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1 INTRODUCTION 

Global carbon (C) cycle consist of five interconnected global C pools: oceanic, fossil, 

pedologic, atmospheric and biotic pool. Together they contain a total of 50,400 Gigatons (Gt) 

of C, whereas pedologic, biotic and atmospheric pools contain 5%, 1.2% and 1.5%, 

respectively (Lal 2010). The concentration of greenhouse gases (GHG) in the atmosphere 

has increased by about 23% during 1990 to 2006, significantly enhancing the global warming 

(Stavi & Lal 2013). The role of agriculture in global warming is notably high and accounts 

for about 25% of the CO2, 50% of the CH4 and 70% of the N2O emissions (Hutchinson et al. 

2007). Also, topsoil C concentration rates in Finnish arable soils has dramatically decreased 

in recent decades, by 0.2–0.4% annually (Heikkinen et al. 2013). Severe depletion of topsoil 

C is related to reduced biomass productivity and soil and water quality and promotes global 

warming (Lal 2004). Soil carbon sequestration is one of the most promising solution to 

mitigate climate change (Woolf et al. 2010; Stavi & Lal 2013). Biochar, a carbon rich solid 

obtained via pyrolysis and is intended to be used as a soil amendment material, is currently 

the most efficient tool available for carbon sequestration (Woolf et al. 2010). Further, some 

biochars can also improve soil properties and increase crop yield (Lehmann & Joseph 2015). 

Biochar is obtained at temperature 250–700 °C, with a limited supply of oxygen. While it 

shares similar structure with charcoal, biochar is distinguished from the latter by its intended 

use for “any purpose that does not involve its rapid mineralisation to CO2 and may eventually 

become a soil amendment” (EBC 2012). Biochar-related research has increased almost 

exponentially within past ten years. Studies have found that biochars can have a number of 

agronomic and environmental benefits. Due to the wide range of biogeochemical processes 

in soils that are induced by biochar, among others, the following improvements have been 

reported so far: increased cation exchange capacity (Liang et al. 2006), reduced nitrogen 

leaching (Spokas et al. 2009; Roberts et al. 2010), improved crop root penetration (Novak & 

Busscher 2013) and increased water retention capacity (Tammeorg et al. 2014b). 

Furthermore, a recent meta-analysis by Omondi et al. (2016) showed significant 

improvement in soil physical properties such as porosity, bulk density and water holding 

capacity (WHC) after the application of biochar to soil. These improvements in soil 
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properties may, under certain circumstances, result in increased crop yields (Major et al. 

2010b; Liu et al. 2013).  

It has been established that biochars can, in short term, increase soil microbial and faunal 

abundance and biomass and influence composition of microbial communities (Lehmann et 

al. 2011, Thies et al. 2015). However, many studies have so far fallen short on elucidating 

the mechanisms behind the effects and whether they hold in longer term. Several reports 

show that biochar-amended soil increases earthworm abundance and biomass (Lehman et al. 

2011), meaning that biochar particles could enhance suitable carbon rich habitat for soil 

fauna. Increased earthworm abundance in hardwood biochar–amended soils was reported in 

unreplicated short term field study by Husk and Major (2010) and no effect was detected by 

Tammeorg et al. (2014c) in a replicated field experiment. Weyers and Spokas (2011) also 

reported no effect of biochar on earthworms, however their experiment was unreplicated. 

Earthworms play important role in soil ecosystem where they provide several ecosystem 

services such as decomposing of organic matter, cycling of nutrients and formation of soil 

structure, therefore further research of the underlying mechanisms (acidity, microbial activity 

and hydraulic properties) is important (Thies et al. 2015). Zhang et al. (2016) recently pointed 

out that majority of biochar studies have been conducted in lab or greenhouse conditions or 

as short-term field experiments and stressed the need for long-term field experiments in order 

to better elucidate the potential and possible drawbacks of biochar. Lack of studies is also 

noted in boreal zones, where the conditions are different (e.g. high soil organic matter (SOM), 

high humidity, short growing seasons) compared to tropical zones, in which the most biochar 

studies have been conducted so far (Ruysschaert et al. 2016). 

The aim of this study was to find out the effects of different levels of biochar application and 

nitrogen fertilization on earthworm abundance, biomass and community composition in two 

separate field experiments, four and five years after the first application of biochar. 
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2 LITERATURE REVIEW 

2.1 Earthworms 

As one of the most beneficial organisms in soil, earthworms represent the largest animal 

biomass in the soil (Jones et al. 1994, Lavelle & Spain 2001). They have been studied 

extensively over the last century, starting with Darwin (1881) who was one of the first to 

describe their importance in soil formation. They contribute to humification rates and are 

constantly interacting with microorganisms (Berinier 1998). Furthermore earthworms are 

responsible for mixing the topsoil with the one in deeper horizons. It is estimated that the 

earthworms produce 18–40 t ha-1 year-1 of castings, depending on earthworm ecological 

group (Feller et al. 2003). This is important as casts contain microorganisms, nutrients and 

organic matter, which are easily accessible by plants (Edwards & Lofty 1972). 

Lumbricidae family form the largest earthworm community in temperate and boreal zones 

and is the only known family in Finland (Terhivuo 1989, Lavelle et al. 1999). Aporrectodea 

and Lumbricus genus are most common in Finnish arable land (Terhivuo 1989) where typical 

representatives are A. caliginosa and L. terrestris, respectively (Nieminen et al. 2011). Other 

genera have been reported across Finland, such as Dendrodrilus and Dendrobaena but did 

only rarely occur in an arable land (Nieminen et al. 2011). Earthworms can be found even in 

the northern most part of Finland (Lapland), however species richness there tend to be lower 

in comparison to southern Finland (Huhta 1986, Nieminen et al. 2011). 

2.1.1 Population size and distribution 

Earthworm populations are measured in numbers (m2) or biomass (g/m2), where both 

variables are often used in order to differentiate between large and small individuals 

(Edwards & Lofty 1972). The distribution of species tend to vary considerably (Nuutinen et 

al. 1998) even within small scale areas in Finland (Pitkanen & Nuutinen 1996). Number of 

earthworm in a cultivated soil normally does not exceed 400 per m2 while it can reach more 

than 1000 per m2 in non-disturbed soils (Edwards 2004). Theirs population are not randomly 

distributed in the soils and mostly depends on a) soil properties, such as texture, temperature 

(optimum 10-20°C), moisture (favorable higher soil moisture content) and pH (optimum 5-
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7), b) food availability (decaying organic matter) and c) reproductive potential (Edwards & 

Lofty 1972, Lee 1985).  

Earthworms are often classified into three ecotypes (Edwards and Bohlen 1996). Epigeic 

species live in the upper horizons near the surface. These worms make horizontal burrows in 

the soil and feed on crop residuals. The common worms in this group are Lumbricus rubellus 

and Dendrodrilus rubidus. Endogeic species tend to make randomly oriented burrows 

extensively in mineral soil. They are large consumers of decaying organic matter and produce 

substantial amounts of casts. This group includes A. caliginosa and A. rosea. Anecic worms 

like to burrow deep into the ground, and are typically larger in size. They live in the vertical 

burrows which are connected to the surface and feed in the plant litter during the night. 

Typical representatives of this group are L. terrestris and A. longa (Nieminen et al. 2011). 

According to Eijsackers (2011), epigeic species tend to disperse over the soil more actively 

than anecic and endogeic. 

Nieminen et al. (2011) reported higher earthworm density and species richness in field 

margins compared to cultivated fields, where specie richness gradually decreased with the 

distance from field margins. However diversity of earthworm species in arable soil is not 

high and often only three to five species can be found at a time in the same area (Edwards 

2004). Tillage, in particular mouldboard plough have negative effects on earthworm density 

and specie richness mainly because of the mechanical disturbance, which often damage the 

earthworms (Chan 2001, Nieminen et al. 2011, Crittenden et al. 2014). However Crittenden 

et al. (2014) reported that earthworms can recover to pre-ploughing levels in one growing 

season in a reduced tillage management. Furthermore, studies have shown that earthworm 

population decreases even more under continuous tillage (Edwards 2004, Peigné et al. 2009) 

whereas occasional tillage may actually be beneficial to earthworms (Moos et al. 2016). 

Effect of tillage on earthworms varies among species. While the populations of deep 

burrowing (anecic) species tend to decrease after the tillage, the population of endogeic 

species increases as long as there is available food supply (Chan 2001). Crittenden et al. 

(2014) reported that non-inversion tillage increased abundance of L. rubellus in a four year 

field experiment. 
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2.1.2 Earthworm activity 

Soil moisture and temperature are key factors affecting earthworm activity (Edwards 2004). 

Earthworms make burrows as they search for food. Depending on the species burrows can 

be 3–12 mm wide and go up to three meters deep (Edwards & Lofty 1972) Earthworms feed 

on organic matter such as dead plant tissues, microbes, fungi, microfauna and mesofauna 

whereas they also consume large portions of soil with higher organic matter (Edwards & 

Lofty 1972). The availability of C and N in soil is also of great importance for survival and 

growth of earthworms, especially in tropical zones where the N content appears to be lower 

compared to temperate zones (Lee 1985). 

Earthworms are most active during spring and autumn. In cold winters and dry summers they 

like to burrow deeper in the soil to avoid extreme temperature conditions, which may be 

lethal for them. However, as soon as the conditions are better, earthworms can quickly 

become active again (Hendrix & Edwards 2004). Optimal temperature for Lumbricidae in 

Europe is in range of 10–15°C, however this tend to vary between species (Lee 1985). 

Nuutinen and Butt (2009) reported that individuals of A. caliginosa can be actively 

burrowing even at +1 °C. Their cocoons on the other hand are very tolerant to low 

temperature and some lumbricids are capable of surviving temperature as low as –40°C 

(Leirikh et al 2004). Lee (1985) reported that earthworms can survive long periods in water 

in the laboratory, but will prefer soil over water if available and stated that earthworm’s 

health crucially depends on soil water content. 

2.1.3 Earthworm biology 

Earthworms are hermaphroditic which means that each individual has both female and male 

reproductive organs. Reproduction is generally accomplished with copulation of two 

individuals and interchange of spermatozoa (Lee 1985). Copulation may occur on surface (L. 

terrestris) or below the surface, and varies between the species. Mating usually occurs few 

times a year where it is speculated that it reaches its peaks in late spring and early summer. 

Amount of cocoons produced is usually less than 20 per year. Each cocoon consists of several 
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eggs, however often only one egg per cocoon fully develop and hatch (Sims and Gerard 

1999). In addition, epigeic and endogeic earthworms (e.g. A. rubellus) tend to produce more 

cocoons than anecic (e.g. L. terrestris). This is because anecic earthworms are less often 

exposed to adverse conditions, as they are protected in deeper soil layers (Edwards & Bohlen, 

1996). Lavelle (1978) reported that a nonlumbricid earthworm age distribution in the soil is: 

25% of 1-2 months, 48.3% of 6-8 months, 18.3% of 11-12 months, 6.7% of 16 to 19 months 

1.7% of 24 or more months old earthworms. Although lumbricid age distribution may not be 

similar, this is the closest comparison currently available. 

Lumbricids are main food source of various species of birds, mammals, reptiles and 

amphibians (Lee 1985). Some of the important earthworm predators are blackbird (Turdus 

merula L.), starling (Sturnus vulgaris L.), hedgehog (Erinaceus europaeus L.) and badger 

(Meles meles L.) (Rundgren 1975). Edwards (2004) reported 46% and 71% decline of 

earthworms in young and old pastures from December to March, where it is believed that 

50% of the losses occurred because of golden plover (Pluvialis apricaria L.) predation, and 

other half because of foxes, badgers and other birds. Lee (1985) reported that earthworm are 

most vulnerable when the grass cover is short and earthworm are active in top soil layers and 

suggested that up to 100 lumbricids m-2 can be taken during the most intensive predation 

periods. 

According to Edwards (2004) earthworm distribution in grassland can be influenced by 

presence of grazing mammals, which produce quality organic matter (dung). Interspecific 

competition can occur in temperate soils, however it is less intense in arable land. In areas 

with low organic matter competition between anecic and epigeic species is possible (Edwards 

2004). Dispersal of earthworms occurs at different rates depending on the environmental 

condition and it varies between the species. It can be sub-divided to active dispersal under 

the ground or over the soil surface and passive dispersal which either occurs with help of 

birds and humans or because of natural processes such as heavy rains and streams (Lee 1985, 

Eijsackers 2011). Endogeic earthworms tend to be less mobile, while anecic and epigeic 

worms are capable of migration 1–2 m month-1 (Lavelle 1988). Nuutinen et al. (2011) 

reported 4.6 m year-1 migration of L. terrestris in a field experiment in boreal climate.  
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2.1.4 The effects of earthworms on soil formation 

The process of soil formation or pedogenesis is determined by climatic conditions, biological 

factors and parent material (Chesworth 1992). This process consists of continuous 

breakdown of primary materials through weathering and incorporation of accumulated 

organic matter. Earthworms actively assist with mineral weathering as well as humus 

formation (Bloun et al. 2013). Earthworms actively participate in organic matter (OM) 

transfer, mostly anecic species which are larger and more mobile compare to other groups. 

Fresh casts are buried in deeper layers and soil is equally brought to the surface by 

earthworms casting above-ground. These exchanges of OM and soil are responsible for 

continuous migration of stones to deeper layers in soil profile (Bloun et al. 2013, Lemtiri et 

al. 2014). 

Soil structure is arrangement of soil particles into soil aggregates and is result of climatic, 

anthropogenic and biological processes (Lemtiri et al. 2014). The role of earthworm activities 

on soil has been studied already by Darwin in 1881. Today earthworms are recognized as 

ecosystem engineers, enchanting soil components and contributing to soil having divided by 

their effects on physical, biological and chemical soil properties (Edwards 2004). The domain 

in the soil affected by earthworm activities has been termed as drilosphere and usually consist 

of earthworm secretions, burrows, middens and casts (Lavelle 1988). OM is commonly 

present only in top soil layers reaching up to 30 cm deep. The content of OM are various 

plant and animal residues consisting mainly of macronutrients such as carbon (C), oxygen 

(O), hydrogen (H), nitrogen (N), phosphorus (P) and sulfur (S) (Lemtiri et al. 2014). Soil 

organic carbon (SOC) is important to all above mentioned soil properties: a) it provides 

nutrients necessary for healthy plant growth, b) it improves soil structure by making stronger 

connection between soil particles and c) it provides food to soil biota (Lemtiri et al. 2014). 

Earthworms digest food and mix it with soil particles, creating water stable aggregates (Lee 

1985, Edwards 2004, Figure 1). They lacks digestive enzymes to completely decompose 

organic matter, which means they are dependent on gut microbes to break down the 

remaining cellular structures (Jeffery et al. 2010). Four types of casts can be produced by 

earthworms depending on their ecological group: a) globular casts are usually produced by 
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larger individuals (anecic and endogeic), b) pastelike (endogeic and anecic), c) tall columns, 

produced at the surface (endogeic and anecic) and d) granular, which are produced by smaller 

earthworms distributed either on surface or in soil (epigeic, endogeic and anecic). Often 

smaller earthworm tend to consume compact casts (globular, pastelike and tall columns), 

decomposing them to smaller aggregates, which increases the nutrient availability for plant 

roots (Lee 1985, Edwards 2004).    

Two basic types of burrows have been outlined by Lee (1985): permanent burrows, which 

are well maintained and “cemented” (often deep and vertical), usually made by anecics (e.g. 

L. terrestris) and temporal burrows that are created when earthworms burrow in the search 

for food or suitable physical conditions. These burrow systems are common among endogeic 

and epigeic species (Lee 1985). According to Capowiez et al. (2014) only 20% of the 

temporal burrow system is filled with earthworm casts while permanent burrows had for 

twice as much casts. Pitkanen & Nuutinen (1996) reported that earthworm burrowing is 

strongly effected by soil tillage which changes the soil conditions such as location of organic 

matter, soil temperature and moisture.   

 

Figure 1. Conceptual model of earthworm effects on soil properties and plant growth; adapted 

from Edwards (2004). 
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2.1.5 The effect of fertilizers on earthworms 

Fertilizers are commonly divided into two groups: a) organic, consisting of animal manure 

or green waste and b) inorganic, composed by chemical refinery (Lee 1985). It has been 

established that applying organic amendments to arable soil, favorably impact earthworm 

communities in such a way that increases their abundance and species diversity (Bertrand et 

al. 2015). The extent of the effect depends on quality of the applied matter and the earthworm 

feeding habits which differ between epigeic, endogeic and anecic ecological groups 

(Bertrand et al. 2015). According to Edwards and Lofty (1972) the effect may either be direct 

(change of acidity) or indirect, by changing the quality of the soil and potentially improving 

the vegetation and food availability for earthworms. Inorganic fertilizers does not have an 

direct impact on earthworms, however it is believed that their positive effect on earthworm 

density comes from indirect impact over increased crop biomass production (Edwards and 

Bohlen 1996). 

2.2 Biochar and its effects on soil properties 

According to International Biochar Initiative (2015), biochar is a solid carbon based material 

produced by thermal decomposition of biomass in an oxygen limited environment. This 

process is known as pyrolysis and is used for production of different char materials such as 

charcoal and biochar. It is important to distinguish the above chars which structure may be 

very similar but have a different purpose. While charcoal is used for cooking and heating, 

biochar is produced with intend to improve soil as a soil amendment (Lehmann & Joseph 

2015). In general, quality of biochar and the amount produced, depends on production 

method and feedstock. Biochar can be made from different sources of organic matter such as 

wood and manure (Shackley & Sohi 2010).  

While the term biochar is relatively new, the material has been utilized in agriculture 

centuries before with one of the first records of it 8000 years ago in Central Amazonia (Neves 

et al. 2003). These soils, called Terra Preta (black earth in Portuguese) were probably made 

by applying various organic wastes, charred materials to soil and developed further with a 

help of soil fauna. Terra Preta soils are rich in nutrients and SOC content, and are still valued 

among farmers today (Glaser 2007, Glaser & Brick 2012). Four general motivations for 
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biochar use have been developed (Lehmann & Joseph 2015): soil improvement, mitigation 

of climate change and water pollution, energy production and waste management (Figure 2). 

 

 

Figure 2. Four major motivations for applying biochar technology; adapted form Lehmann 

& Joseph (2015).  

Physical and structural properties of biochar depend on type of feedstock, and the original 

structure of biomass. In addition, pyrolysis process plays an important role in making of 

biochar where the main factors affecting it are heating rate, highest treatment temperature 

(HTT), reaction pressure, residence time and reaction vessel dimensions (Chia et al. 2015). 

According to Chia et al. (2015) the HTT is the most significant factor affecting biochar 

structure. Pyrolysis at lower temperatures (300 to 400°C) tend to lose more organic matter 

than process at higher temperature (400–500°C) and temperatures above 500°C creates more 



16 

 

turbostratic crystalline-aromatic sheets with high porosity. This is because of intensive 

volatilization at lower temperatures, while at higher temperature more biomass is converted 

to a solid material (Novak et al. 2016b). Zabaniotou et al. (2008) reported increased surface 

area in the biochar that was exposed to 900°C compared to 800°C. However when the 

temperature of pyrolysis exceeds 900°C graphite is formed and porosity of the material is 

destroyed (Brown et al. 2015). The optimum size of pores in biochar depends on the purpose 

the biochar is used for, but is still being discussed among researchers. However two main 

types of pores are usually distinguished, macropores (>10µm) and micropores (<0.2µm), 

which in addition to increased surface area facilitate adsorption of different types of 

molecules (Chia et al. 2015).  

The higher the pyrolysis temperature is, the higher is total content of C, K and Mg, however 

the less biochar is produced at higher temperatures (Ippolito et al 2015). In addition the speed 

of the pyrolysis is important where slower speed tend to produce higher total N, S, P, Ca and 

Mg compared to fast pyrolysis. According to Ippolito et al. (2015) temperature affects the 

volatilization of different elements where the highest N content is reached between 300–

399°C and reduces rapidly at higher temperatures.  P and K on the other hand start to 

volatilize near 700°C (Ippolito et al 2015). 

The nutrient properties of biochar also depend on source of the biomass. Especially there are 

differences between animal and plant based biochars where total N and P content were higher 

in animal based biomasses such as sewage sludge and broiler litter (Bridle & Pritchard 2004, 

Chan et al. 2007, Gaskin et al. 2008, Jeffery et al. 2015). Enders et al. (2012) reported biomass 

to biochar conversion mass loss between 25-75% and Gaskin et al. (2008) showed that the 

total amount of N after conversion to biochar ranged from 27.4% for poultry biochar and 

89.6% for pine chip biochar.   

Recent studies reported that biochar aplication increased soil water holding capacity (WHC) 

by up to 30% (Novak et al. 2012, Githinji 2014). However in some studies no such changes 

in WHC were found (Abel et al. 2013). Several studies have shown that biochar had a positive 

effect on plant available water from 16% (Abel et al. 2013) to 100% increase (Liu et al. 
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2012). Biochar tend to improve soil properties due to its effect on pH, nutrient retention and 

water availability (Ippolito et al. 2015).  

The persistence and biodegradation of biochar has been well explained by Ameloot et al. 

(2013) in a review, where it was claimed that biochar loss is highest just after it has been 

applied to soil and that degradation slows down with time. The mechanism behind the biochar 

mineralization over time are still mostly unknown. However some changes could be 

attributed to climate, soil biota, physical breakdown and interaction between minerals 

(Ameloot et al. 2013). Recently, Mitchell et al. (2015) reported that soil microbes probably 

play role in biochar degradation, but the proportion of biochar degraded by it is small. 

Degradation in small scale could occur because of consumption of carbohydrates and 

peptidic compounds by soil microbes from fresh biochar (Mitchell et al. 2015). Soil fauna 

could reduce the persistence of biochar by grinding it or breaking its aggregates apart. 

However it could potentially also increase biochar persistence by contributing to aggregate 

protection (e.g. in earthworm casts) or by burying biochar into deeper soil layers (Domene 

2016).  Downward migration has been studied by Major et al. (2010a), who did two year 

field experiment where biochar was first incorporated to 0.1m soil depth at the rate of 103.4 

biochar kg ha-1. Only 0.45% of the applied amount of biochar was found between 0.15–

0.30cm after two years. 

2.3 Biochar effects on crop yield 

Some biochars have positive influence on crop productivity (Jeffery et al. 2015; Liu et al. 

2013), mostly due to liming effect, improved soil hydrology, improved biotic interactions, 

including N fixing bacteria and direct fertilization effect of biochar nutrients (Jeffery et al. 

2015). Liming is often considered as the main reason for crop yield improvement, especially 

in acid and neutral soils. Biochar most commonly have alkaline pH and in numerous 

experiments, soil pH increased after the addition of biochar (Jeffery et al. 2015). 

Various crops respond differently to biochar and some of the world most important corps 

(rice, wheat, maize and soybean) all had increase of crop productivity by 16–22% (Jeffery et 

al. 2015). The same study found that cow manure and poultry litter biochars increased crop 
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productivity more than wood biochars. This is because animal based biochars had higher 

nutrient availability for plants (Jeffery et al. 2015). On the other hand yields of wheat, turnip 

rape and faba bean did not increase in biochar–amended soils or rate 5 and 10 t ha-1, two 

years after its application in boreal climate (Tammeorg et al. 2014a). 

2.4 Biochar effect on soil biota 

It is believed that biochar has positive effects on microbes due to its porous structure, high 

specific surface area (SSA) and absorption abilities. The variety of pore sizes in biochar can 

host different microbes, although the smallest micro-pores are unlikely to become colonized 

by microbes as they are too small (Thies et al. 2015). Several authors have reported increased 

microbial abundance in biochar-amended soil (Lehman et al. 2011, Domene et al. 2014). It 

has been suggested by Warnock et al. (2007) that biochar pores could serve as refuge site for 

microbes where they can hide and be protected from their natural predators. As biochar ages, 

its structure changes, with particular surface area increasing and relating to that microbial 

community structures will also change over time (Thies et al. 2015).  

So far relatively little research has been done on biochar effect on soil fauna, regardless of 

their importance to soil ecosystem processes and biochar movement and decomposition 

(Ameloot et al. 2013, Thies et al. 2015). Some literature is available on biochar–earthworm 

interaction, to which the reason may be eating habits of earthworms which includes direct 

consumption of biochar (Topoliantz & Ponge 2005).  

It has been established not only that soil fauna have an impact on biochar fate in soil, but also 

that biochar can affect soil fauna (Lehmann et al. 2011, Domene 2016). An extensive review 

on biochar effects on earthworm have been done by Weyers and Spokas, (2011) and Domene 

(2016). Abel et al. (2013) divided positive and negative effects into a) impact of biochar 

because of its characteristics and b) indirect effects, such as pH and water retention of the 

habitat. Tammeorg et al. (2014c) did earthworm avoidance test and reported significant 

avoidance of earthworms against softwood biochar at 14 days. Malev et al. (2015) also found 

earthworm preference towards control rather than biochar. However the applied rates of 

biochar in this study were very high (100 t ha-1). Hagner et al. (2016) on the other hand found 

significant earthworm avoidance at day two, and preference towards birch (Betula spp.) 
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biochar at day seven. This responses was attributed to changes in soil water availability or 

liming properties (Hagner et al. 2016). No significant effect of perennial grass biochar on 

earthworms was found by Bamminger et al. (2014). Some manure based biochars could have 

negative effects on earthworm because of high ammonia concertation (Domene 2016). For 

example, high earthworm mortality in poultry litter based biochar (4.7%) was reported by 

Liesch et al. (2010). Husk and Major (2010) reported high positive significance of biochar 

on earthworm abundance with biochar application rate of 3.9 t ha-2.Tammeorg et al. (2014c) 

on the other hand did not found significant changes in earthworm abundance and biomass in 

a field experiment, 6 months after the application of biochar. However, the above authors 

pointed out that, long-term field experiments are needed in order to obtain clearer picture of 

biochar effects on earthworms.  

2.5 The research needs 

Although number of biochar studies have rapidly increased since 2011, there is still no clear 

conclusions how biochar as a soil amendment would affect the global carbon sequestration 

or to what extent it could enhance the crop production (Zhang et al. 2016). A variety of 

experiments have been done where biochar characteristics differ greatly. More systematic 

approach in biochar studies, would help to understand the mechanisms behind the positive 

effects of biochars (Thies et al. 2015). Zhang et al. (2016) did a review of 798 published 

articles of field, greenhouse and laboratory biochar experiments of the past 10 years. The 

article introduced some gaps in the current biochar research, in particularly it stressed out the 

lack of replicated field experiments. Reportedly only 26% of the biochar experiments were 

performed in a field conditions while majority in nutrient sufficient soil. Moreover the most 

studies were conducted in tropical or subtropical conditions (Ruysschaert et al. 2016). So far 

our understanding of biochar´s role in agriculture is limited by small number of replicated 

long term biochar field experiments and lack of focus on biochar ecosystem relations (Zhang 

et al. 2016).
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3 RESEARCH OBJECTIVES 

The aim of this study was to investigate the effects of different softwood biochars, fertilizer 

treatments and their interactions on earthworms at two replicated long-term field experiments 

in boreal conditions. The specific objectives were: 

1. To investigate the impact of spruce and pine based biochars, fertilizer treatments and the 

biochar x fertilizer interaction on earthworm abundance, biomass and community 

composition, in both fertile and nutrient deficient soils in long-term field experiments. 

2. To compare the earthworm abundance, biomass and specie distribution data with prior 

study from 2011 at the Umbrisol study site. 
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4 MATERIALS AND METHODS 

4.1 Experimental site and soil 

The field sampling and measurements were conducted during 2015 growing season at Viikki 

Research and Experimental Farm, University of Helsinki, Finland. The study was a follow-

up study of two field experiments started in 2010 (Tammeorg et al. 2014a) and 2011 

(Tammeorg et al. 2014b, c). The experiment was conducted at two different study sites with 

specific soil condition. The first study site (PT, 60°13'27" N 25°1'38" E) has a topsoil with 

sandy clay loam texture with 50% sand, 26% silt and 24% clay and was classified as Luvic 

Stagnosol (Figure 4b, Tammeorg et al. 2014a). The field was fertilized with three levels of 

mineral fertilizer NPK (2013–2015; 30, 65 and 100% of recommended N). There was a strip 

of bushes 12m to the north and main road 80m to the south of the site. The second study site 

(VK, 60°13'42" N 25°2'34" E) has topsoil with loamy sand texture with 83% sand, 15% silt 

and 2% clay. The soil is deficient in K, Ca, Mg (Table 2) and was classified as Endogleyc 

Umbrisol. It has a history of meat bone meal and mineral fertilization as well as zero 

fertilization (Tammeorg et al. 2014b, c). This study side had forest, 44m to the east and 20m 

to the west and small road, 20m to the north. The Umbrisol study site had 1.2m difference in 

elevation within the field (Figure 5) compared to 0.4m of difference in Stagnosol site. Both 

fields were cropped with timothy and red clover during 2014-2015 (undersown to barley 

(Hordeum vulgare L.) in May 2013; Table 1) and managed with integrated crop practices 

during the experiment. Pesticides and herbicides were used during the crop growth when 

necessary (Tammeorg et al. 2014a, b,). 

Table 1. Cropping history of Stagnosol and Umbrisol experiments. 

Year Crop 

 Stagnosol field Umbrisol field 

2010–
2012 

Wheat, turnip rape, faba bean 
- rotation 

Wheat 

2013 Barley   Barley 

2014 Timothy, red clover Timothy, red clover 

2015 Timothy, red clover Timothy, red clover 
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Table 2. Initial soil chemical properties of Stagnosol field experiment (spring 2010) and 

Umbrisol field experiment (spring 2011) at 0–20cm depth. 

  Stagnosol     Umbrisol       

Soil 
properties 

2010 
spring   Fertility class 

2011 
spring   Fertility class Unit 

EC 141     79     µS cm-1 

pH 6.6   Good 6.4   Good g m-3 

Ca 2400   Good 1130   Unsatisfactory g m-3 

P 15.8   Good 20.0   Good g m-3 

K 180.0   Unsatisfactory 64.9   Unsatisfactory g m-3 

Mg 204   Satisfactory 101.1   Unsatisfactory g m-3 

S 12.0   Satisfactory 5.3   Rather poor g m-3 

N 2.90     2.44     g kg-1 

Corg 34.4     33.3     g kg-1 
Fertility classes based on Finnish guidance for agricultural soils (Viljavuuspalvelu Oy, 2008). C and 

N are totals, others are easily soluble nutrients. 

Figure 3. Field map of Stagnosol experimental design. 

       

     

                                                                    10m corridor 
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B0F100
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Figure 4. Satellite photograph of a) Umbrisol and b) Stagnosol study site taken on 16.8.2015, 

about two weeks before earthworm sampling (Google Earth 7, DigitalGlobe © 2016). 

The air temperature during the growth season 2015 were slightly lower in May, June and 

July, but higher in August and September compared to long-term (1981–2010) average 

(Table 3). In first three months of growing season, precipitation was above the long-term 

mean, especially in June, when it was 55% above the long-term mean. Less precipitation 

occurred in August when it was 32% below long-term mean.  

Table 3. Mean air temperature (°C) and monthly precipitation (mm) in Helsinki (Kaisaniemi) 

during the growing season of 2013 – 2015, compared to long term (1981-2010) mean (ESAD 

2016). Coloured fonts mark cases where the difference from the long-term average exceeds 

10% (blue font + 10%, red font – 10%). 

Month   Mean air temperature   Monthly precipitation 

    (°C)   (mm) 

    1981- 2013 2014 2015   1981- 2013 2014 2015 

    2010         2010       

May   10.2 12.6 10.6 9.3   36 33 64 40 

June   14.6 17.5 13.5 13.3   57 32 72 89 

July   17.8 18.1 20.1 16.4   61 35 13 75 

August   16.3 17.2 17.9 17.5   77 143 121 53 

September 11.5 12.6 13.0 13.7   54 17 54 61 

Umbrisol site Stagnosol site 



24 

 

Figure 5. Field map of Umbrisol experimental design with three levels of elevation showing 

uneven gradient 

 

                                                             

4.2 Biochars 

Biochars were either produced from spruce (Picea abies (L.) H. Karst. In Umbrisol field) or 

a mixture of spruce and pine (Pinus sylvestris L. in Stagnosol field). Dried chips of debarked 

softwood were continuously pressurized and pyrolyzed at 550–600 °C temperature for 10–

15 min (Preseco Oy, Lempääla, Finland). Biochars were grinded to a small particles with 

majority less than 5 mm in diameter (Tammeorg et al. 2014a, b). Physicochemical properties 

of both biochars were determined before their application (Table 4). Specific surface area 
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and C:N ratio were much higher in spruce biochar (265 m2 g-1 and 251) compared to spruce 

and pine mixed biochar (34 m2 g-1 and 142) respectively. Both biochars were basic with pH 

of 8.1 and 10.8. However the liming effect was higher in spruce and pine based biochar. 

Differences between biochars were probably because of different proportions and raw 

material used. 

 

Table 4: Physicochemical properties of two biochars (spruce and pine, spruce; data from 

Tammeorg et al. 2014a, c). 

Property  Biochar batch   Unit 

  Stagnosol site Umbrisol site 

Raw material Spruce and 
pine 

Spruce 

  

SSA 34 265 m2 g-1 

pHH2O 10.8 8.1   

Liming value 0.62 0.18 mol kg-1 

Ash 56 27 g kg-1 

VM 268 122 g kg-1 

Ca 10.0 4.7 g kg-1 

Fe 2.9 0.3 g kg-1 

K 4.0 4.5 g kg-1 

Mg 1.7 0.9 g kg-1 

Mn 0.5 0.3 g kg-1 

Na 0.3 0.2 g kg-1 

P 1.1 1.8 g kg-1 

S 0.6 0.2 g kg-1 

Zn 0.1 0.1 g kg-1 

C 878 883 g kg-1 

N 6.2 3.5 g kg-1 

C:N 142 251   

 

4.3 Experimental design 

The experiments were established in May 2010 and 2011 in Stagnosol and Umbrisol fields, 

respectively and biochar was applied only once with a sand spreader (Tammeorg et al. 2014a, 
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c). Experimental and buffer plots on both study sites were 2.2 m x 10 m (Figure 6) where 

buffer plots were used between different biochar treatments.  

Stagnosol field study (Figure 3) was conducted on a field of three identically designed 

experiments of 4 replicates. Three levels (0, 5 and 10 t ha-1) of spruce and pine based biochar 

were applied as the main plot factor (Tammeorg et al. 2014b) and three fertilizer levels were 

used. In 2010-2013, three levels of all elements were studied, in 2014 three levels of 

potassium (K) were applied (100, 75 and 50%) as a subplot factor. In 2015, the three levels 

were again of all elements; Table 6. In this study only plots treated with biochar level 0 and 

10 t ha-1 and fertilizer levels of 30% and 100% of recommended N were studied (Table 5). 

 

Figure 6. Photograph of the Stagnosol study site in June 2015 before the first harvest.  

Umbrisol field experiment consist of different biochar levels (0, 5, 10, 20 and 30 t ha-1) as 

the main plot factor, where only plots with 0 and 30 t ha-1 biochar level were studied in this 

experiment. Fertilizer treatments on a study site were inorganic fertilizer Agro 28-3-5 and 

meat-bone-meal fertilizer Aito-Viljo 8-5-2, however only the effect of inorganic fertilizer 

was studied in this experiment, which provided 100 kg ha-1 of N, 10.8 kg ha-1 of P, and 19.5 

kg ha-1 of K easily soluble nutrients. 
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Table 5: Experimental treatments and coding at Stagnosol and Umbrisol study sites. 

Stagnosol  

Biochar addition (B; t ha-1)   Fertilisation (F) Mean 

    NPK–30% NPK–100%   

0   B0F30 B0F100 B0 

30   B30F30 B30F100 B30 

Mean   F30 F100   

Umbrisol  

Biochar addition (B; t ha-1)   Fertilisation (F) Mean 

    Unfertilized control Mineral fertilizer   

0   B0F0 B0FM B0 

10   B10F0 B10FM B10 

Mean   F0 FM   
a30% and 100% of the N level recommended by Finnish Agri-Environmental Programme. 

Table 6: Applied nutrients in years 2014 and 2015 at Stagnosol study site. 

Applied easily soluble nutrients in 2014, kg ha-1 

                        

  N P K S Mg B  Cu  Mn  Mo  Se  Zn  

F100 8 10 179 34 7 0.026 0.077 0.077 0.026 0.003 0.051 

F30 8 10 89 33 7 0,026 0.077 0.077 0.026 0.003 0.051 

                      

                        

Applied easily soluble nutrients in 2015, kg ha-1 

                        

  N P K S Mg B  Cu  Mn  Mo  Se  Zn  

F100 23 36 145 94 20 0.073 0.218 0.218 0.073 0.007 0.145 

F30 7 11 44 28 6 0.022 0.065 0.065 0.022 0.002 0.044 

 

4.4 Preliminary pilot study 

Two pilot studies were conducted prior to earthworm sampling where the purpose was to 

optimize the method for storage and cast collection of earthworms after sampling. In first 

study, 14 earthworm were stored in each collection jar, two of them containing mQ and two 

tap water. The changes were recorded every day for the period of 10 days. Earthworms in 

mQ died after 3–4 days while the ones in tap water survived for 10 days. In second study it 
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was tested how earthworms would behave when stored in collection jars with only one folded 

filter paper moistened with tap water. It was concluded that earthworms stored with filter 

paper were still active after 10 days and the casts can easily be collected from the surface of 

filter paper. Although the results of cast collection is not reported in this study, it is mentioned 

as it had an impact on earthworm storage method. 

4.5 Sampling 

Earthworms were sampled between 4–7 September 2015 at Umbrisol study site and 9–12 

September 2015 at Stagnosol study site. Three samples were taken from each plot (one from 

each end and one in the middle). The sampling area (Figure 7a) at both study sites was 25 x 

25 and the sampling depth 28 cm. Sampling was conducted from early morning until evening, 

where one replicate (block) was completed every day. The soil samples were taken with a 

spade and were then sieved on a table covered with a white plastic. Earthworms were hand-

sorted (Figure 7b) and placed into a bucket, containing tap water. After that, the number of 

earthworms was recorded and the individuals were rinsed with tap water before stored in 

collection jars. Each collection jar contained one folded moisturized filter paper (110 mm, 

Black ribbon, Schleicher & Schüll, Germany). If number of earthworms in a sample reached 

over 30, an additional filter paper was added. Collection jars were closed with a plastic wrap 

and about dozen small holes were pierced with a forceps in order to make the air circulating 

(Figure 7c). Mustard solution was applied at the bottom of the sampling pit in order to extract 

the earthworms from deeper horizons. Solution was prepared at the study site for each 

sampling spot separately. Eighteen grams of mustard powder (Colman's, Norwich, UK) was 

mixed with 3 l of tap water and poured to sampling area (Figure 7a) with sprinkling can after 

the soil sample had been taken. Emerging earthworms were collected during the 30 min 

period.  
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Figure 7: Photographs of:  a) earthworm sampling area filled with mustard solution, b) 

lookout for earthworm by soil sieving and c) earthworm collection jars with breading holes. 

In addition to earthworm sampling, temperature (Pt 100 Platinum Digital Thermometer) and 

moisture (TRIME-FM TDR, IMKO, Ettingen, Germany) were measured at each sample spot 

at the depths of 0 and 28 cm. Soil moisture content and soil temperature during the sampling 

varied from 31.73% to 41.60% and 11.47°C to 13.63°C at Stagnosol study site and from 

14.33% to 36.30% and 12.5°C to 15.3°C at Umbrisol study site, respectively. 

Earthworms were kept in the sampling vials in a dark room at 5°C for 8-10 days to empty 

their guts. During the sampling of Umbrisol study site, a problem was encountered when 

earthworms escaped from collection jars in storage room. In total 56 earthworms escaped 

and were then stored in a separate collection jar. Method was changed so that the collection 

jars were first put into 0.5 l plastic bags and then all samples of the same plot were placed in 

2l plastic bags (Figure 8a). An additional moisturized filter paper was placed in a plastic bag 

and all bags were pierced with forceps. Earthworms were still able to escape their initial 

collection jar, but they either stayed within the sample 0.5 l plastic bag or plot 2 l plastic bag. 

Samples were checked daily and escaped earthworms were put back to their initial collection 

jar if they were found within 0.5 l plastic bag or to a separate jar if they were found in 2 l 

plastic bags.  
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Figure 8: Photographs of a) collection jars with breading holes, b) collection jars of one plot 

stored in sealed plastic bag. 

Mass of individual earthworms was measured and the number of earthworms was recorded 

for the second time. Earthworms that were cut to two or more pieces during the sampling 

were carefully checked and only those parts that contained head were counted as individuals. 

All pieces were included in the biomass. Photos of individual worms were taken with SLR 

camera (18-105mm, Nikon D5000, Tokyo, Japan) before earthworms were transferred to 

3.7% formaldehyde solution for 3 months (Figure 8b). After that formaldehyde was removed 

and earthworms have been rinsed with tap water before 85% ethanol (Etax® A, Altia Oy, 

Finland) was added.  

Next, earthworm species were identified with stereomicroscope (Leica MZ6, Germany) 

according to Timm (1999) and Sims & Gerard (1999). Earthworms were subdivided to adults 

(fully developed clitellum) and juveniles (clitellum not developed). Mass of individual 

earthworms was recorded for the second time. Density and mass values were converted to m-

2 and g m-2 respectively. Elevation data of Stagnosol and Umbrisol fields were obtained in 

2013 (Trimble GeoExplorer 6000 series GeoXH, Trimble, Sunnyvale, USA). Altitudes were 

taken 1 meter above ground at accuracy of 10 cm from two points per plot. 
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4.6 Statistics 

All the data was organized with Microsoft Excel (2013) and all the figures were created with 

the same software. When it was possible the number of escaped earthworms was added to 

the sum of the individual plot from which they originated, but it was not possible to classify 

them back to their original sampling area within the plot. Several rscaped earthworms (56) 

could not be classified to a plot level. Those were compared with the plot number what was 

still missing earthworms if compared to number of earthworm that was counted during the 

earthworm sampling. The difference was assumed to be the escaped earthworms. 

The effect of treatments on earthworm abundance, biomass and specie were tested with a) 

Stagnosol data: 2–way ANOVA and post hoc (Tukey) was used for interactions between the 

main factors and b) Umbrisol data: mixed model with post hoc (Bonferroni). Two way 

repeated measures ANOVA with initial C content as covariate was used to test the differences 

in means of earthworm abundance and biomass between 2011 and 2015. Initial SOC was 

used as covariate in Umbrisol data analyses as it was significantly different between the 

treatments. Only mean differences that were p<0.05 were considered significant. Effect of 

altitude and soil nutrient data (2015) on earthworm abundance and biomass was tested with 

Pearson Correlation. Values of Umbrisol earthworm density and biomass were adjusted with 

Bonferroni method after corrected for initial soil C content by ANCOVA. Data was analyzed 

with software package PASW v 23.0 (SPSS Corp., Chicago, USA).  
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5 RESULTS 

5.1 Umbrisol study site 

In Umbrisol study site, the effects of biochar or fertilizer treatments or their interaction were 

not significant (p>0.05) on any measurable variable (Table 8). The earthworm abundance 

was highest in B30F100 (Figure 9) with a mean of 208 individuals m-2 (range 133–284). 

Treatments B30F0 and B0F100 had means of 191 and 182 individuals m-2 (range 120–262 and 

111–254), respectively. The lowest abundance was noted in control with mean of 162 

individuals m-2 (range 89–234). 

 

Figure 9. Development of earthworm density in the Umbrisol field 2011 and 2015 at 0-30 

cm. Values are shown in Bonferroni-adjusted means of 4 replicates after corrected for initial 

soil C content by ANCOVA. The error bars are model based estimates and represent the 

standard error. 2011 data (Tammeorg et al. 2014c). 
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The highest earthworm biomass was recorded in B0F100 (Figure 10) treatment with mean 79g 

fresh weight (fwt) m-2 (range 40–117). Treatments B30F100 and Control had biomass means 

of 68g and 56g fwt m-2 (range 28–108 and 17–95), respectively. The lowest biomass was 

recorded in B30F0 treatment with mean 51g fwt m-2 (range 12–89). 

 

Figure 10. Earthworm biomass in the Umbrisol field in 2011 and 2015 at 0–30 cm. Values 

are shown in Bonferroni-adjusted means of 4 replicates after corrected for initial soil C 

content by ANCOVA. The error bars are model based estimates and represent the standard 

error. 2011 data (Tammeorg et al. 2014c). 

The repeated measures analyses showed significant difference between 2011 and 2015 

earthworm abundance means (p=0.007). The difference between means of biomass was not 

significant (p = 0.536). A higher number of earthworms was sampled in 2015 compared to 

2011 (28.5% mean increase, Figure 9). In 2015 there was slight increase of biomass, by 

27.3% with the B0F100 treatment and decrease of biomass in biochar amended soils by 35.0% 

and 29.5% in B30F0 and B30F100, respectively. When comparing means of soil temperature 

between treatments in Umbrisol study site, the significance (p = 0.02) was found in biochar 

amended soils (Table 8). 
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Figure 11. Percentage of earthworm species in 2011 and 2015 in Umbrisol field. 

A total of 558 earthworms were identified on species level and altogether three species were 

found in Umbrisol study site: Aporrectodea caliginosa Sav., Lumbricus terrestris L. and 

Lumbricus rubellus Hoff. The earthworm community was dominated by genus 

Aporrectodea, with 76.9% of individuals (Figure 11). Of total earthworm count 47.1% were 

juvenile Aporrectodea worms. A great majority of them must have been A. caliginosa as the 

other species of the genus (e.g. A. rosea) was not present. Genus Lumbricus accounted for 

18.6% of earthworms, where 9.6% of total count were juvenile, recognized by their dark 

pigmentation. Presumably majority of those belong to L. rubellus, since there was not any 

other species of this genus present in this population besides one individual of L. terrestris. 

A small amount of earthworms remained unidentified, 4.9% of total earthworms. A. 

caliginosa remained the major earthworm specie in the population (Figure 11), when 

compared 2011 and 2015 sampling. A new earthworm species, L. rubellus, had appeared in 

the community in 2015 and accounted for 18.4% of the earthworm total count (Figure 11). 

Earthworm density of A. rosea and L. terrestris seemed to decreased from 2011 to 2015, with 

no A. rosea and only one L. terrestris individual present in 2015 sampling. 
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Table 7: Data shows Pearson´s r values and p values of Pearson correlations of soil chemical 

properties over earthworm densities and biomasses in Stagnosol and Umbrisol study sites. 

  Soil chemical properties 2015 

  EC pH P K Mg Cu B Mn Zn Ca S 

Stagnosol Pearson´s r values 

Abundance 0.13 -0.15 -0.21 0.25 0.43 -0.35 -0.05 -0.24 -0.22 -0.05 0.14 

Biomass 0.15 -0.26 -0.23 0.02 0.47 -0.16 0.09 -0.07 0.08 -0.01 0.05 

  P values 

Abundance n.s. n.s. n.s. n.s. 0.09 n.s. n.s. n.s. n.s. n.s. n.s. 

Biomass n.s. n.s. n.s. n.s. 0.07 n.s. n.s. n.s. n.s. n.s. n.s. 

                        

Umbrisol Pearson´s r values 

Abundance 0.32 -0.26 0.63 -0.11 -0.24 -0.33 -0.31 0.09 -0.02 -0.48 -0.27 

Biomass -0.13 -0.21 0.39 0.18 -0.38 -0.03 0.31 0.62 0.20 -0.44 0.03 

  P values 

Abundance n.s. n.s. 0.01 n.s. n.s. n.s. n.s. n.s. n.s. 0.06 n.s. 

Biomass n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.01 n.s. 0.09 n.s. 
EC = Electrical conductivity; the significant p values (p<0.05) are printed in bold; n.s. = not 

significant (p>0.10). 

At Umbrisol study site a significant positive correlations were found between earthworm 

abundance and biomass with P (r2 = 0.630, p = 0.009) and Mn (r2 = 0.624, p = 0.010), 

respectively (Table 7). There was an indication of weak negative correlation between Ca and 

Abundance and Biomass in Umbrisol.  

The lowest total densities were measured at a higher altitude levels of the field and when 

compared against the altitude data, there was a significant negative correlation with the 

number of earthworms and the altitude (r2 = 0.633, p = 0.001). 

5.2 Stagnosol study site 

At Stagnosol study site the effect of biochars and fertilizer treatment or their interaction were 

not significant. There was, however, an indication of decreased biomass of earthworms in 

the biochar treatments (p = 0.08; Table 8). Highest abundances were found in B0F100, B0F30 
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and B10F100 treatment (Figure 12a) with means of 344, 343 and 332 individual earthworms 

m-2 (range 290–398, 289–397 and 278–386), respectively. The lowest abundance was noted 

in B10F30 with mean of 313 individuals m-2 (range 278–386). No significant correlation was 

found between earthworm abundance and soil chemical properties of 2015. However a 

possible influence of Mg content was noted over Abundance and Biomass (Table 7).  

 

Figure 12. Effect of biochar (0 and 30 t ha-1) and nitrogen fertilizer (0 and 100N ha-1) on a) 

density and b) biomass of earthworm in Stagnosol field (n = 999). Values are shown in means 

of 4 replicates. The error bars represent the standard error. 

The highest biomass was measured in B0F30 treatment (Figure 12b) with mean of 87g fwt m-

2 (range 70-104). B0F100 and B10F100 had biomass mean of 82g and 78g fwt m-2 (range 65–98 

and 62–95), respectively. The lowest biomass was measured in B10F30 with mean of 73g fwt 

m-2 (range 56–90). No effect of moisture or temperature on earthworms was detected in the 

Stagnosol study site. 

In Stagnosol study site a total of 999 earthworms were collected.  Four species were found 

after the identification: A. caliginosa Sav., A. rosea Sav., L. terrestris L. and L. rubellus 

Hoff., Figure 13). The community was dominated by Aporrectodea genus (74.0%), where of 

total count 50.4% were Aporrectodea juvenile, presumably belonging to A. caliginosa, as the 

other specie of the genus was present in small numbers. Lumbricus genus accounted for 

19.7% of population. Of total 11.3% were juvenile Lumbricus worm, of which majority of 
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them must have been L. rubellus. In total there were only three A. rosea and one L. terrestris 

individuals identified. Unidentified earthworms accounted for 6.3% of total earthworms. 

 

Figure 13. Percentage of earthworm species in Stagnosol field.  

Unidentified earthworms were either decomposed or too small to identify (hatched). No 

statistical significance was found when analyzing the effect of biochars and fertilizers 

treatment and their interactions on distribution of different earthworm species. It has also 

been noted that earthworm mass in average decreased by 21% after the exposure to form- 

aldehyde and 85´% ethanol. 

5.3 Comparison between study sites 

The total earthworms abundance and biomass was higher in Stagnosol field compared to 

Umbrisol field. Proportion of earthworm species was similar in both study sites. Using 

mustard extraction technic to extract deep–burrowed earthworms, 9 individuals were 

collected with this method in Umbrisol site compared to zero in Stagnosol site. No deep–

burrowed earthworms were found using this method.
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Table 8. Data shows means of earthworm abundance and biomass, temperature and moisture of sampling area, specie abundance and 

their P-values of 2015 data. Means are (model based) of 4 replicates across 3 fertilization treatments or 3 biochar levels in Stagnosol and 

Umbrisol study sites. 

Field Treatment Abundance Biomass Temp Moisture 
Genus 
Aporrectodea  

Genus 
Lumbricus  

A.  
juv 

A. 
cal 

A. 
ros 

L. 
juv 

L. 
rub 

L. 
ter 

Stagnosol Mean                        
  B0 343.3 84.3 12.8 34.8 259.3 71.3 190.7 68.0 0.7 32.0 38.7 0.7 
  B10 322.7 76.0 12.7 35.0 233.3 60.0 174.0 58.0 1.3 30.0 30.0 0.0 
                            
  F30 328.0 80.2 12.7 34.8 241.3 62.0 182.7 58.7 0.0 27.3 34.0 0.7 
  F100 338.0 80.0 12.8 35.0 251.3 69.3 182.0 67.3 2.0 34.7 34.7 0.0 
           P-values             
  B n.s. 0.08 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
  F n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.10 n.s. n.s. n.s. 
  B x F n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Umbrisol  Mean                        
  B0 172.0 67.4 14.0 25.7 133.8 39.2 94.0 37.4   17.0 21.2 -0.3 
  B30 199.8 59.3 13.4 27.5 152.3 30.0 117.3 37.3   12.1 18.2 0.9 
                            
  F0 176.4 53.3 13.8 26.4 137.6 30.3 99.5 36.1   12.3 17.1 -0.3 
  FM 195.4 73.4 13.7 26.8 148.5 39.0 111.7 38.6   16.8 22.3 0.9 
           P-values             
  B n.s. n.s. 0.02 n.s. n.s. n.s. n.s. n.s.   n.s. n.s. n.s. 
  F n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.   n.s. n.s. 0.07 
  B x F n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.   n.s. n.s. n.s. 

The significant p values (p<0.05) are printed in bold. B = biochar treatment; F = fertilizer treatment; B0 = 0 t ha-1 biochar; B10 = 10 t ha-1 

biochar; B30 = 30 t ha-1 biochar; F0 = zero fertilization; FM = mineral fertilization; L. = Lumbricus; A. = Aporrectodea; n.s. = not 

significant (p>0.1) 
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6 DISCUSION 

6.1 Biochar effect on earthworms 

Biochars did not significantly affect the earthworm abundance and their biomass in neither 

fertile nor nutrient deficient soil four and five years after the biochar was applied. The trend 

towards higher biomass of earthworms (p=0.08) in biochar amended soil of rate 10t ha-1, 

suggests a possible influence of biochar. Tammeorg et al. (2014c) also found no effect of 

softwood biochar (30t ha-1, <2mm) on earthworms in nutrient deficient Endogleyc Umbrisol 

in boreal climate, four and a half months after biochar application. Husk and Major (2010) 

reported a positive effect of biochar (hardwood, <2mm) on earthworm density, however their 

experiment was unreplicated and application rate was only 3.9 t ha-1. Possible mechanisms 

behind the positive effect of biochars could be improved pH (liming effect), SSP (higher 

microbial abundance) and increased soil water holding capacity (Paz-Ferreiro et al. 2015). In 

another unreplicated field experiment Weyers and Spokas (2011) reported no effect of woody 

biochar on earthworm density at applied rate of 22.5 t ha-1. Bamminger et al. (2014) also 

found no effect of perennial grass biochar on biomass of endogeic earthworms in a short term 

experiment in which 30 t ha-1 of biochar (<2mm) was added to a Stagnic Luvisol with a silty 

texture and Shan et al. (2014) found the similar results in a 100 day pot experiment with 

sawdust biochar (<1mm) and application rate of 0.05, 0.5 and 5% biochar of soil dry weight. 

Several earthworm avoidance tests have been conducted with biochar, majority of them 

suggesting earthworm avoid biochar amended soils (Salem et al. 2013, Tammeorg et al. 

2014c, Malev et al. 2015). Tammeorg et al. (2014c) reported significant earthworm 

avoidance of spruce biochar (16 g kg-1) 14 days after its application. Malev et al. 2015 

reported 64% and 78% mortality of earthworms in the sandy and clay-loam soil after 42 days, 

respectively but the very high application rate of 100 t ha-1 was used in the experiment. On 

the other hand some reports shows attraction of earthworms by biochar (Van Zwieten 2010, 

Hagner et al. 2016). Hagner et al. (2016) reported preference of Eisenia fetida for biochar 

(12 g kg-1) amended soil seven days after the start of the experiment. It is believed that 

earthworm behavior was due to changes in soil water potential. Although some of earthworm 

avoidance experiments show negative effect of biochar, this clearly does not reflect the 
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results of the field experiment, where earthworm densities have increased in biochar amended 

soils (Hust and Major 2010) or did not change (Weyers & Spokas 2011, Tammeorg et al. 

2014c). Since there were no negative effects of biochar on earthworms detected, it can be 

assumed that biochar is a safe method for carbon sequencing in Southern Finland conditions.  

Using mustard solution, more earthworms were extracted in Umbrisol compared to 

Stagnosol. This could be because of differences in soil texture where in Stagnosol, soil deeper 

than 20 cm were of clay texture and in Umbrisol study site, soil consisted of loamy sand 

texture. This is clearly related to general preference of earthworms, where high clay content 

may have no earthworm as such areas often become anaerobic during rainy days (Lee 1985). 

The higher density of earthworm in the top layer could be attributed to higher content of soil 

organic matter in this layer as it was reported in a similar study by Tammeorg et al. (2014c). 

A negative correlation was found when comparing altitude data with earthworm density at 

Umbrisol study site. There is no evidence suggesting the reasons behind this occurrence as 

no correlation was found with latitude and moisture content, measured during the sampling 

time and also higher levels of SOC were found in the higher latitudes.  

6.2 Fertilizer effect on earthworms 

No significant changes were detected at any type and level of fertilization in both 

experimental soils and neither biochar and nitrogen fertilization interactions had a significant 

impact on earthworms. The highest earthworm densities were measured in more fertilized 

soils. This is probably due to increased amount of biomass produced on the field due to 

positive fertilization effect on crops, meaning more feed for earthworms. However neither 

fertilization type had significant effect on earthworm population or their biomass in both 

fertile Stagnosol and nutrient deficient Umbrisol soils. Whalen & Fox (2007) reported that 

inorganic fertilizers have positive effect on earthworm populations, which is probably 

because of increased plant biomass and organic matter (residuals) returned to the soil. 

However Schmidt et al. (2003) discovered no effect of inorganic fertilizer on earthworm 

abundance in soils under grass-clover ley or cereal-clover intercrop system. Edwards et al. 
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(1995) reported increased earthworm surface activity after application of lime at rate of 2.5 t 

ha-1. It would seem that earthworms take preference of alkaline soil over acid soil. 

The interaction between biochar and mineral fertilization did not have any significant effect 

on earthworm abundance, biomass or community composition. Earthworm densities and 

biomasses were higher in biochar and fertilizer soils compared to biochar and fertilizer alone, 

but only in nutrient deficient Umbrisol. Tammeorg et al. (2014a) studied the effect of biochar 

amended with organic or mineral fertilizer on physical properties of topsoil and found 

significant (p=0.042) decrease in bulk density in biochar plus mineral fertilizer soils. 

6.3 Earthworm species composition 

The distribution of earthworm species was typical for Finnish arable soils with the dominance 

of endogeic species (Nieminen et al. 2011). The community composition was also similar 

between fertile Stagnosol and nutrient deficient Umbrisol. Majority of earthworms found was 

juvenile which may be due to no tillage management practice over the past 4 years. Tillage 

can have heavy impact on earthworm abundance and their age structure, however Crittenden 

et al. (2014) reported that reduce tillage could recover earthworms to their pre-tillage level 

in less than a year. Crop history of both experimental sites was also in favor of earthworms 

as they were cropped with grass for the past two years. Earthworms populations tend to 

increase if soils are cropped with summer legumes (Edwards 2004). This is probably because 

of higher returned residuals after the harvest. 

6.4 Development of earthworms in biochar-amended soil 

Only the data collected from the nutrient deficient soil (Umbrisol) was compared with the 

prior study of the same field site by Tammeorg et al. (2014c). Significantly higher earthworm 

densities were measured in 2015 compared to 2011. In 2015 28.5% more earthworms were 

collected regardless of the treatment. Only the difference of earthworm densities and not 

biomasses between the years were significant. This change may be attributed also to no tillage 

management practice, cropping with timothy and red clover and optimal climate condition, 

where the average monthly precipitation over the last two years was higher than the long-
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term average. Higher precipitations could have increased earthworm abundance (Edwards 

and Lofty 1972). 

Comparison of 2011 and 2015 identification showed significant population changes. The 

most surprising was appearance of L. rubellus in Umbrisol study site, which accounted for 

18.4% of all earthworms. This finding was unexpected, however appearance of L. rubellus 

could be due to no mechanical disruption of soil over the last four years. Crittenden et al. 

(2014) reported increase of L. rubellus abundance in reduced tillage at conventional farming, 

while the same treatment reduced density of A. caliginosa. 
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7 CONCLUSION 

This research investigated the effect of spruce and pine biochars, mineral fertilizers and their 

interaction on earthworm abundance, biomass and species composition. It was to my 

knowledge the first study, set out to find the long–term biochar effect on an earthworms in a 

replicated field experiment. Four and five years after biochar application the highest 

earthworm densities and biomasses were found in fertile soils of sandy clay loam texture 

compared to nutrient deficient soil of loamy sand texture. In nutrient deficient soils higher 

earthworm densities were measured in biochar-amended soil compared to control, while in 

fertile soils biochar-amended soils contained the lowest densities and biomasses of 

earthworms. Nevertheless, the study have not found any significant effect of biochar or 

mineral fertilizers on earthworms.  

The appearance of L. rubellus in the nutrient deficient soil came as a surprise, since none of 

individual of this specie were identified in 2011 at the same field. However, epigeic species 

are known as fast dispersers, which may explain its rapid expansion, assumedly from nearby 

forest. Its appearance could also be attributed to management practices on the study site, in 

particularly no tillage practices over the past four years. 

Since no negative effects of biochar on earthworms were found in the first four years after 

its application, this study suggests, softwood biochar to be a safe method for carbon 

sequestration in Southern Finland conditions. However further research and long term 

replicated experiments are needed in order to fully understand the mechanisms biochar 

impacts on earthworm. 

 

 

 

 

 



44 

 

 

8 ACKNOWLEDGEMENTS 

I sincerely thank my supervisors Dr. Priit Tammeorg, Dr. Visa Nuutinen and Dr. Asko 

Simojoki for their support and help. I am grateful to Dr. Priit Tammeorg for giving me the 

opportunity to pursue this thesis. He is a great mentor who was always very supportive, 

inspirational and have taught me about scientific work in general. I also thank my co-

supervisors Dr. Visa Nuutinen for guiding me through earthworm sampling and identification 

and Dr. Asko Simojoki for his expertise in soil science. I thank Prof. Juha Helenius for 

introducing me to the biochar for the first time, during my Erasmus exchange in 2012. I 

would like to thank Tuure Parviainen for sharing his experience with earthworm sampling 

and identification. I also thank Anna Sole Gil, Fhilmar Raj and Torbjörn Granberg for 

assistance on the field and lab during the long days of earthworm sampling. I would also like 

to thank to my colleges at the Department of Agricultural Sciences for interesting discussions 

and support. Finally I thank my friends and family for encouraging and supporting me 

through my study.  

 

 

 

 

 

 

 

 

 



45 

 

REFERENCES 

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M. & Wessolek, G., 2013. Impact of 427 

biochar and hydrochar addition on water retention and water repellency of sandy soil. 428 

Geoderma 202-203, 183–191. 

Ameloot, N., Graber, E. R., Verheijen, F. G. A. & De Neve, S., 2013. Interactions between biochar 

stability and soil organisms: review and research needs. European Journal of Soil Science 

64: 379–390. 

Bamminger, C., Zaiser, N., Zinsser, P., Lamers, M., Kammann, C. & Marhan, S. 2014. Effects of 

biochar, earthworms, and litter addition on soil microbial activity and abundance in a 

temperate agricultural soil. Biology and Fertility of Soils 50: 1189-1200. 

Bertrand,  M.,  Barot,  S.,  Blouin,  M.,  Whalen,  J.,  de  Oliveira,  T. &  Roger-Estrade,  J.,  2015.  

Earthworm services for cropping systems. A review. Agronomy for Sustainable 

Development 35: 553–567.   

Blouin, M., Hodson, M. E., Delgado, E. A., Baker, G., Brussaard, L., Butt, K. R., Dai, J., 

Dendooven, L., Peres, G., Tondoh, J. E., Cluzeau, D., Brun, J. J., 2013. A review of 

earthworm impact on soil function and ecosystem services. European Journal of Soil Science 

64: 161–182. 

Bridle, T. R. & Pritchard, D. 2004. Energy and nutrient recovery from sewage sludge via pyrolysis, 

Water Science and Technology 50: 169–175. 

Brown, R., del Campo, B., Boateng A. A., Garcia-Perez, M. & Mašek, O. 2015. Fundamentals of 

biochar production. In: Lehmann J, Joseph (eds.). Biochar for environmental management: 

science, technology, and implementation, 2nd ed. Routledge, New York, pp 39–61. 

Capowiez, Y., Bottinelli, N. & Jouquet, P. 2014. Quantitative estimates of burrow construction and 

destruction, by anecic and endogeic earthworms in repacked soil cores. Applied Soil Ecology 

74: 46-50. 



46 

 

Chan, K. Y. 2001. An overview of some tillage impacts on earthworm population abundance and 

diversity — implications for functioning in soils. Soil and Tillage Research 57: 179-191. 

Chan, K. Y., Van Zwieten, L., Meszaros, I., Downie, A. & Joseph, S. 2007. Assessing the 

agronomic values of contrasting char materials on Australian hardsetting soil. In Proceedings 

of the Conference of the International Agrichar Initiative, Terrigal, NSW, Australia. 

Chesworth, W. 1992. Weathering systems. In: Martini & W. Chesworth I. P. (eds.). Weathering, 

Soils and Paleosols. Elsevier, Amsterdam pp. 19–40. 

Chia, C.H., Downie, A. & Munroe, P. 2015: Characteristics of biochar: physical and structural 

properties. In Lehmann, J. & Joseph S. (eds.). Biochar for Environmental Management, 2nd 

ed. Routledge, New York. pp. 89–109. 

Crittenden, S. J., Eswaramurthy, T., de Goede, R. G. M, Brussaard, L. & Pulleman, M. M. 2014. 

Effect of tillage on earthworms over short- and medium-term in conventional and organic 

farming. Applied Soil Ecology 83: 140-148. 

Darwin, C. 1881. The Formation of Vegetable Mould through the Action of Worms, with 

Observations on their Habits. John Murray, London. 

Domene, X. 2016. A Critical Analysis of Meso- and Macrofauna Effects Following Biochar 

Supplementation. In: Ralebitso-Senior, T. K. & Orr, C. H. (eds.). Biochar Application: 

Essential Soil Microbial ecology. Amsterdam, Netherlands, pp: 268-292. 

Domene, X., Mattana, S., Hanley, K., Enders, A. & Lehmann, J., 2014. Medium-term effects of 

corn biochar addition on soil biota activities and functions in a temperate soil cropped to 

corn. Soil Biology and Biochemistry 72: 152–162. 

Edwards, C. & Bohlen, P. 1996. The biology and ecology of earthworms (3rd Ed). Chapman & 

Hall, London. pp 46-60. 

Edwards, C. A. & Lofty, J. R. 1977. Biology of Earthworms. 2nd ed. Chapman and Hall, London. 



47 

 

Edwards, C. A. 2004. Earthworm Ecology. 2nd ed. C.R.C. Press, Boca Raton, Fl., London, New 

York, Washington. 448 pp.  

Edwards, C. A., Bohlen, P. J., Linden, D. R, & Subler, S. 1995. Earthworms in agroecosystems. In 

P. F. Hendrix (ed.) Earthworm ecology and biogeography. Lewis, Boca Raton, FL. 185–206 

pp. 

Eijsackers H. 2011. Earthworms as colonizers of natural and cultivated soil environments. Applied 

Soil Ecology 50: 1–13. 

ESAD. 2015. European Climate Assessment & Dataset. Klein Tank, A.M.G. and Coauthors 2002. 

Daily dataset of 20th-century surface air temperature and precipitation series for the 

European Climate Assessment. International Journal of Climatology. 22: 1441-1453. 

http://eca.knmi.nl/, visited: 20.11.2015. 

Feller, C., Brown, G. G., Blanchart, E., Deleporte, P. & Chernyanskii, S. S. 2003. Charles Darwin, 

earthworms and the natural sciences: various lessons from past to future. Agriculture, 

Ecosystems & Environment 99: 29–49. 

Gaskin, J. W., Steiner, C., Harris, K., Das, K. C. & Bibens, B. 2008. Effect of low-temperature 

pyrolysis conditions on biochar for agricultural use. T Asabe 51: 2061–2069. 

Githinji, L. J. M. 2014. Effect of biochar application rate on soil physical and hydraulic properties 

of a sandy loam. Archives of Agronomy and Soil Science Journal 60: 457-470. 

Glaser, B. & Birk, J. J. 2012. State of the scientific knowledge on properties and genesis of 

Anthropogenic Dark Earths in Central Amazonia (terra preta de I´ ndio). Geochimica et 

Cosmochimica Acta 82: 39-51. 

Glaser, B. 2007. Prehistorically modified soils of central Amazonia: a model for sustainable 

agriculture in the twenty-first century. Philosophical Transactions of the Royal Society B: 

Biological Sciences 362: 187-196. 



48 

 

Hagner, M. Kemppainen, R., Jauhiainen, L., Tiilikkala, K. & Setälä, H. 2016. The effects of birch 

(Betula spp.) biochar and pyrolysis temperature on soil properties and plant growth. Soil and 

tillage Research 163: 224–234. 

Heikkinen, J., Ketoja, E., Nuutinen, V. and Regina, K., 2013. Declining trend of carbon in Finnish 

cropland soils in 1974–2009. Global Change Biology 19: 1456–1469. 

Hendrix, P. F. & Edwards, C. A. 2004. Earthworms in agroecosystems. In Earthworm Ecology 2nd 

ed. Editor C.A. Edwards. C.R.C. Press, Boca Raton, Fl., London, New York, Washington. 

287-296. 

Huhta V. and others. 1986. Suomen eläimet, osa 5. Weilin + Göös ISBN 951-35-2734-4 s. 175-

182. 

Husk, B. & Major, J., 2010. Commercial Scale Agricultural Biochar Field Trial in Quebec, Canada 

over Two Years: Effects of Biochar on Soil Fertility, Biology and Crop Productivity and 

Quality. BlueLeaf. 

Hutchinson, J. J., Campbell, R.L. & Desjardins. 2007. Some perspective on carbon sequestration 

in agriculture. Agriculture and Forest Meteorology 142: 288–302. 

Ippolito, J.A., Spokas, K.S., Novak, J.M., Lentz, R.D. & Cantrell, K.B. 2015. Biochar elemental 

composition and factors influencing nutrient retention. In: Lehmann J, Joseph (eds.). Biochar 

for environmental management: science, technology, and implementation, 2nd ed. Routledge, 

New York, pp 137–161. 

Jeffery, S., Abalos, D., Spokas, K.A. & Verheijen F. G. A. 2015. Biochar effects on crop yield. In: 

Lehmann J, Joseph (eds.). Biochar for environmental management: science, technology, and 

implementation, 2nd ed. Routledge, New York, pp 301–326. 

Jeffery, S., Gardi, C., Jones, A., Montanarella, L., Marmo, L., Miko, L., Ritz, K., Peres, G., 

Römbke, J. & van der Putten, H. (eds.). 2010. European atlas of soil biodiversity. European 

Commission, Publications of the European Union, Luxemburg. 



49 

 

Jones, C. G., Lawton, J. H. & Shachak, M. 1994. Organisms as ecosystem engineers. Oikos. 69: 

373–386. 

Lal, R. 2004. Soil carbon sequestration impacts on global climate change and food security. Science 

304: 1623–1627. 

Lal, R. 2010. Managing soils and ecosystems for mitigating anthropogenic carbon emissions and 

advancing global food security. BioScience 60: 708–721. 

Lavelle, P. & Spain, A.V. 2001. Soil Ecology. Kluwer Scientific Publications, Amsterdam. 

Lavelle, P. 1978. Les vers de terre de lasavane de Lamto (Cote d´Ivoire). Peuplements, populations 

et fonctions de l`ecosysteme. Publ. Lab. Zool. E.N.S. 12: 1–301. 

Lavelle, P. 1988. Earthworm activities and the soil system. Biology and Fertility of Soils 3: 237–

251. 

Lee, K. E. 1985. Earthworms. Their Ecology and Relationships with Soils and Land Use. Academic 

Press, Sydney. 

Lehmann, J. & Joseph, S. 2015. Biochar for environmental management: an introduction In: 

Lehmann J, Joseph (eds.). Biochar for environmental management: science, technology, and 

implementation, 2nd ed. RoutledgTe, New York, pp 1–13. 

Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A. Hockaday, W. C. & Crowley, D. 2011. 

Biochar effects on soil biota – A review. Soil Biology & Biochemistry 43: 1812–1836. 

Leirikh, A. N., Meshcheryakova, E. N. & Berman, D. I. 2004. The mechanism of cold hardiness 

of egg cocoons of the earthworm Dendrobaena octaedra (Sav.) (Lumbricidae: Oligochaeta). 

Doklady Biological Sciences 398: 385–387. 

Lemtiri, A., Colinet, G., Alabi, T., Cluzeau, D., Zibes, L., Haubruge, E. & Francis, F. 2014. Impacts 

of earthworms on soil components and dynamics. A review. Biotechnology, Agronomy, 

Society and Environment 18: 121–133. 



50 

 

Liang, B., Lehmann, J., Solomon, D., Kinyangi, J., Grossman, J., O’Neill, B., Skjemstad, J.O., 

Thies, J., Luizao, F.J., Petersen, J., Neves, E.G., 2006. Black carbon increases cation 

exchange capacity in soils. Soil Science Society of America Journal 70: 1719–1730. 

Liesch, A. M., Weyers, S. L., Gaskin, J. W., Das & K. C., 2010. Impact of two different biochars 

on earthworm growth and survival. Annals of Environmental Science. 4: 1–9. 

Liu, J., Schulz, H., Brandl, S., Miehtke, H., Huve, B. & Glaser, B. 2012. Short-term effect of 

biochar and compost on soil fertility and water status of a Dystric Cambisol in NE Germany 

under field conditions. Journal of Plant Nutrition and Soil Science. 175: 698-707. 

Liu, X., Zhang, A., Ji, C., Joseph S., Bian R., Li L., Pan G., Paz-Ferreiro, J. 2013. Biochar's effect 

on crop productivity and the dependence on experimental conditions-a meta-analysis of 

literature data. Plant Soil 373: 583–594. 

Major, J., Lehmann, J., Rondon, M. & Goodale, C., 2010a. Fate of soil-applied black carbon: 

downward migration, leaching and soil respiration. Global Change Biology 16: 1366–1379. 

Major, J., Rondon, M., Molina, D., Riha, S.J. & Lehmann, J., 2010b. Maize yield and nutrition 

during 4 years after biochar application to a colombian savanna oxisol. Plant Soil 333: 117–

128. 

Malev, O., Contin, M., Licen, S., Barbieri, P. & De Nobili, M. 2015. Bioaccumulation of polycyclic 

aromatic hydrocarbons and survival of earthworms (Eisenia andrei) exposed to biochar 

amended soils. Environmental Science and Pollution Research 23: 3491–3502. 

Masiello, C. A., Dugan, B., Brewer, C. E., Spokas, K., Novak, J. M., Liu, Z. & Sorrenti, G.  2015. 

Biochar effects on Soil Hydrology. In: Lehmann J, Joseph (eds.). Biochar for environmental 

management: science, technology, and implementation, 2nd ed. Routledge, New York, pp 

543–562. 

Mitchell, P. J., Simpson, A. J., Soong, R. & Simpson, M. J. 2015. Shifts in microbial community 

and water-extractable organic matter composition with biochar amendment in a temperate 

forest soil. Soil Biology and Biochemistry 81: 244–254. 



51 

 

Moos, J. H., Schrader, S., Paulsen, H. M. & Rahmann, G. 2016. Occasional reduced tillage in 

organic farming can promote earthworm performance and resource efficiency. Applied Soil 

Ecology 103: 22-30. 

Neves, E. G., Peterson, J. B., Bartone, R. N. & Da Silva, C. A. 2003. Historical and Socio-cultural 

Origins of Amazonian Dark Earth. In Lehmann, J., Kern, D., Glaser, B., Woods, W.I. (eds.). 

Amazonian Dark Earths: Origin, Properties, Dordrecht, 29-50. 

Nieminen, M., Ketoja, E., Mikkola, J., Terhivuo, J., Sirén, T. & Nuutinen, V. 2011. Local land use 

effects and regional environmental limits on earthworm communities in Finnish arable 

landscapes. Ecological applications 21: 3162-3177. 

Novak J., Sigua, G., Watts, D., Cantrell, K., Shumaker, P., Szogi, A., Johnson, M.G. & Spokas K. 

2016a. Biochars impact on water infiltration and water quality through a compacted subsoil 

layer. Biochars multifunctional role as a novel technology in the agricultural, environmental, 

and industrial sectors 142: 160-167. 

Novak J., Ippolito, J. A., Lentz, R. D., Spokas, K., Bolster, C. H., Sistani, K., Trippe, K. M., 

Phillips, C. L. & Johnson M. G. 2016b. Soil Health, Crop Productivity, Microbial Transport, 

and Mine Spoil Response to Biochars. Bioenergy Research 9: 454-464. 

Novak, J. M., Busscher, W. J., Watts, D. W., Amonette. J. E. & Ippolito. J. A. 2012. Biochars 

Impact on Soil-Moisture Storage in an Ultisol and Two-Aridisols. Soil Science 177: 310–

320. 

Novak, J.M. & Busscher, W.J. 2012. Selection and use of designer biochars to improve 

characteristics of southeastern USA Coastal Plain degraded soils. In: Lee, J.W., editor. 

Advanced Biofuels and Bioproducts. New York: NY: Springer 69-96. 

Nuutinen, V. & Butt K. R. 2009. Worms from the cold: Lumbricid life stages in boreal clay during 

frost. Soil Biology & Biochemistry. 41: 1580-1582. 



52 

 

Nuutinen, V., Pitkaänen, J., Kuusela, E., Widbom, T. & Lohilahti, H. 1998. Spatial variation of an 

earthworm community related to soil properties and yield in a grass–clover field. Applied 

Soil Ecology 8: 85–94. 

Omondi, M. O., Xia, X., Nahayo, A., Liu, X., Korai, P. K. & Pan, G. 2016. Quantification of 

biochar effects on soil hydrological properties using meta-analysis of literature data. 

Geoderma 274: 28–34. 

Paz-Ferreiro, J., Liang, C., Fu, S., Mendez, A. & Gasco, G. 2015. The Effect of Biochar and Its 

Interaction with the Earthworm Pontoscolex corethrurus on Soil Microbial Community 

Structure in Tropical Soils. PLoS ONE 10: 1–11.  

Peigné, J., Cannavaciuolo, M., Gautronneau, Y., Aveline, A., Giteau, J. L. & Cluzeau, D. 2009. 

Earthworm populations under different tillage systems in organic farming. Soil and Tillage 

Research 104: 207–214. 

Roberts, K., Gloy, B. A., Joseph, S. Scot, N. R. & Lehmann, J. 2010. Life cycle assessment of 

biochar systems: Estimating the energetic, economic and climate change potential. 

Environmental Science and Technology 44: 827-833. 

Rundgren, S., 1975. Vertical distribution of lumbricids in southern Sweden. Oikos. 26: 299–306. 

Ruysschaert, G., Nelissen, V., Postma, R., Bruun, E., O’Toole, A., Hammond, J., Rödger, J.-M., 

Hylander, L., Kihlberg, T., Zwart, K., Hauggaard–Nielsen, H. & Shackley, S. 2016. Field 

applications of pure biochar in the North Sea region and across Europe, in: Shackley, 

S.,Ruysschaert, G., Zwart, K., Glaser, B. (Eds.), Biochar in European Soils and Agriculture 

- Science and Practice. Routhledge, Oxon, UK and New York, USA. 

Salem, M., Kohler, J. & Rillig, M. C.  2013.  Palatability of carbonized materials to Collembola. 

Applied Soil Ecology 64: 63 – 69. 

Schmidt, O., Clements, R. O. & Donaldson G. 2003. Why do cereal-legume intercrops support 

large earthworm populations? Applied Soil Ecology 22: 181–190. 



53 

 

Shackley, S. & Sohi, S. (eds.). 2010. An Assessment of the Benefits and Issues Associated with 

the Application of Biochar to Soil. UK Biochar Research Centre. 

Sims, R. W., Gerard, B. M., 1999. Earthworms. Synopses of the British Fauna (New Series) No. 

31 (Revised). Dorsett Press, Dorchester, 169 pp. 

Spokas, K. A., Koskinen W. C., Baker J.M. & Reiscosky D.C. 2009. Impacts of woodchip biochar 

additions on greenhouse gas production and sorbition/degration of two herbicides in a 

Minnesota soil. Chemosphere 77: 574-581. 

Stavi, I. & Lal, R. 2013. Agroforestry and biochar to offset climate change: a review. Agronomy 

for Sustainable Development 33: 81–96. 

Steiner, C., Teixeira, W. G., Lehmann, J., Nehls, T., de Macedo, J. L. V. & Blum, W.E.H. 2007. 

Long term effects of manure, charcoal and mineral fertilization on crop production and 

fertility on a highly weathered Central Amazonian upland soil. Plant & Soil 291: 275–290. 

Tammeorg, P., Simojoki, A, Mäkelä, P., Stoddard, F. L., Alakukku, L. & Helenius, J. 2014a. 

Biochar application to a fertile sandy clay loam in boreal conditions: effects on soil properties 

and yield formation of wheat, turnip rape and faba bean. Plant and Soil 374: 89–107. Erratum 

Plant and Soil 379: 389–390. 

Tammeorg, P., Simojoki, A., Mäkelä, P., Stoddard, F. L., Alakukku, L. & Helenius, J. 2014b. 

Short-term effects of biochar on soil properties and wheat yield formation with meat bone 

meal and inorganic fertiliser on a boreal loamy sand. Agriculture, Ecosystem and 

Environment 191: 108–116. 

Tammeorg, P., Parviainen, T., Nuutinen, V., Simojoki A., Vaara E. & Helenius, J. 2014c. Effects 

of biochar on earthworms in arable soil: avoidance test and field trial in boreal loamy sand. 

Agriculture, Ecosystems and Environment 191: 150-157. 

Terhivuo, J. 1989. The Lumbricidae (Oligochaeta) in eastern Fennoscandia: species assemblages, 

ecology and zoogeography with particular reference to genetic and morphological variation 

in Dendrobaena octaedra (Sav.) Department of Zoology, University of Helsinki. 



54 

 

Thies, J. E. & Rilling, M. C. 2015. Biochar effects on the abundance, activity and diversity of the 

soil biota. In: Lehmann J, Joseph (eds.). Biochar for environmental management: science, 

technology, and implementation, 2nd ed. Routledge, New York, pp 327–389. 

Timm, T., 1999. A guide to Estonian Annelida. (Naturalist’s handbooks 1). Tartu- Tallinn: 

Estonian Academy Publishers, 208 pp. 

Topoliantz, S. & Ponge, J. F. 2005. Charcoal consumption and casting activity by Pon-toscolex 

corethrurus (Glossoscolecidae). Applied Soil Ecology 28: 217-224. 

Van Zwieten, L., Kimber, S., Morris, S., Chan, Y. K., Downie, A., Rust, J., 2010. Effect of biochar 

from slow pyrolysis of papermill waste on agronomic performance and soil fertility. Plant 

and Soil 327: 235–246. 

Warnock, D. D., Lehmann, J., Kuyper, T.W. & Rillig, M. C. 2007. Mycorrhizal responses to 

biochar in soil–concepts and mechanisms. Plant Soil 300: 9–20. 

Weyers, S. L., Spokas, K. A., 2011. Impact of Biochar on Earthworm Populations: A Review. 

Applied and Environmental Soil Science doi:10.1155/2011/541592. 

Whalen, J. K. & Fox, C. A. 2007 Diversity of lumbricid earthworms in temperate agro-ecosystems. 

In Biodiversity in agricultural production systems (eds G. Benckiser & S. Schnell), Boca 

Raton, FL: Taylor & Francis. pp. 249–261 

Woolf, D. & Amonette, J. E., Street-Perrott, F. A., Lehmann, J., Joseph, S. 2010. Sustainable 

biochar to mitigate global climate change. Nature Communications 1: 1–9. 

Yanai, Y., Toyota, K., Okazaki M. 2007. Effects of charcoal addition on N2O emissions from soil 

resulting from rewetting air-dried soil in short-term laboratory experiments. Soil science and 

plant nutrition 53: 181-188. 

Zabaniotou, A., Stavropoulos, G. & Skoulou, V. 2008. Activated carbon from olive kernels in a 

twostage process: Industrial improvement. Bioresource Technology 99: 320-326. 



55 

 

Zhang Q., Wang Y., Wu Y., Wang X., Du Z., Liu X. & Song J. 2013. Effects of biochar amendment 

on soil thermal conductivity reflectance, and temperature Soil Science Society of America 

Journal 77: 1478–1487. 

Zhang, D., Yan, M., Niu, Y., Liu, X., van Zwieten, L., Chen, D., Bian, R., Cheng, K., Li, L., Joseph, 

S., Zheng, A., Zhang, X. Zheng, J., Crowley, D., Filley, T. R. & Pan G. 2016. Is current 

biochar research addressing global soil constraints for sustainable agriculture? Agriculture, 

Ecosystems and Environment 226: 25–32. 

 


