

The effect of differences in pH between biochars and soil are not clear (Figure 7). There 

was slightly higher soil respiration at control soils with smaller pH difference (SMD: -

0.20, CI: [-0.63, 0.22], P = 0.34) and slightly higher soil respiration rates at biochar 

amended soils with greater pH difference (SMD: 0.11, CI: [-0.27, 0.50], P = 0.56) but 

neither of the results were significant. Also, heterogeneity between groups is 
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Figure 7. Mean effects of different subgroups to the soil respiration (CO2). The subgroups include from 

the top to the bottom: a) the quantity of biochar (BC) b) the duration of the experiment, c) the 

difference in pH between the soil and the BC and d) the feedstock of the BC. Positive mean effect 

indicates that CO2 was higher on BC amended soils. Negative mean effect indicates that CO2 was higher 

on control soils. Bars indicate standard deviation of each standard mean difference (SMD). 
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nonexistent (I² = 16.6%, P = 0.27). The coarse texture of the soil did not seem to affect 

soil respiration much (Figure 8). The average SMD of all the treatments were almost 

zero (SMD: 0.05, CI: [-0.31, 0.40], P = 0.80). The fine texture of the soil resulted in a 

slightly higher SMD in control soils (SMD: -0.38, CI: [-0.96, 0.20], P = 0.20). However, 

the heterogeneity between groups is not large (I² = 32.6%, P = 0.22).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2 Microbial biomass carbon  

 

The differences in standardized means of MBC were more notable than those of soil 

respiration, although most of the results did not differ from the control enough to be 

significant, the overall SMD for MBC was -0.23, CI: [-0.57, 0.12], P = 0.20 (Figure 4). 

The study of Cui et al. (2021), where biochar amended temperate forest soil was 

incubated for 49 days in 15 ˚C differed from other results (550 ˚C, 10 t/ha, sand and 

silt, total carbon 34.9 wt%). It showed higher MBC level on biochar amended soil. The 

difference of Cui et al. study method, which was incubating biochar amended forest 

soil, might explain the difference in the results. Another study with the similar result 

was from Zhou et al. (2017), where high pH biochar (10) was pyrolyzed at 800 ˚C 

degrees and used as a soil amendment (10 and 30 t/ha) in a humid subtropic forest soil 

(sandy to silty clay loam) for two and half years. Without these studies, the overall SMD 

-1,5 -1 -0,5 0 0,5 1

Fine

Coarse

MBC

Fine

Coarse

CO2

Mean effect (Hedge's g)

Mean effects of soil texture 
to soil respiration and MBC

Figure 8. The mean effects of soil texture to the soil respiration (CO2) and the microbial biomass carbon 

(MBC). Positive mean effect indicates that CO2 or MBC were higher on BC amended soils. Negative 

mean effect indicates that CO2 or MBC were higher on control soils. Bars indicate standard deviation of 

each standard mean difference (SMD). 
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would have shown a significant negative effect of biochar amendment to MBC quantity 

(without Cui et al. (2021) and Zhou et al. (2017) SMD: -0.48, CI: [-0.86, -0.10], P = 

0.01). The rest of the studies showed higher effect size on control soil, except in one 

treatment of Singh et al. (2013) (topsoil samples, 0-5cm) where the SMD is slightly on 

the side of biochar amended soil.  

 

Subgroups of boreal and temperate climate regions resulted almost similar result of 

slightly higher SMD on control soils, whereas the SMD was slightly on the side of 

biochar amended soil on subtropic climate (Figure 5). In the case of temperate climate 

(SMD: -0.30, CI: [-0.89, 0.28], P = 0.30), without the study of Cui et al. (2021) the 

SMD would be marginally significantly higher on control soils (without Cui et al. 2021 

SMD: -0.49, CI: [-1.04, 0.05], P = 0.07). Comparing the SMDs of this subgroup, SMD 

Cui et al. (2021) could be considered as an outliner. However, detected heterogeneity 

within the group is only (I² = 20%, P = 0.28), so that might not be the case. Subgroup 

differences are also nonexistent, so all the differences might be due to pure chance (I² 

= 0%, P = 0.58).  

   

The small application rates of biochars (< 10 t/ha) resulted in significant result of SMD 

of MBC on control soils (SMD: -0.50, CI: [-0.95, -0.04], P = 0.03), than with soil 

respiration (Figure 9). However, the higher quantities of biochar (>= 10 t/ha) did not 

result in a clear difference, even though the mean was slightly on the side of biochar 

amended soils (SMD: 0.13, CI: [-0.42, 0.69], P = 0.64). Moreover, without the SMDs 

from Cui et al. (2021) and Zhou et al. (2017), the SMD of a larger quantity of biochars 

would be quite similar to smaller quantity of biochars (without Cui et al. (2021) and 

Zhou et al. (2017), SMD: -0.43, CI: [-1.11, 0.26], P = 0.22). There is detectable 

heterogeneity between the groups (I² = 66.6%, P = 0.08), but it disappears if two 

treatment SMDs of the three from Cui et al. (2021) and Zhou et al. (2017) are not 

included.  
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Figure 9. Mean effects of different subgroups to the microbial biomass carbon (MBC). The subgroups 

include from the top to the bottom: a) the quantity of biochar (BC), b) the duration of the 

experiment, c) the difference in pH between the soil and the BC and d) the feedstock of BC. Positive 

mean effect indicates that MBC was higher on BC amended soils. Negative mean effect indicates that 

MBC was higher on control soils. Bars indicate standard deviation of each standard mean difference 

(SMD).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Another interesting result was found within subgroups of pyrolysis temperature (Figure 

10). There is a slight positive but statistically insignificant correlation between 

pyrolysis temperature of biochars and the MBC (r2 = 0,3167). The lowest pyrolysis 

temperature, (<= 450 ̊ C), resulted in significant SMD on the side of control soils (SMD: 

-0.54, CI: [-1.04, -0.04], P = 0.03). There is a significant difference between subgroups 

(I² = 67.7%, P = 0.05), but as with previous subgroups of quantity of biochar, the 

difference disappears if the studies of Cui et al. (2021) and Zhou et al. (2017) are not 

counted in. In the subgroup of high pyrolysis temperature (> 650 ˚C), includes only one 

study from Zhou et al. (2017). The SMD of this single study with two treatments (10 

and 30 t/ha of biochar) is marginally significantly on the side of biochar treatment 

(SMD: 0.80, CI: [-0.13, 1.74], P = 0.09).   
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Figure 10. The effect of pyrolysis temperature of biochar (BC) on microbial biomass carbon (MBC). 

Negative SMD (standard mean difference) indicate higher MBC on control soil. Positive SMD indicate 

higher MBC on BC amended soils. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the subgroup of duration of the biochar amendment (Figure 9), the heterogeneity 

between groups was notable (I² = 67.9%, P = 0.08). In short-term amendment (<= 12 

months), the overall SMD was significantly on the side of control soils (SMD: -0.45, 

CI: [-0.84, -0.05], P = 0.03). For long term biochar amendment (> 12 months), overall 

SMD was more on the side of biochar amended soils. Without of Li et al. (2020a) study 

with two treatments of different amounts of biochar (20 and 40 t/ha), the SMD would 

stay on the side of biochar amended soil. The two remaining long-term studies would 

be Cui et al. (2021) and Zhou et al. (2017).  

 

With soil texture, the study of Cui et al. (2021) is again out of the line of other studies. 

Without Cui et al. (2021), there seems to be a significant difference with average SMD 

on the control soil side (SMD: -0.52, CI: [-1.01, -0.02], P = 0.04). With Cui et al. (2021) 

the average SMD is less clearly on the side of control soil (SMD: -0.37, CI: [-0.84, 

0.11], P = 0.13) (Figure 8). The result with fine soil is close to zero (SMD: -0.07, CI: [-
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0.59, 0.45], P = 0.79). There does not seem to be heterogeneity between groups (I² = 

0%, P = 0.41).  

   

In pH differences (Figure 9), the MBC is significantly on control soil side in the smaller 

pH difference subgroup (SMD: -0.54, CI: [-1.04, -0.04], P = 0.03). Greater pH 

difference does not seem to give any difference between treatments (SMD: 0.06, CI: [-

0.42, 0.53], P = 0.82). However, there seems to be heterogeneity with some magnitude 

between the groups (I² = 65.2%, P = 0.09). Feedstock of biochars resulted a bit higher 

quantity of MBC on the control soils (SMD: -0.35, CI: [-0.74, 0.04], P = 0.08) (Figure 

9). With P = 0.08, the result is marginally significant, and it would be significant 

without the study of Cui et al. (2021). In the results of other feedstock than wood, no 

clear trend can be observed (SMD: 0.17, CI: [-0.74, 1.09], P = 0.71). 

 

To summarize the major results from this meta-analysis, surprisingly neither soil 

respiration nor MBC occurred in significantly higher quantities in biochar amended 

soil. This finding leads to the rejection of both hypotheses. The null hypothesis, (that 

there will be no change), seems to apply to soil respiration. The quantity of MBC 

however, seems to undergo change induced by biochars, but in a different direction than 

expected. Soil respiration did not significantly change within any subgroups studied. 

MBC reacted slightly but significantly negatively to biochar amendment in a few 

subgroups: lower pyrolysis temperature (<= 450 ˚C), the smaller difference in pH 

between soil and biochar (< 4), duration of the study 12 months or less and biochar 

quantity less than 10 t/ha. The pyrolysis temperature seemed to have a slight positive, 

although insignificant (r2 = 0,3167), correlation with MBC so that the increasing 

pyrolysis temperature changed the higher quantity of MBC from control soils to biochar 

amended soils.  
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6. DISCUSSION   

 

6.1 Interpretations of the results  

 

The fact that soil respiration and MBC did not respond to biochar amendment within 

different subgroups in similar manner suggests that soil respiration and MBC did not 

correlate with each other within this meta-analysis. However, it is notable that the 

sample is small and heterogenous and thus this deduction should be treated with 

caution. Earlier studies give inconsistent results to make meaningful comparisons. The 

study of Wang et al. (2014) is in line with the observation from this meta-analysis (500 

˚C, 5 t/ha, subtropic clay loam soil, SOC 1.68 g/kg). Zhou et al. (2017) had an opposite 

result, since they found positive correlation between soil respiration and MBC in their 

study (800 °C, 10-30 t/ha, sandy to silty clay loam). The difference in the results of 

these studies can be that the other was intensively managed plantation site (Wang et al.) 

and the other unmanaged site of natural forest (Zhou et al.). Zhou et al. also used 

biochar with higher pyrolysis temperature and with greater quantities. However, Lu et 

al. (2019) found significant relation between soil respiration and MBC in control soils 

and with biochar (500 ˚C) quantity of 2 t/ha in the same Chinese chestnut plantation as 

Wang et al., but this did not apply to the biochar quantities of 5 t/ha and 10 t/ha (SOC 

15.26 g/kg).  

 

6.1.1 Soil respiration 

 

Soil respiration is dependent on changes in microbial abundance and activity and adding 

biochars to the soil can induce positive or negative priming effect via micro-organisms. 

Results of this thesis suggests that in general positive priming effect of biochars in forest 

soils is not strong or long-term. This is in concert for example with findings of previous 

works of Hardy et al. (2019). The longer experiment time resulted lower soil respiration 

compared to short experiment time (shorter or longer than 12 months). Thus, the soil 

respiration decreases in long-term. This could be explained due to aged biochars have 

less labile substrates for micro-organisms to use and therefore decreases soil respiration. 

Wang et al. (2020) study suggest that the microbial layer is formed on the surfaces of 

aged biochars that blocks their pores and further slowdown utilization and interaction 
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of biochars with other components of soil. As Liang et al. (2010) state, oxidized 

surfaces of aged biochars provide also better protection to SOC through chemical 

interactions. 

 

Larger quantities (>= 10t/ha) of biochar in average decrease soil respiration which is in 

concert with work of Lu et al. (2019). Larger quantities of biochars have generally 

larger special surface area. Combined to the sorption abilities of biochars, the larger 

quantities of biochars have stronger inhibitory effect on microbial enzymes that would 

degrade carbon (Li et al., 2018a). Therefore, soil respiration decreases. Higher pyrolysis 

temperature of biochars also increases inhibition of cellular communication as shown 

in the study of Masiello et al. (2013), which explain decreased soil respiration when 

biochar produced at temperature exceeding 650 ˚C was used. The greater change in pH 

(> 4) between soil and biochars resulted higher soil respiration. This is possibly due to 

increase of bacteria that favors more alkaline soil (Rousk et al. 2010, Zhalnina et al. 

2015, Tripathi et al. 2017), since in general soil pH increases due to biochar amendment 

(Gul et al. 2015).  

 

However, the changes in the results of soil respiration in this thesis are not significant 

enough that the possibility of pure chance could be left out. It is notable that properties 

of biochars and environmental factors such as feedstock material and climate are 

important factors that affect to the changes biochars induce in soil (Sun and Lu 2013, 

Noyce et al. 2015, Aller et al. 2017, Wang et al. 2019). The heterogeneity of these 

results leads to a combined average result that the addition of biochars induces no strong 

change in the soil respiration.  Therefore, the results support the potential to use 

biochars as carbon sequestrating tool. 

 

6.1.2 Microbial biomass carbon 

 

6.1.2.1 The duration of the study and the quantity of biochars  

 

In contrast to Wang et al. (2014) (500 ˚C, 5 t/ha, subtropic clay loam soil, SOC 1.68 

g/kg), the quantity of MBC in the results of this thesis were significantly lower in 

biochar amended soils in the subgroups of short-term studies and smaller biochar 
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quantities. In short-term the changes that biochars have on soil properties can reduce 

the amount of micro-organisms, since some groups of micro-organisms need more time 

to adapt to new conditions than others (e.g. K-strategists vs r-strategists). Biochars also 

change the soil properties more favorable to some micro-organisms over the others. For 

example, in general fungi are better adapted to more acidic conditions than many of the 

bacteria, similarly as ammonia-oxidizing archaea can flourish in less alkaline 

environment than ammonia-oxidizing bacteria (Rousk et al. 2009, Chen et al. 2015, 

Zhang et al. 2019, Feng et al. 2022). Biochars tend to increase the pH (Gul et al. 2015) 

of soil and thus may change the composition of different micro-organisms. However, it 

is notable that biochars with different feedstocks have different pH’s and the effect on 

soil pH is not straightforward. 

 

None of the treatments or subgroups showed a significant increase of MBC on biochar 

amended soils. However, the result of higher MBC in biochar amended soils in studies 

longer than 12 months compared to the short-term studies oppose the results of Wang 

et al. and Lu et al. (500 ̊ C, 2-10 t/ha, clay loam soil, SOC 15.26 g/kg). Sorption abilities 

are strongest on fresh biochars before they are saturated and aged as proved in the study 

of Martin et al. (2012) where two biochars (poultry litter and paper mill sludge, 550 ˚C) 

in a coarse Ferrosol soil (SOC 45 g/kg) lost their high sorption capacity of herbicides 

(reduction of 68% and 47% respectively) in three years of field aging when applied at 

rate of 10 t/ha. Fresh biochars might immobilize nitrogen among other nutrients by its 

sorption ability and thus restrict the growth of microbial biomass (Martin et al. 2012). 

Feng et al. (2022) found in their meta-analysis of biochars aging effect on GHG 

emissions from agricultural soils that the amount of ammonia-oxidizing archaea 

increased significantly in the soils with aged biochars compared to fresh biochars. 

Furthermore, they deducted that due to increasing of ammonia-oxidizing archaea, 

nitrification process is accelerated (Feng et al. 2022) and therefore nitrogen would be 

more accessible in aged biochars amended soils compared to fresh biochars. 

 

The seemingly decreasing effect on MBC due to the small application quantities of 

biochars (< 10 t/ha) is diminished when the quantity is increased (>= 10 t/ha). Larger 

quantity of biochars provide more nutrients (Gul et al. 2015, Sackett et al. 2015, 

Gundale et al. 2016, Mastrolonardo et al. 2019, Cui et al. 2021), increases water 
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retention over longer periods (Prober et al. 2014, Li, Hu, et al. 2018) and porosity that 

means more physical space for air, water, flora (Lu et al. 2014, Sun & Lu 2014, Obia 

et al. 2016) and fauna such as habitat for micro-organisms (Quilliam et al. 2013, Gul et 

al. 2015) for their abundance to grow. Also, cation exchange capacity of soil has 

potential to increase with biochars amendment(Lorenz & Lal 2014, Glisczynski et al. 

2016). Generally, amendment with biochars increase aggregate formation (Sun & Lu 

2014) and aggregate stability (Sun & Lu 2014, Obia et al. 2016), which might also 

increase the amount of microbial biomass when biochars application rate is higher. In 

the studies that had treatments with different quantities of biochars, in the concert of 

the results of this thesis were the studies of Zhou et al. (2017) (800 ̊ C, 10-30 t/ha, sandy 

to silty clay loam) and Lu et al. (2019) (500 ˚C, 2-10 t/ha, clay loam soil, SOC 15.26 

g/kg). In both studies MBC increased with increasing quantity of biochars. It could be 

that the possible beneficial effects of biochars, such as increase of water retention and 

aggregate stability, only occur after a certain threshold of biochar quantity, which is 

both site and biochar type specific. Zhu et al. (2020) observed an increase in MBC in 

coarse sand (SOC in 0-5cm 30.3 g/kg and 5-15cm 09.9 g/kg) only with biochar 

pyrolyzed at 650 ˚C (5-10 t/ha). With pyrolyzing temperature of 500 ˚C (5-10 t/ha), the 

effect was nonexistent. The study of Palviainen et al. (2018) differed from the findings 

of this thesis since no change in MBC quantity was detected in different biochar 

quantities (500 ˚C and 650 ˚C, 5-10 t/ha, coarse sand, total carbon 32.3 – 12.8 g/kg). 

Li, Song et al. (2020) found the opposite effect; the quantity of biochar application (450 

˚C, 20-40 t/ha) decreased the quantity of MBC in biochar amended clay loam soil (SOC 

26.70 g/kg). In their meta-analysis, no clear increase of MBC in biochar amended soil 

could be detected with higher quantity of biochar application. From these studies Zhou 

et al., Lu et al. and Li et al. were conducted in subtropical climate. The studies of Zhu 

et al. and Palviainen et al. were conducted in boreal climate. The overall results of this 

thesis could indicate that to achieve positive effects of biochars on microbial biomass, 

they should be applied to forest soil in higher rates (>= 10 t/ha). However, there is no 

consistent support for this argument from the previous literature and so these results 

should be interpreted with caution.  
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6.1.2.2 Climatic region 

 

Within this meta-analysis soil respiration and MBC do seem to react with increasing 

quantities to warmer climatic regions in soil amended with biochars, MBC more clearly 

than soil respiration. In average, subtropical climatic regions have highest MBC 

quantities on biochar amended soils. Better water retention, slow release of nutrients 

from aging biochars and other beneficial properties of soils induced by biochars might 

support the survival of higher quantity of micro-organisms in warmer temperatures 

(Obia et al. 2016, Amoakwah et al. 2017). However, there are differences how biochars 

improve soil properties. For example, increasing soil water retention depends on 

properties of biochars and soil such as feedstock material and soil texture (Sun & Lu 

2014, Aller et al. 2017, Wang et al. 2019). In concert to the results of this thesis the 

clearest positive effect of biochars to MBC from previous studies are from Cui et al. 

(2021) (10 t/ha, 550 ̊ C, coarse forest soil, total carbon 34.9 wt%) and Zhou et al. (2017) 

(800 ˚C, 10-30 t/ha, sandy to silty clay loam). It is noticeable that both studies are 

conducted in an environment with relatively high average temperatures. The study of 

Zhou et al. is conducted in subtropical region and Cui et al. incubated the biochar 

amended forest soil in the temperature of 15 ˚C degrees (Zhou et al. 2017, Cui et al. 

2021). In the incubation study of Cui et al. (2021), the quantity of MBC decreased with 

increasing temperature, but biochar amendment mitigated this effect. However, 

climatic regions have great diversity in temperature on a local and site-specific scale, 

depending on the region in question (for example continental or marine). In addition, 

the effects of climatic region on MBC are highly diverse. For example, opposite to the 

results of this thesis Li et al. (2020a) did not find any positive effect of biochar 

amendment on MBC even though the study was conducted in the subtropics in clay 

loam soil (SOC 26.70 g/kg), the duration of the study was over 12 months and the 

quantity of biochar used was over 10 t/ha. 

 

6.1.2.3 The differences in pH and pyrolysis temperature 

 

Higher difference (> 4) between soil and biochar pH seemed to also benefit MBC 

according to the results of this thesis. This might be due to greater increase in soil pH, 

which benefits certain micro-organisms that are adapted to alkaline conditions (Rousk 
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et al. 2010, Zhalnina et al. 2015, Tripathi et al. 2018). Increasing pyrolysis temperature 

of biochars that correlates positively with MBC quantities support this view. Though, 

it does not explain why the small difference between soil and biochar pH results in a 

significantly lower quantity of MBC in biochar amended soils. Biochars pH generally 

increases with higher pyrolysis temperature, which further enhances the increase of soil 

pH induced by biochar amendment (Gul et al. 2015, Hui 2021). From a carbon 

sequestration and microbial biomass perspective, it seems that biochars pyrolyzed in 

>= 650 ̊ C temperatures should be used. However, the increase of pyrolysis temperature 

closer to 800-1000 ˚C, the loss of yield gain is considerably great. For example, Jung 

et al. (2016) produced biochar from U. pinnatifidaroot powder in the pyrolysis 

temperatures of 200, 400, 600 and 800 ˚C and the yield decreased from 83.95% to 

39.29% when the temperature rose. Decreasing yield leads to economic and ecological 

issues as the need of feedstock material increases with increasing loss of biochar yield 

(Kim et al. 2012, Jung et al. 2016, Rafiq et al. 2016). Kim et al. (2012) showed in their 

study that the yield of pine biochar decreased from 60.7% to only 14.4%, when the 

pyrolysis temperature was risen from 300 ˚C to 500 ˚C. However, it is notable that this 

decrease of yield is mainly from other substances than stable carbon and would most 

likely be utilized or degraded from biochar after its amendment in the soil in a few 

years. The yield is also dependable on biochar feedstock material as these two examples 

demonstrate. 

 

6.2 Limitations of this thesis  

 

The pooling method of this thesis was conducted as a search of digital libraries. Due to 

time limits of this thesis project, only two sources were used. From these, Google 

Scholar gives search results also from grey literature that might not be academically 

viable and as such is not as reliable source as some others such as Web of Science would 

be (Savilaakso, S. 23.3.2021). The availability of the studies was limited to the licenses 

of the University of Helsinki library online sources (Helka) and thus some of the 

adequate studies might have left out from this study. There is also limitation of 

language. The studies that have been written in English or Finnish have been included 

to this thesis. The quantity of studies of this subject was found to be very low. This fact 

led to the situation that further narrowing of subject by climatic region, forest type, type 
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of biochar or other aspects could not be done. Therefore, the combination of the studies 

included in this thesis are very diverse and heterogenous. The changes of soil organic 

carbon could have been studied since it includes the carbon of microbial biomass. 

However, the results would have been more general and concentrated less on soil biota. 

PLFA studies could have been included in the measurements studied to fill the scarcity 

of data.  

 

A notable proportion of the results were requested from corresponding authors. Since 

very few researchers answered in the time scope that was adequate in order to include 

data to the meta-analysis, the data was extracted from graphs that were available in five 

studies. Since the extraction of data from graphs is approximate despite the help of Web 

Plot Digitizer, there is a risk of bias in the values. Therefore, the results of this thesis 

can be considered rather as indicative than conclusive. However, the data from one 

study, Gundale et al. (2016), was extracted from the graph and later on received from 

the corresponding author. One difference (out of eight) between original and extracted 

values was 0.95 mg/g of CO2 carbon per hour, others less than 0.4 mg/g and six lower 

than 0.1 mg/g. This gives some idea of the magnitude of the possible bias within this 

meta-analysis. 

 

It is questionable whether Cui et al. (2021) should be in the group of the temperate 

climatic region.  Even though the forest soil, that was amended four years with biochar, 

was from temperate climate region, the treatment of incubation was conducted in the 

temperature of 15 ˚C degrees. The temperature is closer to the average temperature of 

subtropical climate regions. The difference experimental methods of Cui et al. (2021) 

and Gundale et al. (2016) also raises questions of their compatibility to this meta-

analysis. The study of Faghih et al. (2019) also differs from the others included in meta-

analysis since they study old charcoal kilns, which means that the charred organic 

material in their study cannot be defined as “biochar” in the contemporary terms.  

 

In general, it is noticeable that all the studies that were used in this thesis were 

conducted in 21st century. It signals that the research of biochars in forested areas is a 

fairly new field of study. Several studies found for this thesis were conducted on the 

same experimental sites. The studies of Wang et al. (2014) and Lu et al. (2019) were 
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conducted at the same subtropic Chinese chestnut plantation. Sackett et al. (2014), 

Noyce et al. (2015) and Mitchell et al. (2016) studied the same temperate forest in 

Canada. Parviainen et al. (2018) and Zhu et al. (2020) made their studies in the same 

boreal pine forest in Finland. Another noticeable observation is that field studies 

researching the effect of biochars on forest soil biota refer to the results from 

agricultural and pastural soils. The lack of forest field studies is very clear when reading 

the few existing ones, since the most of the previous knowledge of the biochars effects 

are from lab and pot studies. This is not surprising in the light of the disproportionate 

number of studies conducted on agricultural soils compared to forest soils, as well as 

lab and pot studies compared to field studies. Agricultural soils are over-represented 

among the studies of biochars. However, in many countries also forestry is an important 

part of national economy. Agricultural and pastural soils differ so greatly from forest 

soils that the results are not adaptable. If biochars would like to be utilized more widely 

including forests, it would be important to have more studies of the impact of biochars 

on forest soils. The current lack of information is the main challenge with the 

interpretation of the results of this meta-analysis. 

 

 

7. CONCLUSIONS 

 

Within this meta-analysis, there was a decrease of MBC in some of the subgroups, but 

the trend was inconsistent. The changes in soil respiration were insignificant. Thus, it 

is concluded that biochars generally do not increase microbial biomass or activity in 

forest soils. Dividing the SMDs into different subgroups resulted in slightly more 

variability in the results but did not change the overall picture. Therefore, hypotheses 

of biochars induced increasing soil respiration and MBC were rejected. This literature 

review and meta-analysis have demonstrated an apparent gap in the existing knowledge 

regarding the effect of biochars on forest soils and its microorganisms.  

 

Interestingly, MBC and soil respiration did not seem to correlate with each other within 

this meta-analysis. The literature gives scarce and inconsistent results to compare with. 

In general, positive priming effects of biochars in forest soils was not strong or long-

term. In contradiction, the amount of MBC was significantly lower in short-term studies 



 

59 

 

and thus in comparison higher in long-term studies. Aged biochars can have less labile 

substrates for micro-organisms to use or the layers of microbial exudates might inhibit 

further utilization of biochars which both would decrease the soil respiration. The 

stronger sorption abilities of fresh biochar can immobilize nitrogen and thus restrict the 

microbial growth in short-term. The different adaptation abilities of micro-organisms 

to the changed soil conditions might explain some of the differences in microbial 

biomass in different time scales.  

 

Larger quantities of biochars in average decreased soil respiration. In contradiction the 

amount of MBC was significantly lower with small quantities of biochars. Decreased 

soil respiration might be due to larger special surface area that combined with sorption 

abilities forms inhibitory effect on enzymes that could degrade carbon. On the other 

hand, the positive effects of biochars on micro-organisms growth can be accentuated 

when the quantity is increased. It is notable however, that the properties of biochars and 

soil combined (such as feedstock material and soil texture) affect greatly to the effect 

of biochars amendments to the soil. 

 

The warmer climatic regions do seem to increase MBC and to some extent also soil 

respiration. The beneficial effects of biochar amendment added to warmer conditions 

which are favorable for micro-organisms growth might explain this. Higher pyrolysis 

temperature increases inhibition of cellular communication which resulted decreased 

soil respiration. In contradiction MBC seemed to increase when biochars pyrolysis 

temperature increases. Higher pyrolysis temperature in general increases also pH of 

biochars, which is favorable to some micro-organisms that are adapted to more alkaline 

conditions.  

 

The changes in soil respiration are not significant. The amount of MBC did not increase 

significantly in any subgroup within this meta-analysis. The overall results of this thesis 

could indicate that from a carbon sequestration and microbial biomass perspective, 

biochars should be produced in higher pyrolysis temperatures (>= 650 - 800 ˚C) and 

applied to forest soil in higher rates (>= 10 t/ha). In order to use biochars for larger scale 

production and use, multiple questions should be addressed and studied further. For 

example, a plan for an economically and ecologically viable supply chain for biochars 
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including the collection of feedstock material, production and delivery expenses as well 

as utilization of by-product for bioenergy should be designed (Anderson et al. 2016). 

Life-cycle assessment of biochars could be an essential part of this process (Roberts et 

al. 2010). The possible competition of feedstock material to other uses, such as 

bioenergy, would need inventorying. Interestingly, there is a detectable lack of the 

practice and regulation of using biochars which do not match the recent enthusiasm 

surrounding biochars in the literature. 

 

Soils are a very complex system and understanding the effects of the addition of a new 

substance is challenging. Diverse results from significance to negligible changes in soil 

properties and biota as a response to different biochars addition to forest soils support 

this view. Almost infinite possibilities for the biochars feedstock increases this 

challenge. The forest soil micro-organism diversity is also higher and less studied than 

on agricultural soils, thus their responses might be more complex. The difference 

between lab, pot and field studies should be more apparent in literature, especially in 

scientific reports where lab and pot studies are referred to support different views of the 

effects of biochars. Even though lab and pot studies produce important information, the 

studies executed in controlled environments are not directly applicable to field 

conditions as such. Furthermore, since trees have longer lifespan than agricultural 

crops, it is essential to conduct more long-term field studies with several different 

quantities of biochars. The ideal situation would be to have long-term field experiments 

in different forest types, with biochars from several different feedstock types and 

pyrolysis temperatures. These studies would also be important to repeat in different 

climate regions, due to different environmental conditions. 

 

Since microbial communities are relatively stable despite addition of different biochars, 

according to this meta-analysis, biochars could be used a tool to sequestrate carbon into 

forest soils. Although biochars do not seem to increase microbial biomass in the forest 

soil, they do not seem to have strong decreasing effect either. However, since there have 

not been adequate studies to make site-specific assessments about the effect of different 

biochars, perhaps the precautionary principle should be employed for the time being 

when applying biochars to forest soils.
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