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Collembola abundance was higher (P<0.005) than the controls in all soils, while there 

was no effect on Oribatida and Gamasina populations.  

Chapter 5 investigated the effect biochar addition had on the biochemical activity 

(soil enzymes) in the soils after 12-months. Dehydrogenase activity, which is strongly 

correlated with soil microbial biomass, was higher in the soils to which biochar had been 

added. Cellulase activity was also higher in the soil to which biochar had been added, 

reflecting the increased amounts of plant detritus entering the soil, from the greater root 

biomass following biochar application. When the geometric mean of all the enzyme 

activities was summed, biochar had a more pronounced effect than lime. An exception 

was peroxidase, which in contrast to dehydrogenase and cellulase, had higher activity in 

the soil treated with lime (positive control) and was positively correlated with earthworm 

abundance, which also was higher in the lime-treated soil. Biochar had less of an effect 

on both pH and earthworm abundance. There was a positive correlation between nitrate 

reductase and earthworm abundance, as earthworms increase nitrate concentration in soil. 

In Chapter 6 I attempted to assess the long-term impact of biochar on soil potential to 

provide ecosystem services and investigated the influence of the biochar application on 

the time dynamics of physicochemical and biological properties. Soil samples were 

collected at 6 and 12 months after the start of the field experiment. Except for mineral N 

(NO3
--N and NH4

+-N), the effect of sampling time was similar across sites. Biochar had 

a long-term positive effect on OC, TN and Olsen P in all sites. Reduced by biochar, soil 

acidity and BD remained at the same level after 6 and 12 months in all four sites. The 

effect of biochar on mineral N was not constant in time, and mostly depended on the soil 

order and management practices rather than on treatments. Soil biological and 

biochemical properties had patterns which can be interpreted as seasonal. Biochar 

increased bacterial and fungal biomass as well as abundance of arthropods and 

earthworms; these changes in soil biota were reflected in soil enzymatic activities. It was 
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shown that biochar has a persistent effect on soil natural capital stocks and functions and 

showed itself as an effective amendment able to enhance the soil over time. 

In the Chapter 7 the results of the analysis of the effects of biochar and lime addition 

on soil physicochemical and biological properties (Chapter 4) and enzymatic activity 

(Chapter 5) were used to semi-quantify the effects and potential benefits of biochar and 

lime amendments application for the delivery of specific soil ecosystem services. In 

comparison with the control treatments, there was a significant positive impact of biochar 

on soil properties, including soil microflora, earthworms, OC, soil BD, pH and overall 

soil enzyme activity, associated with C sequestration. In comparison with control and 

lime, biochar increased components of soil natural capital stocks responsible for food and 

fibre production ecosystem service. There was also significant positive impact of biochar 

on soil properties associated with fertility maintenance. Biochar and lime had similar 

positive effect on water regulation and disease and pest control services.  

The thesis shows that application of willow wood biochar produced at low temperature 

has a significant positive effect on a number of the chemical and biological properties and 

processes in soils (up to 12 months) that extend to the rooting characteristics of the plant, 

and this might contribute to the productivity of pasture land, while increasing health and 

resilience to the impact of land management. Biochar, through its effect on soil properties 

contributes to dynamic interactions between soil, plant and functional groups of soil biota. 

As a result, biochar positively impacts on the dynamical links between components of 

soil natural capital and ecosystem services provided by the soil.  

In summary, biochar produced from willow wood at low temperature may be an 

effective tool in the pasture systems/soils investigated here as a part of sustainable 

farming practices, which can increase plant productivity, improve soil physical properties 

and fertility, reduce disease and pest risks, and at the same time might be used as an 

instrument to mitigate climate change.  
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Introduction  
 

1.1 Background 

Sheep, beef and dairy farming is an important part of the New Zealand economy, thus 

in 2017 about 40% of land area was used for livestock (Journeaux et al., 2017). The 

maintenance of that lands is an essential part of sustainable agriculture. Dairy, beef and 

sheep farming receive the major amount of fertiliser in comparison with other sectors of 

agriculture - 91% of nitrogen and 93% of phosphorus (Fertiliser Association of New 

Zealand, 2019). The loss of carbon and nutrients due to failings in land management can 

cause soil degradation, freshwater pollution and climate change through increasing 

greenhouse (N2O) emissions. 

For quite a long time, biochar has been considered as a multifunctional soil amendment 

which provides a wide range of soil ecosystem services, such as improving soil fertility 

through the increasing amount of nutrients, liming acid soils, and mitigating climate 

change through C storage (Hardie et al., 2014; Lorenz & Lal, 2014). A significant number 

of publications, including NZ studies (Anderson et al., 2011; Wang et al., 2015a), show 

an effect of biochar on the soil microbial community and related biochemical properties. 

This effect can reflect the provision of available nutrients to microflora as well as 

changing the physical conditions of microbial habitats. In addition to the effect on 

microflora, biochar affects soil fauna (Lehmann et al., 2011; Hale et al., 2013). The 

interactions between biochar and earthworms were most extensively summarised by 

Conti et al. (2015), but there is scarce information on interactions with soil arthropods. 

Both of these groups of soil organisms have influence on biochemical processes, 
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1.3 Thesis structure 

This thesis consists of eight chapters. 

Chapter 1 gives a brief introduction to the potential benefits of biochar application for 

soil ecosystem services in the context of New Zealand pastures. This chapter also includes 

the objectives of this PhD thesis. 

Chapter 2 provides detailed synopsis of the available information regarding soil 

ecosystem services and its components, soil biodiversity, and applying biochar as a part 

of sustainable agriculture.  

Chapter 3 presents the results of 6-month glasshouse experiment conducted with two 

contrasting New Zealand soils (Andosol and Cambisol) with three treatments (control, 

biochar, and lime as positive control) in the presence or absence of earthworms. The 

values of OC, TN, pH, mineral nitrogen, soil biological properties (bacterial and fungal 

biomass C, Collembola abundance, plant above- and below-ground biomass) and activity 

of nitrate reductase have been compared between treatments. It was shown that biochar 

and earthworms had significantly increased plant growth rate and had positive impact on 

soil properties; in some cases there was synergetic interaction between biochar and 

earthworms. 

Chapter 4 presents the result of the 12-month field-based mesocosm experiment 

conducted on the two contrasted New Zealand soils (Andosol and Cambisol), each soil 

with two pastures under two different management regimes, and with three treatments 

(control, biochar, and lime as positive control). The measurement of soil physicochemical 

properties (OC, TN, pH, BD, Olsen P, mineral nitrogen) and soil biological properties 

(bacterial and fungal biomass C, arthropod and earthworm abundance, root biomass) have 

been compared between treatments. The results provide evidence that adding biochar to 

the soil can positively affect soil food web and soil structure. 
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Chapter 5 presents the data on soil enzymatic activities in the 12-month field-based 

mesocosm experiment described in Chapter 4. The activity values of cellulase, 

peroxidase, dehydrogenase, urease, nitrate reductase and acid/alkaline phosphatases 

activities have been compared. The results show that biochar and lime had various effects 

on soil enzymatic activities, which indicates different mechanisms of their interaction 

with soil biological processes. 

Chapter 6 presents results of the time dynamics study, included in the 12-month field-

based mesocosm experiment described in Chapter 4. The dynamics of soil 

physicochemical properties, biological properties and enzymatic activities measured after 

6 (autumn) and 12 months (spring) of the field trial have been compared. It was shown 

that biochar had long-term stable impact on soil properties. 

Chapter 7 presents an evaluation of potential benefits of biochar application for soil 

ecosystem services, including provisioning, supporting and regulating services, based on 

experimental results. It was shown that biochar could be considered as a forward-looking, 

innovative amendment which can increase plant productivity, reduce disease and pest 

risks, improve soil physical properties, and at the same time might be used as an 

instrument to mitigate climate change. 

Chapter 8 is the overall summary of outcomes of the experiments conducted during 

the study, and the conclusions based on obtained results. Future research directions are 

also suggested.  
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Literature review  
 

2.1 Soil ecosystem services 

Soil is one of the fundamental components of life on Earth. Being a source of 

ecosystem services (ES), the soil creates conditions to support living organisms, 

implements geochemical processes, and regulates atmospheric composition (Dominati et 

al., 2010; Braat & de Groot, 2012; Dominati et al., 2014b), furthermore, soil serves as a 

carbon storage pool (Crowther et al., 2016; Zhu et al., 2016). According to the literature 

reviewed by Dominati at al. (2010), the soil ecosystem service framework is identified by 

several roles: fertility role, filter and reservoir role, structural role, climate regulation role, 

biodiversity conservation role, and resource role (Fig. 2.1). 

While previously the attitude towards the soil was in a context of needs (structural 

support, resource base, etc), the modern approach to soil management is striving to 

include all environmental and economic aspects (Costanza, 1993; Braat & de Groot, 

2012).  

Existing frameworks aim at evaluation of contributions of soil properties (as a natural 

capital stock provider) to the ability of soil to implement ecosystem services. This 

evaluation can be used to understand which and how soil properties can be managed, and 

what consequences would follow, which in turn is essential when assessing the economic 

value of a specific agricultural land use. 
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Figure 2.1 Conceptual framework linking soil natural capital, soil processes, the 
provision of ecosystem services and human needs (Dominati et al., 2010). Reproduced 
with the kind permission of the authors. 

 

 

For the comprehensive assessment of soil as the natural capital, the frameworks should 

fulfil such terms as characterising soil properties, identifying soil formation, maintenance 

and degradation processes, as well as drivers of these processes (both natural and 

anthropogenic). Also, frameworks should include a review of soil as a source of 

provisioning, regulating and cultural services. The last condition is an application of 

mentioned above terms in the context of human needs (Fig. 2.1). 

When addressing the ecosystems services provided by the soil, inherent and 

manageable soil properties (excluding cultural) can be used (Dominati et al., 2014b). 

Thus, soil physical properties could point to the ability of soil to provide regulating and 

provisioning services such as flood mitigation and physical support, respectively. Carbon 

and nitrogen content, in turn, indicates the capability of soil to provide food and raw 
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Alkorta et al., 2003). Studying of soil enzyme activities can be used as a tool to understand 

influence of human impact, climate change and landscape alteration on soil quality 

(Karaca et al., 2011; Burns et al., 2013). 

2.4 Biochar 

The application of amendments, such as biochar or effluent, as a part of soil 

management practices, has an impact on soil physicochemical properties as well as 

biochemical and biological conditions.  

It was shown (Jindo et al., 2014) that biochar with high adsorption properties, surface 

area and porosity in long-term application can positively affect soil bulk density, as well 

as increase soil aggregate stability, soil water retention capacity and, for some types of 

soils, it can affect plant available water (Herath et al., 2013; Burrell et al., 2016). Most 

significantly, biochar can contribute to available nutrients, especially when produced 

from human and animal wastes (Mukherjee et al., 2014; Qayyum et al., 2014; Shen et al., 

2016). Furthermore, biochar is considered as a suitable technology for C storage, as a part 

of climate change mitigation (Lorenz & Lal, 2014).  

Biochar produced at high temperature tends to have a considerable liming equivalence 

and can be used as a liming agent in acidic soils, decreasing their exchangeable acidity 

and aluminium saturation (Chintala et al., 2013; Wang et al., 2014). As phosphorus is a 

critical element for plant growth, it is very important to manage its bioavailability. In this 

case, biochar may be considered as an effective instrument for increasing efficiency of 

applying phosphate fertilizer, as well as for solving the problem of phosphorus losses 

from agricultural fields (Soinne et al., 2014; Zhang et al., 2016). 

Besides obvious impacts on soil physicochemical properties, biochar has an effect on 

the biological and biochemical status of the soil. Through changing soil physical and 

chemical characteristics, biochar indirectly affects the living environment of soil 

microorganisms. Changes in soil bulk density, water retention, soil nutrients availability 
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and soil pH caused by biochar has a great effect on soil microorganisms (Masto et al., 

2013; De Tender et al., 2016). Different types of biochar can differently influence 

bacterial and fungal activities, shifting the microbial community structure (Pandian et al., 

2016). Soil enzymatic activity has also been shown to be sensitive to biochar addition 

(Masto et al., 2013). 

It is worthwhile to pay special attention to the interactions between biochar and 

earthworms, since both have a significant impact on soil properties (Fig. 2.4). This 

interaction can vary due to the different species of earthworms, weather conditions, as 

well the type of biochar, which is mostly dependent on type of feedstock, conditions of 

pyrolysis, and its particle size. In some cases biochar has a negative effect on earthworms; 

however, more often the effect is positive (Weyers & Spokas, 2011). It was shown that 

biochar and earthworms have a collaborative effect on decreasing soil carbon dioxide and 

nitrogen dioxide emissions (Augustenborg et al., 2012). The significant synergistic effect 

of biochar and earthworms was found for soil microbial community, changing abundance 

and activity of microorganisms, as well as enzymatic activity, which together, in turn, 

affected plant growth rate (Bamminger et al., 2014; Paz-Ferreiro et al., 2014; Paz-Ferreiro 

et al., 2015). Also, a positive effect of biochar and earthworms was detected on the content 

of toxic polyaromatic hydrocarbon compounds in the soil (Gomez-Eyles et al., 2011; 

Shan et al., 2014). 
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3.1 Introduction  

Since the industrial revolution, anthropogenic activity has caused the raising of CO2 

concentration in the atmosphere, with the associated warming effect on the global climate. 

A potential way to mitigate increasing atmospheric CO2 is to boost soil carbon (C) 

storage. Biochar can contribute to this objective (Lehmann et al., 2010; Brassard et al., 

2016) as it contains condensed aromatic carbon for which soil microbes generally lack 

the set of enzymes needed for its decomposition, which allows biochar to persist over 

time (Lehmann et al., 2015a). Moreover, biochar can provide benefits as a soil 

amendment, given that it influences soil chemical and physical properties, yet this is 

highly dependent on the type of feedstock, conditions of pyrolysis, biochar application 

rate, biochar particle size, and type of soil (Jones et al., 2012; Jaafar et al., 2015; Lehmann 

et al., 2015b). Biochar can contribute to the provision of soil nutrients, especially if 

produced from animal and human residues (Wang et al., 2012b; Qayyum et al., 2014) and 

increase soil aggregate stability, soil water and nutrient retention, and plant-available 

water (Herath et al., 2013; Burrell et al., 2016; Mahmud et al., 2018). Some types of 

biochar have a considerable CaCO3-liming equivalence, and can be used as a liming 

agent, decreasing soil acidity and aluminium (Al) concentration in solution and at 

exchangeable sites (Chintala et al., 2013; Wang et al., 2014). The liming properties of 

biochar are mostly related to its inorganic alkalinity, but organic structural and other 

organic alkalinity can also contribute to it (Fidel et al., 2017). Moreover, the response of 

soil pH to the addition of a biochar with liming properties is influenced by the pH 

buffering capacity (pH-BC) of the soil (Singh et al., 2017).  

Besides the impacts on soil physical and chemical properties, biochar has an indirect 

effect on the biological and biochemical status of the soil, as it affects the soil living 

environment. Changes in soil bulk density, water retention, soil nutrients availability and 

soil pH associated with biochar application have been associated with a positive effect on 
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soil microorganisms (Lehmann et al., 2011; Masto et al., 2013; De Tender et al., 2016) 

and arthropods (Conti et al., 2015; Reibe et al., 2015). Soil enzymatic activity has also 

been shown to be sensitive to biochar addition (Masto et al., 2013). The effect of biochar 

on earthworms activity have been shown to be generally neutral or positive (Van Zwieten 

et al., 2010; Weyers & Spokas, 2011), yet negative effects have also been reported, such 

as a decrease in earthworms biomass in some experiments using urban or artificial soil 

(Gomez-Eyles et al., 2011; Li et al., 2011). Interactions have been found between the type 

of biochar, its application rate and particle size, and species of earthworms (Noguera et 

al., 2010; Weyers & Spokas, 2011; Paz-Ferreiro et al., 2014). Biochar has also been 

shown to mitigate the CO2 and N2O emissions commonly associated with earthworm 

activity (Augustenborg et al., 2012; Liu et al., 2018b). Increases in crop productivity due 

to positive interaction between biochar and earthworms have been reported (Noguera et 

al., 2010; Paz-Ferreiro et al., 2014). The combined effect of biochar and earthworms has 

been shown to have an impact on soil microbial community, changing abundance and 

activity of soil microorganisms, as well as soil enzymatic activity and plant growth 

(Noguera et al., 2010; Elmer, 2012; Bamminger et al., 2014; Paz-Ferreiro et al., 2015). 

Yet there are still gaps in the understanding of the interactions between biochar, 

functional groups of soil biota, biochemical processes, and plant growth.  

The objective of this study was to investigate the interactions between biochar and 

earthworms as they influence soil chemical, biochemical and biological properties, and 

plant growth in two contrasting soils, a dystric Cambisol and a sil-andic Andosol (both 

soils with pH-H2O < 6 but with contrasting physicochemical properties), in a 6-month 

mesocosm experiment. We hypothesized that 1) biochar produced from willow and 

applied at ca. 12 Mg ha-1 will have an influence on soil biological processes and plant 

productivity beyond its liming value; 2) biochar and earthworms will interact in regard to 

their influence on soil biological processes and plant productivity.  
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a significant decrease in OC concentration (P<0.001 across both soil types, 0-10 cm 

depth), this being, on average, of 1.5 g kg-1 (Cambisol) and 2.0 g kg-1 (Andosol) smaller 

than in non-limed soils. With few exceptions, the loss of OC tended to be greater in the 

absence of earthworms, while their presence increased Cp at 5-10 cm depth (data not 

shown). In a trend opposite to OC concentrations, TN concentrations significantly 

increased over time, on average by 0.7 g kg-1 across all treatments and both soil types 

(P<0.001) (Table 3.3, SI Fig. 3.3). Soils with earthworms had significantly higher soil 

TN values (P<0.001 across both soil types).  
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At the end of the 6-month experiment, NH4+-N concentrations almost tripled in the 

presence of earthworms in the Cambisol (Table 3.3, SI Fig. 3.4), compared to the start 

of the experiment. In the Andosol, the increase in NH4
+-N concentrations was observed 

in all treatments with earthworms, and also in lime-only treatment; the order of magnitude 

for the increase was similar in both soils (average increase was 8.2 mg NH4
+-N kg-1). In 

the Cambisol, NO3--N concentration decreased significantly during the experiment (all 

treatments and depths, P<0.001), with concentrations halved in the presence of 

earthworms and decreasing even further in their absence (Table 3.3, SI Fig. 3.5).  

3.3.2 Effect of treatments on soil biological properties 

Across experimental treatments, the mean number of earthworms per pot decreased by 

15%, the mean weight of individual earthworms did not change (data not shown) and no 

earthworm cocoons were detected. Cf was significantly higher in biochar and lime 

treatments (P<0.001 in both soils), and this effect was amplified in the presence of 

earthworms (interaction P<0.001 in both soils) (Fig. 3.1). Cb was also significantly higher 

in biochar and lime treatments in the Cambisol (biochar/lime vs. control P<0.001), but in 

the Andosol bacterial biomass was higher only in the soil with lime (P<0.001). 

Earthworms had no effect on the bacterial populations (Fig. 3.1). Fungi-to-bacteria ratio 

(Fig. 3.1) was significantly higher (P<0.001) in the presence of earthworms in both soils, 

whereas biochar and lime had either no effect or a slightly negative one (i.e., Cambisol 

with lime; P<0.05).  
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3.3.3 Effect of treatments on clover biomass 

At the end of the 6-month experiment, total clover biomass in the control Andosol was 

significantly higher (P<0.05) than in the control Cambisol (Fig. 3.3). In the absence of 

earthworms, clover biomass was higher in biochar treatments in both the Cambisol 

(P<0.001) and the Andosol (P<0.001), while lime had small negative effect on clover 

biomass in the Andosol (P<0.05) and no effect in the Cambisol (P=0.331). Presence of 

earthworms had a strong and significant positive effect on clover biomass, which was 

more pronounced in the Cambisol than in the Andosol (P<0.001 in both soils). In the 

Cambisol the highest clover biomass was observed in the control with earthworm 

treatment, while in the Andosol it was in the biochar with earthworms treatment (Fig. 

3.3). Clover root-to-shoot ratio in the Andosol was four times greater than that in the 

Cambisol (P<0.001) (SI Fig. 3.7). There was no significant effect of amendments on the 

root-to-shoot ratio in either soil. The effect of earthworms was only noticeable in the 

Cambisol, where clover root-to-shoot ratio was three times higher in the presence of 

earthworms (P<0.001). 
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For the Cambisol, the first four principal components accounted for 85.7% of total 

variability, with PC1 and PC2 accounting for 48.7% and 21.1%, respectively. Similar to 

Andosol, the PC1 was driven by the presence of earthworms, while PC2 was influenced 

by the amendments (biochar, lime). Samples with earthworms had high ammonium-N, 

nitrate-N, total N, Cf/Cb ratio, nitrate reductase, and clover biomass. Lime and biochar 

treatments were associated with high pH and bacterial biomass Cb. Synergistic effects of 

biochar and earthworms on increasing abundance of Collembola and fungal biomass Cf 

were reflected in the PCA bi-plot (Fig. 3.4). 

3.4 Discussion 

3.4.1 Effect of Treatments on Soil Chemical Properties 

Soil types. The two soils used in this experiment have different physicochemical 

properties (i.e., the Andosol, as per definition, is rich in short-range order constituents, 

which offer high OC protection), and responded differently to the treatments investigated 

(biochar, lime, earthworms), as reported in the literature (Wheeler et al., 1997; Biederman 

& Harpole, 2012; Paz-Ferreiro et al., 2014). The reduced response of the Andosol to the 

addition of alkalinity (lime, biochar) is consistent with its higher pH-buffering capacity. 

Counter-intuitively, despite the higher protected OC content of the Andosol than the 

Cambisol (Kov et al., 2018; Shen et al., 2018), the Andosol suffered a larger loss of OC 

during incubation (12.4 g kg-1), which can be attributed to the fact that this soil also has 

a larger content of labile OC, more susceptible to decomposition upon disturbance, than 

the Cambisol (Shen et al., 2018). It should be noted that the amount of OC in dung added 

to each soil was ca. 1.2 g kg-1 and thus only a small fraction of the OC loss could be 

attributed OC in dung. This loss in labile OC was only balanced, if so, by the added OC 

in biochar (14.9 g kg-1). In the Cambisol, an increase in OC above initial values was 

detected. 
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and NO3
--N concentrations in the treatments with earthworms, in addition to the mineral 

N generated by earthworms through enhanced N mineralization (Barley & Jennings, 

1959; Bityutskii et al., 2007). Moreover, an increase in N2 fixation in the presence of 

earthworms may have caused the observed drop in pH, which was especially evident in 

the 0-5 cm soil layer, where most of the clover roots were found. This effect is opposite 

to what is observed with earthworms in the presence of non-legumes (Burtelow et al., 

1998; Vos et al., 2014). The acidification of soils under legumes is partly explained by 

the increase in carboxylic groups of amino acids, which causes the release of H+ into the 

rhizosphere (Nyatsanga & Pierre, 1973; Israel & Jackson, 1978).  

In earthworm treatments, the larger NO3
--N concentration in the presence of 

earthworms was paralleled by an increase in NR activity, which in the Andosol was 

especially pronounced when combined with lime. Earthworms casts have been shown to 

modify the microbial community by increasing denitrifying bacteria numbers (Knight et 

al., 1992; Parkin & Berry, 1994) and soil denitrification (Svensson et al., 1986; Elliott et 

al., 1990; Depkat-Jakob et al., 2010a), and thus NR activity (Burtelow et al., 1998). The 

formation of casts may also explain the smaller C losses experienced in the treatments 

with earthworms, and could be associated with the physical and chemical protection of 

organic matter within the casts (Zhang et al., 2013). 

Biochar. The biochar used in our experiment had a low nutrient content (Fertilizer 

class - 0) and thus no direct fertiliser effect was expected. The influence of biochar on 

plant productivity was overshadowed by earthworm activity, yet a considerable effect of 

biochar on plant biomass was observed in the absence of earthworms, the effect being 

especially evident in the Cambisol. Given that in our experiment the lime itself did not 

have an effect on plant productivity, other properties/processes, such as changes in 

physical properties or in biological activity, probably had a role. Water retention, along 
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3.5 Conclusions 

Our results showed that biochar applied in 1% ratio has a potential to benefit soil 

fertility and plant productivity in acidic soils, even without having a direct nutrient 

fertilizing effect. The use of positive control (lime) helped to prove that the beneficial 

effect of biochar on plant productivity was unrelated to the liming potential of biochar, 

but probably linked to its influence on soil biological communities, enhancing nutrient 

cycle and nutrient availability.  

As expected, the presence of earthworms stimulated soil chemical and biological 

processes. Earthworms were associated with higher NH4
+-N, NO3

--N and mineral N 

concentrations, higher fungi:bacteria ratio, higher abundance of Collembola, and higher 

clover biomass. The influence of biochar on plant productivity was overshadowed by 

earthworm activity, yet a considerable positive effect of biochar on clover biomass was 

observed in the absence of earthworms, especially evident in the Cambisol. In the 

Andosol, a synergistic effect of earthworms-biochar combination on clover growth and 

soil biochemical processes exceeded the effect of each factor separately. The marked 

differences in treatment effects seen in the two soils indicate the complexity of processes 

influenced by biochar addition and earthworms activity. The two soil types differ in OC 

quantity and quality, texture, nutrients content and biological properties, which is 

reflected in their different response to experimental treatments. 

Interactions between biochar, functional groups of soil biota, plants, and soil 

biochemical processes contribute to the regulatory and provisioning soil ecosystem 

services. Combined use of biochar and earthworms has good productivity potential for 

acidic soils and can be part of sustainable soil management. 
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Amendments*Depth 2 54 0.019 12.49 <0.001 
Depth*Earthworms 1 54 0.009 12.21 <0.001 
Amendments*Earthworms*Depth 2 54 0.024 15.65 <0.001 

Ammonium nitrogen 
Amendments  2 54 0.134 52.529 <0.001 
Earthworms 1 54 0.606 473.413 <0.001 
Depth 1 54 0.010 7.948 <0.01 
Amendments*Earthworms 2 54 0.116 45.381 <0.001 
Amendments*Depth 2 54 0.044 17.396 <0.001 
Depth*Earthworms 1 54 0.009 7.189 <0.01 
Amendments*Earthworms*Depth 2 54 0.010 4.021 <0.05 

Nitrate reductase 
Amendments  2 54 0.552 296.577 <0.001 
Earthworms 1 54 0.285 306.195 <0.001 
Depth 1 54 0.025 27.252 <0.001 
Amendments*Earthworms 2 54 0.078 41.910 <0.001 
Amendments*Depth 2 54 0.005 2.784 0.0717 
Depth*Earthworms 1 54 0.031 3.287 0.075 
Amendments*Earthworms*Depth 2 54 0.001 0.174 0.084 

Organic carbon 
Amendments  2 54 0.720 368.374 <0.001 
Earthworms 1 54 0.043 43.866 <0.001 
Depth 1 54 0.012 12.495 <0.001 
Amendments*Earthworms 2 54 0.125 63.846 <0.001 
Amendments*Depth 2 54 0.001 0.290 0.749 
Depth*Earthworms 1 54 0.001 1.387 0.244 
Amendments*Earthworms*Depth 2 54 0.011 23.096 <0.001 
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Ammonium nitrogen 

Amendments  2 54 0.032 7.998 <0.001 
Earthworms 1 54 0.765 384.528 <0.001 
Depth 1 54 0.055 27.748 <0.001 
Amendments*Earthworms 2 54 0.034 8.536 <0.001 
Amendments*Depth 2 54 0.004 0.975 0.384 
Depth*Earthworms 1 54 0.001 0.681 0.413 
Amendments*Earthworms*Depth 2 54 0.002 0.483 0.619 

Nitrate reductase 
Amendments  2 54 0.061 13.47 <0.005 
Earthworms 1 54 0.543 240.23 <0.001 
Depth 1 54 0.037 16.314 0.007 
Amendments*Earthworms 2 54 0.011 2.41 0.320 
Amendments*Depth 2 54 0.030 6.72 <0.05 
Depth*Earthworms 1 54 0.011 2.268 0.138 
Amendments*Earthworms*Depth 2 54 0.056 5.940 <0.005 

Organic carbon 
Amendments  2 54 0.766 586.996 <0.001 
Earthworms 1 54 0.986 151.075 <0.001 
Depth 1 54 0.002 2.357 0.131 
Amendments*Earthworms 2 54 0.052 39.530 <0.001 
Amendments*Depth 2 54 0.033 25.409 <0.001 
Depth*Earthworms 1 54 0.007 10.888 <0.005 
Amendments*Earthworms*Depth 2 54 0.001 4.808 <0.05 
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Effect of biochar on soil biological and physicochemical 
properties in two New Zealand pastures under livestock 

grazing: a field-based mesocosm experiment 
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pastures under livestock grazing: a field-based mesocosm experiment. To be submitted 

to Agriculture, Ecosystem and Environment. 

  





 Chapter 4 

63 
 

4.1 Introduction  

Applications of organic amendments, such as manure, compost, or effluent to soils as 

part of agricultural management practices, add nutrients and provide a source of energy 

and carbon (C) for heterotrophic biota, affecting soil biological conditions as well as 

physicochemical properties (Piqueres et al., 2006; Cleveland et al., 2007). A less widely 

used but promising organic amendment is biochar, a charcoal produced from biomass 

pyrolysis. Because biochar is rich in condensed aromatic C for which most microbes lack 

the required set of enzymes (Lehmann et al., 2009), it can persist in the soil over time, 

which offers an option for sequestering C, contributing to greenhouse gas emissions 

abatement (Lehmann et al., 2010; Lorenz & Lal, 2014). Understanding how adding 

biochar may affect soil biota and soil physicochemical properties is critical for ensuring 

that soil ecosystem services are maintained.  

Soil biota are important in the functioning of soils and the provision of ecosystem 

services (Altieri, 1999; Khaziev, 2011; Yang et al., 2018a). Soil macro-, meso- and micro-

fauna contribute to the effective functioning of soils (Wall, 2012) through (i) the 

fragmentation, incorporation, and decomposition of organic detritus, (ii) the cycling of 

nutrients, (iii) the formation and maintenance of microaggregates, (iv) the creation of 

habitats for sustaining diversity, and (v) the control of pests and disease. Microorganisms 

(bacteria and fungi) form the foundation of soil food webs and are the main drivers of 

decomposition and preservation of soil organic matter, with up to 50% of soil organic 

matter representing microbial-processed material (Aislabie & Deslippe, 2013; Liang et 

al., 2019). Extracellular microbial polymeric substances (e.g., glomalin from arbuscular 

mycorrhizal fungi) also contribute to particle binding and soil organic matter preservation 

(Tisdall, 1994; Boivin & Kohler-Milleret, 2011; Costa et al., 2018). Among soil macro- 

and meso-fauna, earthworms and arthropods have a key role in soil functions. 

Earthworms bury and incorporate plant litter and animal dung, pass litter and soil through 
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their gut, digest organic residues, and excrete casts; these are enriched in nutrients (van 

Groenigen et al., 2019), along with enzymes and microorganisms that contribute to 

organic matter transformation in soil (Bernard et al., 2012; Schon et al., 2012a). Through 

their burrowing, earthworms also modify soil porosity, which influences soil water 

regime and storage (McColl et al., 1982; Mackay et al., 1983; Shuster et al., 2002; Frouz 

et al., 2006). Arthropods that inhabit the soil contribute to litter fragmentation and nutrient 

mineralisation, as well as to soil mixing and pore construction (Culliney, 2013).  

The nutrient content, amount of labile C, liming value, particle size, and application 

rate of biochar all interact to influence the soil microbial community (Pandian et al., 

2016). The specific properties of a biochar depend on the type of feedstock and pyrolysis 

conditions. Biochar can increase the abundance of bacteria involved in the nitrogen (N) 

cycle, including denitrifiers (Anderson et al., 2011), and has a potential to reduce N2O 

emission from the soil (Shi et al., 2019), although this is very dependent on biochar 

characteristics, particle size, application rate, method of application, and soil properties 

(Cayuela et al., 2014; Schirrmann et al., 2017). Many biochars have also liming properties 

that decrease exchangeable acidity and aluminium saturation in the soil (Chintala et al., 

2013; Wang et al., 2014). Biochar has been shown to have a positive influence on 

mycorrhizal fungi abundance (Hammer et al., 2014; Shen et al., 2016), while the response 

of soil bacteria to biochar application can be variable depending on bacterial family (Gao 

et al., 2017) and the composition of native organic matter (Wang et al., 2015a). By 

impacting the soil microflora, biochar application can affect the entire soil food web 

(McCormack et al., 2013a).  

Biochar has been reported to have a postive impact on earthworms activity (Topoliantz 

& Ponge, 2005; Van Zwieten et al., 2010), although Weyers and Spokas (2011) reported 

a decrease in density, weight, and reproduction of earthworms in soils amended with 

biochar. Ingestion of biochar might be beneficial to earthworms (Lehmann et al., 2011) 
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(NH4
+-N) were determined following the method of Blakemore et al. (1987). For this, 1 

g of soil was extracted with 20 mL of 2 M KCl, NO3
--N and NH4

+-N were measured by 

segmented flow auto-analysis using Technicon AA-II (Technicon, USA). Available 

phosphorus (Olsen P) was determined by the molybdenum-blue method using sodium 

bicarbonate extraction (Olsen et al., 1954). The initial physical and chemical properties 

of the two soils are described in Table 4.1. 
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effect of factors: soil order (Andosol vs. Cambisol), fertilisation history (Andosol NE and 

EF; Cambisol LF and HF), amendment treatment (control, biochar, and lime), and soil 

depth (2-9.5 cm and 9.5-17 cm) on the following variables: soil biological properties 

(earthworm abundance, fungal and bacterial C, arthropod abundances, and plant root 

biomass), physical properties (bulk density), and chemical properties (pH, OC, TN, Olsen 

P, NO3
--N and NH4

+-N). Soil depth was used as a repeated measure in this analysis. 

Principal Component Analysis (PCA) was performed for soil physico-chemical 

properties (BD, pH, OC, TN, NO3--N, NH4
+-N, Olsen P, combined 2-9.5 and 9.5-17 cm 

depths) and biological properties (bacterial and fungal biomass, dry roots biomass, 

abundance of earthworms, Collembola, Oribatida and Gamasina), grouping them by 

factors (fertilisation history and treatment). Prior to PCA, the data was normalized by z-

score standardization technique. Statistical analysis was carried out using R software 

version 3.3.3. 
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Table 4.3 Soil physical and chemical properties (mean) of the 2-9.5 cm and 9.5-17 cm depths after 12 months. Within a row, lowercase 
letters denote significant differences between treatments within a specific site, Tukey HSD post-hoc test, P<0.05, all global F-tests significant. 

   Andosol NE Andosol EF Cambisol LF Cambisol HF 

 Depth, 
cm 

Control  Biochar Lime  Control  Biochar Lime  Control  Biochar Lime  Control  Biochar Lime  

TN, g kg-1 2-9.5  6.5 b 7.3 a 6.3 c 7.4 b 7.9 a 7.4 b 5.12 b 5.8 a 5.1 b 5.6 b 6.01 a 5.5 b 

 9.5-17 5.7 b 6.6 a 4.9 c 6.7 ab 6.9 a 6.4 b 4.2 b 4.7 a 4.1 b 4.5 c 5.3 a 4.9 b 

Olsen P mg 
kg-1 

2-9.5  38.7 b 41.7 a 39.3 ab 23.4 b 25.4 a 22.8 b 4.6 a 5.1 a 4.5 a 23.1 b 27.8 a 23.2 b 

 9.5-17 31.1 b 37.4 a 31.7 b 15.5 b 17.9 a 15.5 b 4.1 b  4.6 a 4.2 b 14.2 b 18.1 a 14.4 b 

OC, g kg-1 2-9.5  67.2 b 73.1 a 67.7 b 78.2 b 85.0 a 74.2 c 54.4 b 60.1 a 50.8 c 60.5 a 62.7 a 55.5 b 

 9.5-17 56.6 b 65.8 a 56.2 b 69.4 b 80.1 a 65.8 b 44.8 b 51.3 a 44.9 b 48.6 b 53.1 a 50.5 b 

BD, g cm-3 2-9.5  0.65 ab 0.62 b 0.66 a 0.66 a 0.60 b 0.65 ab 0.68 a 0.63 b 0.68 a 0.69 a 0.65 b 0.68 a 

9.5-17 0.70 a 0.66 b 0.68 a 0.70 a 0.65 b 0.69 ab 0.73 a 0.67 b 0.72 a 0.72 a 0.67 b 0.71 a  

pH 2-9.5  5.59 b 6.08 a 6.13 a 5.98 b 6.21 a 6.27 a 5.15 b 5.16 b 5.47 a 5.23 b 5.41 a 5.46 a 

9.5-17 5.43 c 5.68 b 5.84 a 5.91 b 6.12 a 6.20 a 5.14 c 5.24 b 5.49 a 5.18 b 5.38 a 5.46 a 

NO3--N, mg 
kg-1 

2-9.5  21.9 b 25.2 a 23.2 b 35.9 a 36.0a 36.5 a 2.6 a 2.7 a 2.4 a 10.5 b 11.2 a 10.4 b 

9.5-17 18.1 b 21.5 a 21.7 a 30.2 a 31.1 a 29.9 a 2.4 ab 2.5 a 2.2 b 9.4 b 10.3 a 9.4 b 

NH4+-N, mg 
kg-1 

2-9.5  23.1 a 24.5 a 23.2 a 24.4 a 20.7 b 24.9 a 8.3 a 8.6a 8.5 a 16.4 b 18.4 a 16.1 b 

9.5-17 20.1 b 22.4 a 19.6 b 20.8 a 18.9 b 20.8 a 6.9 a 7.3 a 7.0 a 9.0 a 9.7 a 9.01 a 
 



 Chapter 4 

73 
 

Table 4.4 Soil biological properties (means) after 12 months. Within a row, lowercase letters denote significant differences between treatments 
within a specific field, Tukey HSD post hoc test, P<0.05, all global F-tests significant. 

 Andosol NE Andosol EF Cambisol LF Cambisol HF 

 Control  Biochar Lime  Control  Biochar Lime  Control  Biochar Lime  Control  Biochar Lime  

Earthworms, ind 
m-2 

151.0 c 330.3 b 481.2 a 273.6 b 339.7 ab 462.4 a 325.5 b 500.1 ab 632.2 a 188.7 b 349.1 ab 519.0 a 

Bacterial 
biomass carbon, 
mg kg-1 

1105.6 b 1574.3 a  1248.9 b 833.0 c  1390.4 a 1141.8 b 1927.1b 2252.9 a 1954.2 b 1411.4 b 1687.7 a 1508.2 ab 

Fungal biomass 
carbon, mg kg-1 

372.3 b 701.4 a 485.1 b 451.0 c 1016.2 a 614.1 b 1121.0 b 1681.0 a  1180.2 b 468.7 b  980.7 a 616.9 b 

Collembola, ind 
x 1000 m-2 

25.1 b 53.7 a 48.3 a 10.6 b 26.3 a 12.5 b 7.2 b 17.1 a  10.9 ab 28.0 b 49.5 a 41.6 ab 

Oribatida, ind x 
1000 m-2 

1.0 ab 2.0 a 0.5 b 1.8 a 2.0 a 1.4 a 24.2 a 33.1 a 67.3 a 28.7 a 39.9 a 30.2 a 

Gamasina, ind x 
1000 m-2 

2.3 a 5.9 a 2.6 a 3.3 a 5.3 a 2.9 a 7.1 a  12.1 a 8.9 a 11.9 b 16.7 a 15.2 b 
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4.3 Results 

Neither biochar nor lime addition had affected the physical or chemical properties of 

the deeper soil (17-30 cm; results not shown). Below we only present results for the soil 

physical and chemical properties in the 2-9.5 cm and 9.5-17 cm soil depths. Where soil 

order*amendments interaction was significant, the results for Cambisol and Andosol are 

reported separately. 

4.3.1 Soil physical and chemical properties 

Bulk densities (BD) of the undisturbed Andosol and Cambisol were similar and 

increased with depth in all sampling sites (Table 4.1). Initial soil pH, OC, TN and total 

mineral N (NO3
--N and NH4

+-N) were higher in the Andosol than in the Cambisol. Olsen 

P was higher in And-NE soil than in And-EF soil, and higher in Cam-HF soil than in 

Cam-LF soil (Table 4.1).  

At the end of the experiment, the influence of the amendments was significant for TN, 

Olsen P, OC, and BD across all tested sites and depths. After 12 months, TN concentration 

increased in all amended soils (P<0.005) compared with initial values (Table 4.1, Table 

4.3, SI Fig. 4.2), with the highest increase being in the soil to which biochar had been 

added. Biochar addition increased Olsen P (P<0.005, Table 4.1, Table 4.3, SI Fig. 4.3) 

in all paddocks. Soil disturbance caused some loss of soil OC concentration as is evident 

when comparing OC content of the initial soil with the control mesocosms at the end of 

the experiment (Table 4.1, Table 4.3, SI Fig. 4.4). Biochar significantly increased soil 

OC content (Table 4.1, Table 4.3, SI Fig. 4.4) compared with the initial soil (P<0.005), 

on average by 4.4 g kg-1 in 2-9.5 cm soil depth and 8.2 g kg-1 in the 9.5-17 cm soil depth. 

Lime-amended soil had significantly less OC at the 2-9.5 cm soil depth than the control 

(P<0.001), on average by 5 g kg-1. At the end of the experiment, the BD of the sieved and 

repacked soil for the different mesocosms (at both depths) in all four sites was lower 

(P<0.005) than under undisturbed conditions (Table 4.1, Table 4.3, SI Fig. 4.5). 
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Addition of biochar further significantly lowered soil BD compared with the control soil 

(P<0.005), on average by 7% across all paddocks and both depths.  

Soil order*amendments interaction was significant for soil pH and mineral N. As 

expected, pH values (Table 4.1, Table 4.3, SI Fig. 4.6) of the soil receiving lime were 

significantly higher (P<0.005) at all sites and at both depths. In both Andosol paddocks, 

soil amended with biochar had a higher soil pH than the control (P<0.005). In the 

Cambisol the liming effect of biochar was significant in Cam-HF but not in Cam-LF soil. 

Changes in mineral N (NO3--N and NH4
+-N) were site-specific (Table 4.1, Table 4.3, SI 

Fig. 4.7, SI Fig. 4.8). Biochar-amended soil had higher (P<0.005) NO3
--N and NH4

+-N 

content in the And-NE and Cam-HF soils compared with the control. The And-EF soil 

amended with biochar had significantly less NH4
+-N (P<0.005) than the control.  

4.3.2 Biological properties 

The initial earthworm abundance was lower in the Cam-HF soil than in all other 

paddocks (Table 4.2). Cb was highest in the Cam-HF soil and lowest in the And-NE soil, 

whereas the Cf in the And-NE soil was twice that of the other three sites, which all had 

similar Cf values (Table 4.2). The Collembola abundance was lowest in Cam-LF soil. 

Oribatida and to a lesser degree Gamasina populations were higher in the Cambisol 

paddocks (Table 4.2).  

Soil order*amendments interaction effect was significant for Cf, Cb, Collembola 

abundance, and root biomass. By the end of the experiment, Cb significantly increased 

(P<0.005) in all Cambisol treatments when compared to the corresponding values at the 

start of the experiment, whereas Cb values in the negative control of the two Andosols did 

not change over time.  

After 12 months of field incubation, earthworm abundance (Table 4.2, Table 4.4, SI 

Fig. 4.9) in lime-treated mesocosms was higher than in the control of all soils (P<0.01). 

In the presence of biochar, earthworm abundance was only significantly higher in the 
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4.3.3 Principal Component Analysis (PCA) of the soil properties 

For the two Andosol paddocks, the first four principal components accounted for 81% 

of the total variability, with PC1 and PC2 accounting for 34.8% and 25.0%, respectively. 

The first principal component was mostly driven by the differences in soil chemical 

properties (OC, TN, pH, Olsen P, NO3
--N) between the two Andosol paddocks (And-EF 

and And-NF), reflecting the influence of management history prior to the biochar or lime 

addition. The higher TN, pH, NO3--N and earthworm abundance values in And-EF soil 

are probably related to the effluent application (Kov et al., 2018). The second principal 

component was driven by the effect of amendments, with biochar application positively 

correlating with higher abundance of bacteria, fungi, earthworms, and springtails, and 

negatively correlating with bulk density and NH4
+-N concentration (Fig. 4.2).  

For the two Cambisol paddocks, the first four principal components accounted for 

87.2% of total variability, with PC1 and PC2 accounting for 47.4% and 20.7%, 

respectively. Similar to what was seen in the Andosols, PC1 was driven by the differences 

in underlying characteristics of the two paddocks, attributed to the combination of 

fertiliser input and sheep stocking rate over the previous 37 years. Cam-HF paddock, with 

its history of high fertiliser application, had higher nutrient levels (Olsen P, NH4
+-N, NO3

-

-N). The PC2 was driven by the effect of amendments. Biological properties were again 

influenced by biochar addition, but while in the Andosol the effect was similar in both 

paddocks, in the Cambisol, the increase in root, fungi and bacteria biomass was more 

pronounced in the low-fertility Cam-LF pasture (Fig. 4.2).  
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In the PCA bi-plots of the two soil orders, the scores of the biochar treatments clearly 

plot away from those of the other treatments, while those of lime do not (Fig. 4.2). 

4.4 Discussion 

The Andosol in this study is derived from volcanic ash, and is rich in short-range order 

constituents, which offer high organic matter protection, low BD, high anion retention, 

good physical properties and resilience to treading pressure (Molloy, 1998). The 

Cambisol is derived predominantly from sedimentary rock, specifically from loess 

materials that could contain some volcanic ash, and has a low anion storage capacity and 

limited physical resilience to treading pressure. Despite the higher levels of primary 

production of the two paddocks on the Andosol, particularly when compared with the 

Cambisol site that has not received any fertiliser inputs for 37 years (Cam-LF), the overall 

abundance of biota was generally similar across the two soil orders, with the exception of 

the Oribatida mites, which were several times less abundant in the Andosol than in the 

Cambisol. Orbatida can be a useful indicator of the amount of physical damage caused 

by grazing animal treading in pastures (Schon et al., 2012b); lower densities of Oribatida 

in the Andosol paddocks under dairy grazing vs. the Cambisol paddocks under sheep 

grazing could reflect differences in treading pressure, but in the current study, more 

research would be needed to prove this. The chemical, biological, and physical properties 

of both soils were affected by the addition of biochar and lime, despite the differences in 

soil mineralogy and management.  

The biochar used in the present study significantly added to the soil carbon stocks. 

Mass balance indicates that at the end of the experiment the OC content of soil amended 

with biochar at 2-9.5 cm depth was higher (on average by 1.3 g kg-1 across all soils) than 

the expected content based on the amount of C added with the biochar (Error! Reference 

source not found.1 in Appendix 4.3). We hypothesise that the effect of biochar on root 

growth contributed to this increase in soil OC stocks, as discussed in more detail further 
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Appendix 4.1 
 

 

 

SI Figure 4.1 Scheme of PVC tube used in field based mesocosm experiment 
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1. The cores extraction 

 
2. The cores extraction   

 
3. The core preparation 

 
4. Cutting the turf 

 
5. Soil excavation 

 
6. Soil mixing 
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7. Earthworms returning in the core 

 
 

8. Soil returning in the core 

 
9. The turf returning 

 
10. Prepared cores 

 
11. Prepared cores after 2 weeks 

 
12. Drilling the hole 
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13. The core instalation 

 
14. The core installation 

 
15. Installed core 

 
16. Core cutting (extracted after 6/12 

month) 

 
17. Core layer (extracted after 6/12 

months) 

 
18. Core layers (extracted after 6/12 

months) 
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SI Table 4.1 Predicted soil properties after adding biochar, in brackets number 
showed changes of the properties in percentage from the initial. 

 Depth, cm 
Andosol 

NE 
Andosol 

EF 
Cambisol 

LF 
Cambisol 

HF 
BD, g cm-3 

2-9.5  
0.67 
(1.8) 

0.68 
(1.8) 

0.70 
(1.9) 

0.70 
(1.9) 

9.5-17 
0.73 
(2.0) 

0.73 
(2.1) 

0.75 
(2.2) 

0.75 
(2.1) 

pH 
2-9.5  

5.9 
 (5.4) 

6.3 
 (5.1) 

5.8 
(12.0) 

5.9 
 (11.8) 

9.5-17 
5.8 

 (5.6) 
6.28 
(5.1) 

5.9 
 (12.0) 

5.9 
 (11.9) 

OC, g kg-1 
2-9.5  

75.0 
(8.9) 

87.1 
(7.6) 

61.2 
(11.3) 

67.3 
(10.2) 

9.5-17 
61.7 

(10.8) 
74.9 
(8.9) 

51.1 
(13.5) 

57.0 
(12.1) 

TN, g kg-1 
2-9.5  

6.3  
(1.6) 

7.4  
(1.4) 

5.0  
(2.1) 

5.5  
(2.0) 

9.5-17 
5.5  

(1.9) 
6.6  

(1.6) 
4.1  

(2.6) 
4.9  

(2.2) 
Olsen P, mg 
kg-1 

2-9.5  
38.3 
(7.3) 

22.3 
(12.6) 

7.4  
(39.4) 

23.9 
(12.2) 

9.5-17 
34.2 
(8.2) 

18.7 
(15.0) 

7.2  
(40.6) 

16.7 
(14.8) 
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Enzyme activities and the influence of biochar addition on 
soil biochemical processes in two New Zealand pasture 

soils 
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fungal activities differently, in some cases shifting the microbial community structure, 

for example, changing fungi:bacteria ratio or changing abundance of specific groups of 

soil bacteria (Pandian et al., 2016; Gao et al., 2017). Generally, biochar application 

increases the abundance of soil microorganisms (Lehmann et al., 2011; Paz-Ferreiro et 

al., 2015; Palansooriya et al., 2019), whereas the influence of biochar on soil enzyme 

activity is more variable, being highly dependent on biochar type, and varying 

enormously with soil order (Ouyang et al., 2014; Paz-Ferreiro et al., 2014; Khadem & 

Raiesi, 2017).  

Our previous results (Chapter 4) show that willow biochar addition (1% w/w ratio) 

significantly increased soil C and nutrients stocks (beyond the increased that would be 

expected based on biochar composition), the abundance of soil organisms 

(microorganisms, arthropods and earthworms) and plant root biomass in two New 

Zealand pasture soils. In the present Chapter, we investigate how these changes in soil 

properties are reflected in the activities of soil enzymes involved in the C, N and P cycles. 

5.2 Material s and methods 

5.2.1 Biochar production and characterisation. Soil properties. Field-
based mesocosm experiment 

Biochar production and characteristics are described in Chapter 3. The field sites, and 

the design and layout of the field-based mesocosm experiment are described in Chapter 

4. Soil analysis and soil properties (physicochemical and biological) are also described in 

Chapter 4.  

5.2.2 Soil enzymes analysis  

Alkaline and acid phosphatases, nitrate reductase, urease, cellulase, peroxidase and 

dehydrogenase activities were measured in the top 30-cm depth of two contrasting soils, 

to which biochar and lime were added to a depth 2-17 cm (the top 2 cm depth comprised 

the turf). Soil samples for enzymatic activity measurement were collected from five depth 
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and lower cellulase activity (P<0.005) than the low fertility soil (Cam-LF). There was no 

difference in the urease activity between the two Cambisol paddocks with different input 

levels of P fertiliser (Cam-LF had received no superphosphate since 1980, while Cam-

HF receives 375 kg superphosphate ha-1 yr-1 since 1980).  
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separation between biochar/lime-amended soils and their respective controls. With the 

exception of acid phosphatase, all other biotic and enzyme variables were associated with 

the addition of biochar or lime amendments. In all four paddocks, biochar addition was 

the driver for root biomass, microbial biomass (fungi and bacteria), cellulase and 

dehydrogenase activity. In the Cambisol paddocks, urease activity was also associated 

with biochar. Higher abundance of earthworms and higher peroxidase activity (in both 

soils), and nitrate reductase (in the Andosol) were associated with lime application.  

5.4 Discussion 

This Chapter provides insights into the activity of seven enzymes in pasture paddocks 

under different management practices on two contrasting soil orders, after addition of 

either biochar or lime. The following discussion is limited to the effects of biochar and 

lime on enzyme activities in 2-17 cm soil depth (Table 5.2); data for other depths are 

available in the Appendix 5.1. 

There were marked differences in enzymes actives between soil orders and between 

management practices (paddocks) within a soil order. Short-range order inorganic 

constituents (e.g., allophane) abundant in Andosols have the capacity to immobilize 

phosphatase (Chatterjee et al., 2014; Jordanova, 2017), and in this form protect it from 

adverse conditions (Shindo et al., 2002); this explains the fact that phosphatase activity 

was greatest in the Andosol. At the same time, allophane aggregates in the Andosol can 

remain saturated with water during long periods (Buurman et al., 2007b), which creates 

favourable anaerobic conditions for nitrate reductase (Abdelmagid & Tabatabai, 1987), 

which was most abundant in this soil. High urease activity in the Andosol paddocks 

probably reflects higher urine input from the grazing cattle (up to 55 L urine cow-1 day-1, 

Betteridge et al. (1986) comparing to up to 3 L urine sheep-1 day-1 (Ledgard et al., 2008) 

from sheep grazing in Cambisol). Urease activity has been reported to be strongly 

correlated with soil bacterial biomass (Amini Kiasari et al., 2018). In the present study, 
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between microbial biomass carbon and DHG activity (Fig. 5.4), which was expected, as 

biochar had positive effect on microbial community (see Chapter 4), and dehydrogenase 

is an important component of microbial metabolic functions (Casida, 1977). Ouyang et 

al. (2014) reported that biochar application (5% w/w) had positive effect on DHG activity 

and had increased C mineralization in the soil in the short-term, which can be related to 

some extent to the presence of labile C in biochar; however, most of the C in biochar 

remained in the soil over time, as expected. A mass balance calculation showed the loss 

of native OC in the soils treated with biochar and lime in our experiment (Chapter 4); 

however, the soil treated with biochar accumulated OC over time, which was mostly 

associated with enhanced root growth (Chapter 4).  

 

 

 
Figure 5.5 OLS regressions between dry root biomass and cellulase activity (2-17 cm 
soil depth) in four experimental sites. 
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The positive correlation between earthworms (which were more abundant in the 

presence of lime, see Chapter 4), and peroxidase (PO) activity (Fig. 5.6) could be related 

to the fact that soil peroxidases are very sensitive to soil pH, and it was shown that lime 

application substantially increases peroxidase activity (Sinsabaugh, 2010). With an 

increase in pH, the bonds of organic molecules (ligands) with mineral surface become 

weaker, and freed OM becomes more easily degraded and oxidised by peroxidases 

(Sinsabaugh, 2010; Tian & Shi, 2014). Also, peroxidases exist in the earthworm tissues 

to protect its body against the harmful effect of peroxide, and are released into the soil 

with the mucus from the earthworm body and with castings (Hartenstein, 1982; Hassett 

et al., 1988). Thus, a larger number of earthworms could contribute to increasing PO 

activity in the soil. 

Nitrate reductase activity is affected by factors such as nitrate concentration and soil 

pH, with an optimum at pH 7 (Abdelmagid & Tabatabai, 1987). This is consistent with 

the trends observed in this study: (i) NR activity was highest in the Andosol that received 

effluents (And-EF) and in the Cambisol with high fertility paddock (Cam-HF); (ii) both 

lime and biochar increased NR activity. Yet, while lime and biochar had similar effect on 

soil pH, lime had a more pronounced effect on NR. Jha et al. (2016) showed that lime had 

strong positive effect on abundance of microbial genes encoding the denitrification 

process, including narG gene responsible for the reduction of nitrate. At the same time, 

biochar has been reported to increase the abundance of nosZ genes, encoding the nitrous-

oxide reduction (Harter et al., 2017). Also to have diverse effects on other genes (Weldon 

et al., 2019) and being able to reduce narG abundance (Bai et al., 2015). Apparently, 

biochar and lime affect different groups of soil bacteria responsible for denitrification. 

Additional comparative research is required to find the mechanisms through which these 

amendments influence N cycle.  
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was shown that lime amendment did not affect fungal biomass and that biochar had a 

positive effect on both bacterial and fungal biomass, which suggests that another 

underlying mechanism might explain these changes. Phosphatases (AcP and AlP) 

activities are found bound to OM, which enhances the stability of these enzymes, and so 

are related to OC and TN (Bonmati et al., 1991). 

Biochar can stimulate biochemical processes in the soil, but the underlying 

mechanisms can be different. The biochar used in the present study has a clear influence 

on soil physicochemical properties, which in turn affected plants and soil biota, including 

microorganisms and invertebrates (see Garbuz et al. (2019) and Chapter 4). In Chapter 

4 we showed that, after 12 months of the experiment under field conditions, biochar 

significantly increased OC, TN and Olsen P concentration, and reduced soil BD and 

acidity in both the Andosol and the Cambisol. At the same time, biochar increased plant 

root biomass, which stimulated soil microbial biomass, arthropods and earthworm 

abundance through the soil food web. Similar effects of biochar on soil physicochemical 

and biological properties in the same soils were observed in the glasshouse mesocosm 

experiment (Garbuz et al., 2019). In addition, we found a synergistic interaction between 

biochar and the presence of earthworms acting upon soil microbial biomass and specific 

biochemical processes (C and N cycles, including activity of nitrate reductase) (Garbuz 

et al., 2019). Similarly, synergistic effects of biochar and earthworms on soil microbial 

community have been reported in other studies (Bamminger et al., 2014; Paz-Ferreiro et 

al., 2015), including the increase in abundance and activity of microorganisms (Paz-

Ferreiro et al., 2015), increase in enzymatic activities (Paz-Ferreiro et al., 2014), and 

higher plant growth rate (Paz-Ferreiro et al., 2014; Sanchez-Hernandez et al., 2019).  

Depending on the soil type and biochar type, the effects of biochar on enzyme 

activities can be positive or negative (Bailey et al., 2011). More often, the addition of 

biochar causes an increase in enzyme activities through changing soil physicochemical 
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pasture productivity, biological activity, and, therefore, enzymatic activity. However, the 

organo-mineral complexes of the Andosol receiving effluent become unstable in the long-

term (Kov et al., 2018) as more alkalinity is added to the system. This indicates that the 

effluent application practice could bring risk to the sustainability of this soil. Effluent 

application could also be a reason of environmental problems, such as reducing water 

quality in neighbouring waterways, as well as nutrients imbalance both in the soil and in 

animal diet (Hawke & Summers, 2006).  

5.5 Conclusions 

Soil amendments, such as lime and willow biochar used in the present study at an 

application rate of 12 Mg ha-1, had a significant influence on the chemical and biological 

status of the soil and, consequently, on the activities of selected soil enzymes. However, 

this effect was diverse and enzyme-dependent. The different response of enzyme 

activities to biochar and lime addition could be explained by the different mechanisms 

through which these amendments influence soil biochemical processes. Lime increased 

pH and, since neutral pH is more favourable for most enzymes, it significantly increased 

their activity in general (e.g., peroxidase). Lime had more pronounced effect than biochar 

on the activity of nitrate reductase, which might to some extent be related with the effect 

of lime on earthworm abundance. This might have also contributed to the increased 

activity of other enzymes, such as peroxidase. Biochar, in addition to its liming potential, 

had generated more favourable conditions for root growth, which along with its labile C 

fraction contributed to biological processes. The overall increase in labile OM associated 

with biochar application (either directly from the charred material or indirectly from 

enhanced root growth) caused an increase in dehydrogenase and cellulose activity. Both 

biochar and lime, due to the liming effect on soil pH, decreased activity of acid 

phosphatase, and increased activity of alkaline phosphatase. Urease activity also 

increased with biochar application, but the mechanism through which biochar influences 
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urease is not clear. The higher GMea values in biochar-treated soil suggest that there is 

an overall positive effect of biochar application on soil quality and biochemical processes. 

However, the GMea may not fully reflect the long-term effects of a land use practice such 

as effluent, fertilizers or other amendments application on soil biochemical processes. 

Future research should focus on interactions between biochar, plants, and functional 

groups of soil organisms, and the way in which these influence on particular enzymes and 

total enzymatic activity affects the C, N and P cycles.  
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Dynamics of natural capital stocks and enzyme activities in 
a field-based mesocosm experiment under livestock 

grazing 6- and 12-months after the addition of biochar  
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Table 6.1 Initial soil physicochemical properties at five depths. Within a row, 
lowercase letters denote significant differences between paddocks (Tukey HSD, 
�D<0.05, all global F-tests significant). 

Soil 
Depth, 

cm 
Andosol 

NE 
Andosol 

EF 
Cambisol 

LF 
Cambisol 

HF 
BD, g cm-3 0-2 0.86 a 0.87 a 0.71 b 0.70 b 

2-9.5 0.68 b 0.69 b 0.71 a 0.71 a 
9.5-17 0.74 b 0.75 b 0.77 a 0.76 ab 
17-20 0.76 b 0.78 ab 0.80 a 0.81 a 
20-30 0.95 a 0.96 a 0.96 a 0.96 a 

pH 0-2 6.1 a 6.0 a 5.2 c 5.3 c 
2-9.5 5.6 b 5.9 a 5.1 c 5.2 c 
9.5-17 5.5 b 5.9 a 5.1 c 5.2 c 
17-20 5.6 b 5.9 a 5.2 c 5.3 c 
20-30 5.7 b 6.1 a 5.3 c 5.4 c 

OC, g kg-1 0-2 86.1 b 92.5 a 79.6 c 65.2 d 
2-9.5 68.4 b 80.4 a 54.3 d 60.4 c 
9.5-17 55.1 b 68.3 a 44.2 d 50.1 c 
17-20 44.7 b 50.7 a 33.7 d 40.8 c  
20-30 27.3 b 33.5 a 20.6 d 34.0 c 

TN, g kg-1 0-2 8.3 a 8.3 a 5.8 d 6.7 c 
2-9.5 6.2 b 7.3 a 4.9 d 5.4 c 
9.5-17 5.4 b 6.5 a 4.0 d 4.8 c 
17-20 4.5 b 5.1 a 3.1 d 4.0 c 
20-30 3.1 b 3.5 a 2.2 c 3.4 a  

Olsen P, mg kg-1 0-2 51.1 a 35.4 c  6.1 d 40.6 c 
2-9.5 35.5 a 19.5 c 4.5 d 20.9 c 
9.5-17 31.4 a 15.8 c 4.3 d 16.8 c 
17-20 13.1 a 7.3 c 3.3 d 9.3 c 
20-30 8.2 a 4.7 b 2.4 c 4.8 b 

NO3
-�±N, mg kg-1 0-2 23.5 b 39.1 a 3.2 d 12.2 c 

2-9.5 21.5 b 35.3 a 2.3 d 10.8 c 
9.5-17 17.8 b 32.0 a 2.2 d 8.9 c 
17-20 13.2 b 25.2 a 2.0 d 9.5 c 
20-30 12.2 a 10.1 b 2.0 d 5.3 c 

NH4
+�±N, mg kg-1 0-2 28.3 b 31.2 a 11.0 d 20.2 c 

2-9.5 22.6 b 24.8 a 8.6 d 15.6 c 
9.5-17 18.5 a 18.8 a 7.7 c 10.6 b 
17-20 12.2 b 17.2 a 2.1 d 4.9 c 
20-30 7.3 a 6.8 b 1.3 d 3.6 c 
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For NO3
--N and NH4

+-N, the effects of time, site, and site*time interactions were 

significant (Table 6.2). In the Cambisols, concentration of NO3--N for all treatments 

increased (P<0.005) after 6 months (autumn) (Fig. 6.7 a), with soils that received biochar 

having higher concentration of NO3--N (P<0.005) than the other treatments. After 12 

months (spring), NO3--N concentration values decreased down to their initial levels 

(P<0.005). In the Andosol sites, NO3
--N concentration of the control and lime-treated 

soils remained the same as at the time 0, except for the And-EF soil that received lime, 

where NO3
--N concentration increased over time (P<0.005). Biochar-treated Andosols 

had higher NO3--N concentration at month 6 than the initial soil (P<0.005), as did the 

biochar-treated Cambisols. After 12 months (spring), NO3--N concentrations in the And-

EF soils returned to their initial level (P<0.005), whereas those in the And-NE soil 

remained high (Fig. 6.7 a).  

Concentrations of NH4+-N in the And-EF and Cam-LF paddocks 6 months after of the 

start of the experiment were much lower than their initial values (P<0.005). However, by 

month 12, the NH4+-N increased back to the initial levels (P<0.005, Fig. 6.7 b). In the 

other two sites (And-NE and Cam-HF) there was no noticeable differences between the 

initial NH4
+-N concentrations and those at month 6. In all sites and treatments, 

concentration values of NH4+-N were higher (P<0.005) at month 12 (spring) than at 

month 6 (autumn). 
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livestock, given that the Andosol paddocks were under dairy grazing and the Cambisol 

paddocks under sheep grazing. It is well known that grazing also has an impact on soil 

biochemical processes (Manas et al., 2000; Ingram et al., 2008) and on C and N stocks 

(Schipper et al., 2014). 

After 6 months of the experiment, the soil BD of the negative control soil was lower 

than that of the undisturbed soil, which probably reflects soil structure breakdown during 

the preparation of the soil columns. This effect persisted over the entire duration of the 

experiment, which indicates that 12 months is not enough time for BD recovery. The soils 

that received biochar had even lower BD and this effect remained after 12 months of 

experimental duration. In the meta-analysis by Blanco-Canqui (2017), it was shown that 

under field conditions, application of biochar at even a small rate (1-2%) significantly 

decreased soil BD, and this effect could persist for 4 years.  

Soil pH did not change over time (from month 6 to month 12); other authors observed 

limited seasonal dynamics of soil acidity in a 1-year experiment (Martins et al., 2016). As 

expected, soil with both biochar and lime amendments had higher pH, except Cam-LF 

where only lime had effect on soil pH. The liming effect of biochar and lime was still 

evident by the end of the experiment.  

After 6 months from the start of the experiment, the biochar-amended soil had more 

Olsen P compared with the initial soil; the higher level of Olsen P remained present at 12 

months. Gao et al. (2019) and Makoto et al. (2011) have shown that biochar has potential 

to stimulate P mineralization and, in this way, provides soil with more available P that 

the biochar itself may add. The dynamics of P are closely associated with that of microbial 

biomass, which in New Zealand pastures has seasonal patterns (Roberts, 1987; Chen et 

al., 2003; Edmeades et al., 2006). 

Addition of alkaline amendments (lime, biochar) can cause a decline in OC by 

enhancing mineralization of labile organic C (Chan & Heenan, 1999; Shen et al., 2018; 
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Garbuz et al., 2019). Increasing of OC over time, observed in the present study, indicates 

the processes of C accumulation. Simultaneously, biochar can replace lost C with 

recalcitrant C present in its structure, which has a very slow decomposition (Lehmann et 

al., 2009). The significant increase in root biomass caused by biochar application 

observed the end of the experiment (see Chapter 4) (roots added 1.2 to 4.0 Mg C ha-1 to 

the soil C pool) is supported by our observations in the 6-month glasshouse experiment 

(Garbuz et al., 2019). In Chapter 4 we speculated that the increase in root biomass was 

related to the mineral N deficiency in a first weeks/months of the experiment, as labile C 

from biochar enhanced the growth of soil microbial biomass, which lead to 

immobilization of mineral N. Mineral N has a very dynamic nature (Ellis, 1974; Ruz-

Jerez et al., 1991) and, it is likely that the effect of amendments was overshadowed by 

the seasonal changes. Plants, especially in rhizosphere, and soil biota seasonal activity 

can have an impact on the dynamic of soil properties. In this study, the effect of biochar 

on soil TN (which increased) was only evident at the end of the experiment (spring). This 

could be explained by the fact that biochar stimulates roots growth (Xiang et al., 2017; 

Garbuz et al., 2019) and thus N2 fixation in legumes, and has an effect on bacteria 

involved in N cycling (e.g., it can reduce N2O emissions; Shi et al. (2019)); so, it can be 

assumed that biochar enhances N2 fixation and protects soil from N loss; this effect is 

more pronounced during the active growth season (spring). Nguyen et al. (2017) have 

shown that biochar can reduce available N in short-term experiments, however, over time 

this effect disappears once labile C levels in biochar decline (Gao et al., 2019). 

6.4.2 Biota 

In the present study, bacterial biomass fluctuated over time, while fungal biomass 

tended to remain constant. The effect of sampling time was especially pronounced in the 

Cambisol with low fertility (Cam-LF). Biochar effect on bacterial and fungal biomass 

was more pronounced at month 12 (spring season). The microbial community is closely 
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linked to soil processes and nutrient transformation (Perrott et al., 1992), and the 

fluctuations of NH4
+-N and OC over time observed in this study, especially in the Cam-

LF soil, influenced the microbial biomass.  

Despite the relatively long life of earthworms, their abundance changed during the 

time of the experiment. The highest earthworm abundance was at month 6 (autumn), 

while at the start of experiment and at 12 months (both in spring) the numbers were lower. 

Redmond et al. (2014) have shown that different ecological groups of earthworms have 

their particular seasonal dynamics. In New Zealand pastures earthworms had higher 

population density in autumn than in spring (Prestidge et al., 1997), which can in part be 

explained by accumulation of food resources and increase of root biomass during the 

summer and autumn (Eisenhauer et al., 2009; Wedderburn et al., 2010). As indicated 

above, in our experiment, autumn had approximately the same mild (15-20 oC) 

temperatures as in spring, but also had higher rainfall (Fig. 6.1), which would make it 

more favourable for earthworms, which prefer adequate moisture and mild temperatures 

(Curry, 2004; Ivask et al., 2006). 

Total arthropods abundance in the Cambisol had the same time dynamics as the 

earthworms, while in the Andosol there was no time effect. There is little information on 

seasonal or time dynamics of arthropods in New Zealand pastures. Elsewhere, studies 

have shown a trend of increasing soil arthropod abundance during autumn (George Eni 

et al., 2014; Duyar & Makineci, 2016). The absence of seasonal effect in the Andosol can 

be perhaps explained by the permanently distressed conditions of soil arthropods under 

cattle treading pressure (Schon et al., 2012b). 

6.4.3 Soil enzymes 

Dynamics of soil enzyme activities are related to the activity of soil biota and their 

seasonal needs (Sarathchandra et al., 1984; Ross et al., 1995). Depending on the seasonal 

needs, plants and soil biota produce a variety of enzymes at different concentrations 



 Chapter 6 
 

163 
 

(Steinweg et al., 2013; Yang et al., 2018b; Song et al., 2019). Data on the seasonal patterns 

of enzyme activities in New Zealand soils is very limited. In one of the published studies, 

Ross et al. (1995) measured the dynamics of three enzymes in a pasture soil (Ballantrae, 

the same area with the Cambisol as used in the present study) and found that each enzyme 

had a different pattern: invertase and sulphatase activities had small fluctuations during a 

year, whereas phosphodiesterase activity varied over time and had maximum in autumn 

and winter.  

In the present study, there were no evident seasonal/time trends in soil enzymatic 

activities. Elsewhere, seasonal dynamics of soil enzymes have been observed. 

Lemanowicz (2018) showed that phosphatases (acid and alkaline) in a forest soil in 

Poland had the highest activities during the spring season. In a cultivated soil and a soil 

under a shelterbelt (also in Poland), nitrate reductase activity was boosted with increasing 

moisture content (Szajdak and Gaca (2010). High cellulase and peroxidase activities in 

the autumn season have been explained by the increase in root dieback at the end of 

summer, and increased plant residue inputs (Vardavakis, 1989; Sajjad et al., 2002; 

Sinsabaugh, 2010). Dehydrogenase activity has been associated with microbial activity 

(Casida, 1977). In the present study, the DHG activity was higher at month 12 (spring), 

when microbial biomass also tended to be highest (Fig. 6.8 a, b).  

6.5 Conclusions  

Studying the long-term effect of biochar on soil properties (C, N, P and etc) and 

biological processes is important in order to understand the potential benefits of biochar 

application to the provision of ecosystem services. The present study showed that even 

small application rates of biochar made from willow wood have large impacts on soil 

chemical and physical properties, and biological processes. These impacts remain 

apparent for up to 1 year.  
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Application of alkaline material (biochar and lime) as well as soil disturbance during 

the preparation of the soil columns resulted in the loss of OC. However, biochar 

compensated this loss, not only because of its content of condensed aromatic C, but also 

by enhancing root growth and biological activity. Overall, biochar favoured the 

accumulation of OC. The decrease in BD and soil acidity caused by biochar were still 

apparent at the end of the experiment. The positive effect of biochar on Olsen P was also 

stable after 1 year. 

With the increase in root biomass, there was an accumulation of TN in pasture with 

clover, which can be attributed to the stimulation of N2 fixation. This effect may be 

season-dependent, as it was more pronounced at the end of the experiment, in spring. 

Mineral N had a very noticeable (seasonal) pattern, with the highest nitrate concentration 

found in autumn and highest ammonium concentration detected in spring, although the 

timeframe of our experiment does not allow to separate linear time effects from cyclic 

seasonal effects. 

Soil biota (bacteria and fungi, arthropods and earthworms) also had a time dynamics 

pattern which we interpret as seasonal. Soil enzymes, as products of biological activity, 

reflected the time dynamics of soil biota. Biochar, through the influence on soil chemical 

properties (providing some labile C and nutrients) and roots growth stimulation, generally 

stimulated soil trophic chains at various levels for different groups of soil biota; this effect 

was stable during the experiment. Biochar had a significant positive effect on cellulase, 

dehydrogenase and peroxidase and urease activities, which for cellulase, dehydrogenase 

and cellulase remained stable over time. 

The effects of biochar on soil natural capital stocks and functions were stable within a 

one-year timeframe. This suggests that biochar could be an effective amendment to 

enhance the soil provisioning of ecosystem services over time. 
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Effect of biochar addition as an amendment on the natural 
capital stocks and soil processes as they influence the 

provision of services in two contrasting soils  
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Abstract 

With increasing demands for food and fibre provided by the soil, there is more pressure 

on the environment. Biochar as a soil amendment could increase soil productivity and 

improve soil sustainability as the soil faces anthropogenic impacts. In this Chapter  we 

(i) build an inventory of the effects that biochar addition, as an amendment, has on the 

quantity of soil natural capital (NC) stocks, the condition of the stocks, and on soil 

processes in two contrasting soils (Andosol and Cambisol) and (ii) explore the influence 

this has on five ecosystem services (ES), including provisioning services (food and fibre), 

regulating services (carbon sequestration, water regulation, disease and pest control), and 

a supporting process (fertility maintenance). For the investigation of each ecosystem 

service, specific soil properties (components of a soil NC) responsible for this service 

were chosen based on the literature, as were the key soil processes. The potential effect 

of biochar overall on soil ES was estimated following the applied approach developed by 

Hewitt et al. (2015). For this, the data on the effects of biochar addition on soil 

physicochemical and biological properties (Chapter 4) and enzymatic activity (Chapter 

5) were used to calculate the percentage difference of these properties between control 

treatments and biochar/lime treatments. The sum of the percentage differences to control 

showed the overall effect of biochar or lime on soil natural capital stocks relevant to 

specific ecosystem services.  

In comparison with the negative and the positive (lime) controls, biochar increased 

components of soil natural capital responsible for food and fibre production. In 

comparison with control and lime, there was a significant positive impact of biochar on 

soil properties, including soil microflora, earthworms, OC, soil BD, pH and overall soil 

enzyme activity, associated with carbon sequestration. Both biochar and lime had positive 

effect on water regulation and disease and pest control ecosystem services.   
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Results suggest that biochar could be considered as a forward-looking amendment 

which can increase plant productivity, reduce disease and pest risks, improve soil physical 

properties, and at the same time be used as an instrument to mitigate climate change. 

7.1 Biochar as a soil amendment for sustainable agriculture �± its effects on soil 
natural capital stocks and processes 

The growing World population constantly requires more food and energy, which 

translates into more pressure on the planet Earth. One of manifestations of this pressure 

is global warming. Climate change is becoming increasingly acute each and every year, 

forcing the scientific community, industry and public authorities to search for ways to 

mitigate rising carbon dioxide levels in the air (IPCC, 2018). Sustainable agriculture, 

which includes both time-tested and advanced technologies, recognises both the needs of 

the human population and the importance of maintaining the environment (Pretty, 2008; 

Delgado et al., 2011). Biochar has shown itself as a technology that offers promise as a 

suitable component of sustainable agriculture (Woolf et al., 2010; Rodrigues & Horan, 

2018; Peiris et al., 2019). Biochar applied as a soil amendment has been shown to offer a 

wide range of potential benefits to the soil, to agriculture and to the wider environment, 

but this effect depends on biochar feedstock, pyrolysis procedure and properties of soil it 

was applied to (Paz-Ferreiro et al., 2014; El-Naggar et al., 2018; Dai et al., 2020). Biochar 

addition to the soil has been shown to have an effect on the physical properties of the soil, 

including decreasing bulk density and improving water holding capacity (Herath et al., 

2013; Burrell et al., 2016). In Chapter 4 and Chapter 6 we showed that the bulk density 

of two pasture soils to which biochar (1% w/w) was added as an amendment was 4.6-

9.1% lower than control soils after 6 and 12 months in a field experiment using intact 

cores. The observed decrease in soil bulk density was much higher than the 1.9% decrease 

predicted from the bulk density values for the biochar and the soil, and their ratios in the 

soil mixture. It was suggested that biochar, in addition to its impact as an inert low bulk 
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fraction of labile C (about 49 % out of total C based on the study of (Calvelo Pereira et 

al., 2011) using the same feedstock and similar temperature of pyrolysis). In the present 

study (Chapter 4) the addition of 1% biochar, despite some initial loss of OC, increased 

soil OC stocks on average by 6.5 g kg-1 (10.6%) relative to control. 

Addition of biochar as an amendment to the soil has the potential to modify existing 

soil natural capital (NC) stocks (e.g., soil microbiota and fauna, soil structure, bulk 

density, water holding capacity, pH, soil carbon stocks, etc.), and the potential to modify 

a range of soil processes (e.g. mineralisation, nutrient availability and attenuation), all of 

which influence the soil ability to sustain its overall stocks and the flow of services. Soils 

not only underpin food and fibre production, but also provide a wider range of other 

services or benefits to humans, which are often not recognised and only become of value 

when their supply becomes limited. These other services include, for example, flood 

mitigation through water regulation, filtering of nutrients and contaminants through 

exchange processes, carbon storage and greenhouse gases regulation through a range of 

carbon and nitrogen processes in soils, detoxification and the recycling of wastes through 

biological processing of dung and litter, regulation of pests and diseases through the 

provision of habitat for predators, in addition to the provision of a wide range of social 

and cultural services (Dominati et al., 2010).  

In this Chapter we describe and quantify the impact of biochar addition on soil NC 

stocks, their condition, and on soil processes, as they influence the provision of ES in two 

contrasting pasture soils. Drawing on the results from Chapter 4, Chapter 5 and 

Chapter 6 and on the published literature, this Chapter aims to explore the influence of 

biochar, as an amendment to the soil, on five ecosystem services (ES), including 

provisioning (food and fibre), regulating services (carbon sequestration, water regulation, 

disease and pest control), and supporting services (fertility maintenance).  

 





Chapter 7 

172 
 

Soil services have a more anthropocentric meaning, and are derived through the soil 

functions (Baveye et al., 2016). Depending on the fulfilment of existing or new human 

needs, land owner (stakeholder) can make decisions about the ways in which to control 

soil processes and properties (Smith et al., 2013); these decisions could have both positive 

and negative consequences. 

In the framework developed by Dominati et al. (2010) a distinction is also made 

between processes and services. Dominati et al. (2010) argued that the supporting services 

are in fact processes that underpin the other three, as supporting services do not directly 

benefit humans. It is not possible to directly influence soil ES, except through the 

manipulation of the natural stocks or soil processes. For example, the flood mitigation 

service is underpinned by soil physical properties, such as soil intactness, infiltration 

characteristics, water holding capacity and porosity (Barbedo et al., 2014). Microbial 

diversity and abundance and nutrient content can be added to soil physical properties 

when exploring the stocks and processes underpinning the provision of food (Holt et al., 

2016).  

The natural capital-ecosystem services concept allows the links between the 

components of the soil, the condition or quality of the soil, and how any change that 

occurs under land use management practices impacts on provision of services to humans. 

This approach makes it possible to explore in more depth the direct and indirect 

relationships, and to evaluate in simple monetary or wider values the contribution of the 

stocks or changes in the condition of the stocks to the provision of certain ES (Straton, 

2006; Dominati et al., 2014a; Baveye et al., 2016). This enables more informed economic 

or environmental decisions to be made in the management of land at both fine and wider 

scales (Ranganathan et al., 2008; Breure et al., 2012; FAO, 2016; Maseyk et al., 2017).  
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(Aislabie & Deslippe, 2013; Liang et al., 2019). Soil aggregate stability is also dependent 

on microorganisms which bind soil particles by extracellular polymeric substances, and, 

in case of fungi, by hyphae (Lynch & Bragg, 1985; Tisdall, 1994; Boivin & Kohler-

Milleret, 2011; Costa et al., 2018). An increase in the fungi and bacteria in the soil alters 

the carbon cycling patterns and has been linked to higher C storage potential (Malik et 

al., 2016). Earthworms may also play a role in regulating the soil carbon sink through 

their influence on C cycling and sequestration (Zhang et al., 2013). Several studies found 

links between the activities of soil enzymes and C storage potential (Cenini et al., 2016; 

Chen et al., 2018); soil enzymes are involved in the processes of transformation of soil C, 

its integration in biological activities and, therefore, retention of C in the soil system. 

Water retention. The ability to retain and regulate water flow is a very important 

regulating ecosystem service provided by the soil-plant system. The presence and activity 

of earthworms influences soil porosity at different scales; this has a positive effect on soil 

water regime, soil erosion reduction (Shuster et al., 2002) and soil water storage (Ehlers, 

1975; Clements et al., 1991). Soil bulk density also affects soil water regime, thus in a 

compacted soil the decrease in BD positively influences water infiltration at the soil 

surface, as well as water flow through soil horizons. Plant roots have an important 

influence on soil water regime, by changing the physical properties of soil and through 

transpiration (Willigen et al., 2012).  

Disease and pest regulation. In permanent agricultural systems, such as annual 

pastures, regulation of pests (plants and animals) and diseases is an essential ecosystem 

service (Dominati, 2013). Below-ground biotic interactions regulate the structure of soil 

communities. A balance in the community has the potential to reduce abundance of soil 

pests and at the same time stimulate plant resistance against diseases (Altieri et al., 2012; 

Wachira et al., 2014). The diversity in the microbial and faunal communities has the 

capacity to control contagion agents. It has been shown that earthworms help plants to 
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tolerate pests and diseases (Bertrand et al., 2015). Soil arthropods (including mites and 

Collembola) also can control soil-borne harmful organisms, protecting plants from 

infections (Brussaard, 1997; Bagyaraj et al., 2016). 

Soil fertility maint enance. Maintaining soil fertility is a critically important service 

for plant growth, provided by the soil. Biological activity controls many soil processes 

responsible for the supply of nutrients. Earthworms and arthropods, through their role in 

the initial steps in organic matter decomposition and turnover, supply soil with available 

nutrients and enzymes (Derouard et al., 1997; Barrios, 2007; Bityutskii & Kaidun, 2008). 

Soil fungi and bacteria are also important in fertility maintenance, and it has been shown 

that increase of the fungi:bacteria ratio is linked to a reduction in NH4 losses (de Vries et 

al., 2006). The composition of soil microbial community is often used as an indicator of 

soil wellnesses (Li et al., 2016). Available phosphorus and nitrogen can also be used as 

indicators of soil fertility, as both nitrogen and of phosphorus deficiency are major factors 

that limit plant productivity throughout the world (Hardie et al., 2014). Soil enzymes, 

such as phosphatases and ureases, enrich soil with available forms of nutrients, which 

underpin soil fertility (Yang et al., 2012; Piotrowska, 2014).  
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An inventory of the changes in the properties of soil NC stocks and in soil processes, 

as influenced by the addition of biochar in two contrasting soils (Andosol and Cambisol) 

under a pastoral use was assembled first using the framework of Dominati et al. (2010). 

The list of properties contributing to the NC stocks of the experimental soils, including 

Geometric Mean of enzyme activities (GMea) are given in Table 7.2 and Table 7.3. 

These are drawn from Chapters 4 and 5.     

To quantify the NC stock of the two soils (the Andosol and the Cambisol) used as 

grazed pastures we applied the methodology proposed by Hewitt et al. (2015). The 

method of Hewitt et al. (2015) identifies and quantifies NC stocks by estimation based on 

specific ES provided by the land with a specific land use type. Once the land use type of 

interest is chosen, the focus shifts to the services of interest from that specific land use 

type. The next step is to select the soil services that would be expected to be gained from 

the land use, and to select the NC stocks required for delivering these services. Then, 

100% and 0% adequacy for each stock for each soil service are determined. The last step 

is to aggregate and quantify the stock adequacies for all stocks. Hewitt et al. (2015) used 

this methodology for non-monetary evaluation and comparison of four processes (nitrate 

storage, nitrate reduction, phosphorus filtering, and microbial filtering) that contribute to 

the soil-filtering regulation ecosystem service. 

In the present study the land use was four grazed pastures. Our focus was on assessing 

the effect of biochar, as an amendment. We also included positive control (lime), to isolate 

the benefits of biochar as a liming agent from the other potential benefits of biochar. Both 

biochar and lime were compared with the soil receiving neither amendment (negative 

control). In the present study, we have modified the method of Hewitt et al. (2015) for 

estimating the effect of biochar on ES resulting from a change in the soil NC stocks by 

bench marking the change against the NC stocks of the control (untreated) soil, which 

was assumed to equal 100% adequacy. The links between the soil NC stocks and ES are 
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listed in Table 7.1. The negative or positive influence of biochar on the properties 

contributing to the soil NC stocks in each of the four pastures, and flow-on effects to the 

provision of ES, were compared with that of control soil and lime addition. For the soil 

to which either biochar of lime was added, comparing the sum of the percentage 

differences for each NC stock to that of the untreated soil, provides an initial indication 

of the overall effect of biochar, as an amendment, on the provision of the five ES explored 

in this study. For the soil bulk density (BD), the decrease in BD was assumed as an 

increase in soil NC (positive percentage difference). 

7.3 Results 

The NC stocks of the soils of four studied pastures were initially grouped and 

compared using the framework of Dominati et al. (2010) and the semi-quantitative 

approach based on the adequacy method of Hewitt et al. (Hewitt et al., 2015) (Table 7.2).  

The biggest impact of biochar was on the biological properties of the four soils, 

doubling the biological NC stocks (e.g. doubled fungal biomass carbon, earthworms and 

arthropods abundance), while the shift in the physicochemical properties of the four soils 

was of a smaller magnitude (e.g., on average across all four sites soil OC increased by 6.5 

g kg-1 and Olsen P by 2.9 mg kg-1) (Table 7.2). Biochar also had a large significant effect 

of plant root biomass, increasing root biomass by nearly 50%. This equates to a 12% 

increase in soil C stocks (Table 7.2).  

In comparison, the impact of lime on the NC stocks of the four soils was more 

limited, with a positive effect on soil pH and some soil biological properties (including 

the doubling of earthworm abundance), no influence on root biomass, TN and Olsen P, 

and a negative effect on soil OC, which decreased by 1.7 g kg-1 (2.9%) on average across 

all four pastures.  
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Table 7.2 Values of soil natural capital stocks (averaged for 2-9.5 cm and 9.5-17 cm soil depths) for control soil and for soil with biochar 
or lime (data from Chapters 4 and 5). Bold numbers represent the values with the more than 200% increase. 

 Andosol NE Andosol EF Cambisol LF Cambisol HF 
SNC Control  Biochar Lime Control  Biochar Lime Control  Biochar Lime Control  Biochar Lime 
Roots, Mg ha-1 5.8 11.0 5.6 6.9 16.0 6.4 26.2 36.3 25.2 15.7 18.8 14.5 
Fungi, mg kg-1 372.3 701.4 485.1 451.0 1016.2 614.1 1121.0 1681.0 1180.2 468.7 980.7 616.9 
Bacteria, mg kg-1 1105.6 1574.3 1248.9 833.0 1390.4 1141.1 1927.1 2252.9 1954.2 1411.4 1687.7 1508.2 
F/B ratio 0.3 0.4 0.4 0.5 0.7 0.5 0.6 0.7 0.6 0.3 0.6 0.4 
Earthworms, ind 
m-2 151.0 330.3 481.2 273.6 339.7 462.3 325.5 500.1 632.2 188.7 349.1 518.9 

Arthropods, 1000 
ind m-2 500.0 1088.5 908.5 277.2 592.3 296.7 678.7 1098.7 1538.7 1212.0 1874.7 1535.7 

OC, g kg-1 61.9 69.5 61.9 73.8 82.6 70.1 49.6 55.7 47.9 54.5 57.9 53.0 
TN, g kg-1 6.1 7.0 5.6 7.1 7.4 6.9 4.7 5.3 4.8 5.0 5.7 5.2 
Olsen P, mg kg-1 34.8 39.5 35.5 19.4 21.6 19.1 4.4 4.9 4.4 18.7 22.9 18.8 
pH 5.5 5.9 5.9 5.9 6.2 6.2 5.1 5.2 5.5 5.2 5.4 5.5 
BD, g cm-3 0.67 0.64 0.69 0.68 0.63 0.67 0.71 0.65 0.69 0.70 0.66 0.69 
GMea 52.7 59.8 58.6 73.3 78.6 76.4 24.5 28.4 29.5 31.4 36.2 34.1 
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increased OC, TN and Olsen P by 10-12% and BD by 6.9%, while lime decreased OC 

and TN, and increased Olsen P and BD by less than 2% (Table 7.3). 

In the Cambisol pastures addition of biochar as an amendment had a greater effect on 

biological components of soil NC, including roots biomass (29.2%), fungal (79.7%), and 

bacterial biomass (18.3%), earthworm (69.3%) and arthropods abundance (58.3%) 

(Table 7.3). Lime addition had less of an effect on roots biomass, fungal and bacterial 

biomass, but a larger than biochar percent influence on earthworm (134.5%) and 

arthropods abundance (76.7%). The shift in the physico-chemical properties of the 

Cambisols with the addition of biochar followed a similar pattern to that seen in the two 

Andosols.  

The sum totals in Table 7.3 represent the total percent changes in the adequacy of the 

soil NC stocks to provide ES following the addition of biochar or lime. When summed, 

the effect of biochar addition on all of the measured soil properties in the Andosol NE 

and Andosol EF pastures (555.1% and 522.1%, respectively) was much greater than that 

of a lime addition (184.3 and 374.3 %, respectively). In the two Cambisol soils the overall 

percent increase from biochar addition was lower (310.7% for the Cambisol LF and 

429.2% for the Cambisol HF). The overall percent increase following lime addition for 

the Cambisol LF and HF soil was 249% and 270.6%, respectively, again less than what 

was seen with biochar.  

The data indicate that in the two Andosol pastures the different management histories 

appear to have little influence on the effects of the biochar addition. In comparison, lime 

addition had a more pronounced effect on the pasture soil that had not received effluent 

(And-NE); this was not the case with biochar addition, despite biochar being a liming 

agent. Interestingly, in the two Cambisol pastures, either biochar or lime addition had a 

greater effect in the soil with the high fertility (Cam-HF), except for the effect of lime on 

arthropods and GMea (Table 7.3). 




































































































