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Abstract 

The creation and expansion of human habitats alters the natural properties of urban soils, not 

only through direct anthropogenic soil disturbance, but also indirectly through impacts from 

the anthroposphere.  This creates soils that are novel and different to those found in non-

urbanised settings.  These urban soils are often compacted and degraded and not be suitable 

for the establishment and growth of deep-rooted tree species that make urban habitats 

liveable. 

In this thesis, I have studied methods to rehabilitate compacted and degraded urban soil to 

improve the successful establishment and growth of trees planted into those soils by 

improving key physical and biological properties through tillage and the incorporation of OM 

amendments.  My objectives for the study were: 

1. To investigate the effects that the incorporation of organic amendments and tillage 

have on improving the soil properties of degraded and compacted urban soils and 

their ability to support improved tree performance. 

2. To develop an understanding of the interaction between organic amendments and soil 

type when improving degraded urban soils. 

3. To understand the interaction between tree water strategies in determining tree 

growth response and levels of water stress in degraded urban soils amended with 

different organic amendments. 

For the first objective, I found that the use of a ‘scoop and dump’ tillage technique, with the 

incorporation of organic matter (compost and/or biochar), was effective at improving key 

physical and biological properties of compacted and degraded urban soils.  However, the 

successful growth of trees in remediated soils was partly determined by the initial site 

conditions found at each site, and improved tree growth was not always apparent.  In both 

sandy and clay soils, improvements to physical and biological properties, achieved with the use 

of tillage, were maintained for longer, when organic matter was also incorporated into soils 
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during the tillage.  The addition of organic matter improved the biological activity of tilled sand 

and clay soils, and this may have been a result of improved soil water availability.  In addition, I 

found that there were very few differences in soil and tree growth outcomes between the 

compost and biochar used in either soil type.  Although the incorporation of biochar was 

effective in the remediation of urban soils, it was no more effective than the incorporation of 

compost or of compost and biochar combinations.  There were no synergistic tree growth 

benefits from using a combination of compost and biochar. 

The second objective of this project was to investigate the interaction between organic 

amendments and soil types when improving degraded urban soils.  The water holding 

properties of sandy soils were improved with the addition of organic matter where the plant 

available water content was increased in both a greenhouse pot study and a field study.  

Alternatively, the plant available water content was decreased in a clay soil amended with 

organic matter in a greenhouse experiment and unchanged in the clay soils of a field 

experiment.  Although the water characteristics were not changed in the clay soil, tree growth 

was nevertheless improved due to improvements in other soil hydrological properties 

achieved with the addition of organic matter.  These changes allowed for faster infiltration and 

decreased the bulk density of the clay soils.   

The third objective of this thesis evaluated the interaction between tree water use strategies, 

soil types and the incorporation of different types of organic matter.  Compared to an 

unamended control, a xeric tree species accumulated more biomass when grown in a sandy 

soil amended with compost, biochar and a combination of compost and biochar, under both 

well-watered and water deficit irrigation regimes.  There were no biomass changes in the clay 

soil.  There were no differences measured in the growth of the mesic species in either the sand 

or clay soil or with the compost, biochar or the combination of compost and biochar. 

This thesis suggests that while urban soils can be successfully remediated with the application 

of tillage, the incorporation of organic matter will prolong the benefits achieved by the tillage.  
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However, successful remediation of compacted and degraded urban soils will ultimately 

depend on applying solutions based on an understanding of existing soil properties and the 

tree resource acquisition strategies required for a particular site.  Management practices 

utilising the incorporation of organic matter should assess the cost/benefits of different types 

of organic matter amendments as the outcomes of using different organic matter types may 

not differ. 
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Preface 

This PhD thesis consists of five chapters, two of which have been published in international 

peer-reviewed journals1.  Peter Somerville designed the experiments, collected the data from 

field and nursery experiments, analysed the data and wrote the thesis and manuscripts.  The 

co-authors supervised various stages of the PhD study and contributed in revising the 

manuscripts.  Citations for the published manuscripts are: 

 

Chapter 2 

Somerville, P.D., May, P.B., Livesley, S.J., 2018. Effects of deep tillage and municipal green 

waste compost amendments on soil properties and tree growth in compacted urban soils. 

Journal of Environmental Management 227, 365-374. 

 

Chapter 4 

Somerville, P.D., Farrell, C., May, P.B., Livesley, S.J., 2019. Tree water use strategies and soil 

type determine growth responses to biochar and compost organic amendments. Soil and 

Tillage Research 

 

  

                                                           
1 Citations and reference lists in this thesis have been formatted according to the requirements of the 

specific Journals.   

The compost used in this thesis has been called either ‘compost’ or ‘municipal green waste compost 

(MGWC)’ as required by reviewers of the different published articles.  Nevertheless, all refer to the same 

compost product. 
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Introduction 

‘Urban soils are those that exist in or that are designed for the urban environment and that 

exhibit anthropeic characteristics.  In many instances these characteristics present 

unfavourable conditions for plant growth.’ 

‘Our imperfect knowledge and expertise are challenged to modify or design them to meet the 

requirements of at least adequate plant (mainly tree) growth.’  (Craul, Phillip J. 1994a) 

Urbanisation: soils and trees 

In 2008 half the world’s population was living in urban centres (United Nations 2017).  In 

Australia, eighty percent of the population is already living in urban centres and this figure is 

expected to rise to ninety percent by the middle of the twenty-first century (Spencer, Gill & 

Schmahmann 2015).  Nonetheless, the population density of Australian cities is very low 

compared with much of the developed world (Spencer, Gill & Schmahmann 2015).  This is 

gradually changing in the inner-city suburbs of our major cities through multi-dwelling 

developments at transport hubs and along commuter routes and residential in-filling 

throughout the suburbs (Forster 2006; Newton 2000).  In addition, there is urban land-use 

change, with previous industrial sites within cities being redeveloped into high-density housing 

(Wu, H & Chen 2012) and at the urban fringe, land use is changing from rural/green use to the 

built form (Forster 2006) which is coupled with an increase in the footprint of housing and a 

decrease in land plot size (Trewin 2005). 

Trees make a significant contribution to the ecosystem services provided in cities (Dobbs, 

Escobedo & Zipperer 2011; Livesley, McPherson & Calfapietra 2016; Payton et al. 2008).  With 

urban densification and in-fill, and as urban populations become more removed from the 

natural environment, the need for trees and green spaces within the urban fabric becomes 

greater (Chiesura 2004).  Trees are particularly important in limiting the effects of the urban 

heat island effect, through their provision of shade and ability to evapotranspire (Livesley, 
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McPherson & Calfapietra 2016; Sanusi et al. 2017; Solecki et al. 2005).  Some of the numerous 

ecosystem services provided by urban trees include increased biodiversity, rainfall 

interception, ascetic benefits, cleaner air and increased water infiltration (Livesley, McPherson 

& Calfapietra 2016; McPherson et al. 2005; Nowak & Dwyer 2007). 

The ability of urban trees to provide ecosystem services can be curtailed by the negative 

effects of land use change, urbanisation, construction, industry and infrastructure activities 

(Foley et al. 2005).  These activities affect not just soil quality, but also the quantity of soil or 

land able to support trees and therefore support the provision of these ecosystem services 

(Alberti 2005).  These services play a vital role in the health and liveability of cities, and it is 

therefore understandable that the provision of these services requires some careful 

consideration by city managers (Ruhl & Salzman 2007).  Growing trees in urban environments 

can be a challenging experience because of the degraded nature of many urban soils (Craul, 

Phillip J 1985; Ghosh, Subhadip et al. 2016; Jim, C 1998a; Pregitzer, Sonti & Hallett 2016).   

Poor urban soil quality and quantity (rooting volume) contributes greatly to the inadequate 

establishment and survival of newly planted urban trees.  In Baltimore, USA, the annual tree 

mortality rate was 6.6% between 1999 & 2001 (Nowak, Kuroda & Crane 2004).  In Liverpool, 

England, there was a reported 23% mortality rate for trees in the first three years after 

planting.  This grew to 49% mortality after five years (Gilbertson & Bradshaw 1990) and the 

authors expressed the opinion that the first two years after planting were crucial for the long-

term tree survival.  Establishing trees in degraded urban soil is difficult and costly, so there are 

benefits from examining the physical, chemical and biological soil conditions into which trees 

are to be planted and expected to rapidly establish and then flourish.   

The structure of existing urban soils, which describes how the soil particles are bonded 

together, can be significantly degraded by three main anthropogenic problems; 1) compaction, 

2) impervious soil coverings, and 3) reduction of soil organic matter (Craul, Phillip J 1985; 

Hagan et al. 2012; Scalenghe & Marsan 2009).  Soils created or modified in urban 



20 
 

environments (Anthroposols) can also have structural problems because of the parent 

materials, often construction waste materials, and low levels of soil organic matter which is a 

driver of soil aggregation (Chen, Y et al. 2014; Scharenbroch, Bryant C., Lloyd & Johnson-

Maynard 2005).  As soils can improve structurally over time in the presence of organic matter 

and adequate moisture, immature urban soils are often poorly structured and fail to provide 

an adequate soil environment for tree growth (Scharenbroch et al. 2018) 

Perhaps the most significant degradation caused to soils by land use change is compaction 

(Chen, Y et al. 2014; Craul, Phillip J 1985; Kozlowski, TT 1999).  Compaction leads to reduced 

levels of soil porosity, soil water holding ability, gas, moisture, storage and movement through 

the soil and soil organic matter with the consequence of reduced plant root elongation and 

expansion (Day, SD & Bassuk 1994; Kozlowski, TT 1999).  In contrast to many studies on urban 

soils, Edmondson et al. (2011) found that the bulk density of urban soils in Leicester were no 

different than those in nearby pastoral and arable agricultural soils.  However, in the 

Edmondson study the lower urban bulk density figures were taken under the trees of parks 

and gardens and may not represent bulk densities in degraded urban sites.   

Soils in the urban system are often lacking the organic matter that helps to build soil structure 

(Craul, Phillip J 1985).  Organic matter is most often found in the top layer (O and A horizons) 

of soil, and this layer is frequently removed prior to construction activities (Chen, YJ et al. 

2013) while top soil that is stockpiled for later use can also lose some its physical, chemical and 

biological qualities (Abdul-Kareem & McRae 1984).  The absence of O and A horizons can also 

be due to truncation and burial by imported materials (Craul, Philip J 1985).  Management 

activities that remove leaves and other organic debris also add to the loss of soil organic 

matter from urban soils (Ossola et al. 2016; Tresch et al. 2019). 

Urban soils also have highly altered water cycling systems.  Urbanisation can lead to the 

sealing of land due to the construction of buildings, roads, carparks and other urban 

infrastructure (Scalenghe & Marsan 2009).  Impervious surfaces and soil compaction restrict 
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the infiltration of rainfall (Gregory et al. 2006) and can prevent the ability to exchange gases, 

to receive moisture and organic matter inputs (Scalenghe & Marsan 2009).  The lack of rainfall 

penetration into the soil profile can cause large overground water flows which may add to 

erosion issues whilst contributing to the degradation of urban waterways (Walsh, Fletcher & 

Burns 2012).   

Compaction will restrict plant root growth (Taylor & Brar 1991) and destroys the porosity of 

soil particularly at the macro and meso pore sizes and this can also hinder the ability of the soil 

to store plant available water (Brady & Weil 2014).  Soil aeration will also be changed by soil 

compaction and soil sealing.  Soil gas exchange occurs mostly through macro pores that are 

free of water.  Reduced macroporosity or poorly connected macropores have restricted 

diffusion of gases which can lead to elevated levels of carbon dioxide (Scalenghe & Marsan 

2009).  Soil aeration will also be hindered in situations of soil saturation, where there is soil 

crusting or other forms of anthropological surface sealing (Haase 2009; Scalenghe & Marsan 

2009).  Root growth is prevented, or at least restricted, at oxygen diffusion rates below 0.2 µg 

cm-2 min-1 but unimpeded above 0.4 µg cm-2 min-1.  Root damage also results at carbon dioxide 

levels of 0.6% (Watson et al. 2014). Other anthropological influences found in urban 

landscapes may also restrict root growth.  These include physical barriers in soils from 

buildings, underground services and debris, pollution, and cultural issues with container grown 

plants (Day, SD et al. 2010; Gilman, EF 1990). 

The cation exchange capacity (CEC) of urban soils is often reduced (Craul, Phillip J. 1994a; 

Scharenbroch, Bryant C., Lloyd & Johnson-Maynard 2005).  The clay fraction of soil mineral 

particles and the humus fraction of soil organic matter are colloidal (Brady & Weil 2014).   

Colloids have large specific surface areas and electrostatic charges that can hold onto 

oppositely charged ions.  The CEC is an indicator of how well a soil can hold onto cations or 

mineral nutrients and make them available for plant use.  Degraded urban soils can be low in 

organic matter, albeit high in clay, due to management practices and consequently suffer 
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reduced fertility (Craul, Phillip J 1985; Scharenbroch, Bryant C., Lloyd & Johnson-Maynard 

2005).   

Urban soils tend to be more alkaline than non-urbanised soil equivalents due to the cumulative 

effects of building materials and certain human activities (Craul, Phillip J 1985; Pregitzer, Sonti 

& Hallett 2016; Watson et al. 2014).  This can be a problem for plant nutrient uptake as most 

nutrients are plant available in neutral to slightly acidic soils.  Handreck and Black (Handreck & 

Black) suggest a pH in the range of six to seven enables maximum availability of nutrients for 

plants. 

All organic matter entering the soil, whether it is the residue of plant or animal life, must be 

decomposed by a soil microbial biomass; bacteria, fungi, macro-invertebrates and 

mycorrhizae, before its nutrients can be released for plant use (Killham 1994).  Beyer et al. 

(1995), in a study of German soils, found that there is a considerable deficit of humic 

compounds and microbial activity in urban soils as a direct consequence of management 

practices.  Microbiological activity within the soil directly affects the structural development of 

soil (Oades 1993).  Therefore, as urban soils are often low in organic matter, this will negatively 

affect soil microbial activity, which has an ongoing effect on soil structure (Chen, Y et al. 2014; 

Oades 1984). Another consequence of soil degradation is a reduction in the species richness 

and abundance of mycorrhizal fungi.  Oehl et al. (2003) studied arbuscular mycorrhiza in sites 

across Europe and found that increased intensity of land use was associated with reduced 

numbers of arbuscular mycorrhiza.  Mycorrhiza requires aerobic conditions to grow.  

Therefore, the effects of compaction, which reduce soil aeration, could have a negative 

consequence on mycorrhizal growth.  The soil microbial biomass can improve plant growth in 

water deficit soils by reducing water stress (Lehto & Zwiazek 2011; Porcel, Aroca & Ruiz-Lozano 

2012). 
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Soil improvement methods 

Although difficult, returning soils to pre-degradation conditions may enable the soil to achieve 

the best level of ecosystem services that they are able, and support plant performance in a 

way that requires less ongoing inputs.  In an urban context, improving the soil in which a tree is 

growing may improve tree performance with maximal canopy coverage, with less irrigation or 

maintenance inputs (Watson et al. 2014).Ecological restoration is often used in urban, rural 

and natural ecosystems to; 1) restore highly degraded localised sites, 2) improve productivity 

in degraded production lands, 3) enhance conservation values in protected landscapes and 4) 

enhance conservation values in productive landscapes (Hobbs & Norton 1996).   Pavao-

Zuckerman (2008) states that “Ecological restoration seeks to restore functioning ecosystems, 

biodiversity and communities to areas impacted by human activities”, the term ‘ecological 

restoration’ might not be suitable for urban soil improvement.  This term implies a return to 

the soil conditions which existed before human intervention.  Often this is simply not feasible 

in an urban landscape (Ingram 2008).  Instead, the term ‘soil improvement’ is more 

appropriate because urban soils are variable and modified and the best outcome is not 

necessary a return to the previous soil conditions.  Heneghan et al. (2008) note that the effects 

of a site restoration are determined by many factors including; the severity of the original 

degradation, the gaols of the project and the resilience of the ecosystem to disturbance.  

Therefore, the key objective for urban soil improvement is to maximise the potential of a soil 

to provide the highest level of ecosystem services that it can, not the return to pre-

degradation soil conditions.  

Soil improvement types 

As the urban soil environment is so variable (Pregitzer, Sonti & Hallett 2016; Scharenbroch, 

Bryant C., Lloyd & Johnson-Maynard 2005) it is necessary to have a range of options available 

when considering how to best optimise plant establishment and performance (Figure 1.1).  

There are a range of soil improvements that can be implemented to improve degraded urban 
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soils (Day, SD & Bassuk 1994; Jim, C 1998b).  These extend from 100% soil replacement, to 

significant organic and inorganic soil amendments and low-level interventions such as the 

additions of inorganic fertilizers or an irrigation system.  Some of these interventions require 

tillage to successfully add the amendment and tillage alone can be a successful soil 

intervention in some situations. In situations where there is a significant soil contaminant issue 

it may be necessary to completely excavate and replace an entire soil profile.  Another high 

intervention option used, for example over landfill, is to cap the degraded soil and place new 

planting medium above the cap.  Degraded soils can be amended with various materials that 

may help to improve or restore the physical, chemical and biological properties of the soil 

(Table 1.1).  The level of improvement will also depend on factors such as climate, texture and 

other existing properties of the soil to be amended.  

Inorganic amendments 

Mineral fertilisers have a significant role in the provision of a green urban environment 

through their use on lawns and rectifying soil nutrient deficiencies.   Gypsum is used 

extensively to maintain or improve the soil structure in dispersive clay soils.  There are, 

however, significant costs involved with the production and use of inorganic soil amendments.  

They may use scarce natural resources; require vast amounts of energy to produce and 

therefore, may not be the most environmentally sustainable choice.  One of the key issues 

with urban soil is a reduced organic matter content, but inorganic amendments will not 

immediately address this issue.  Although extra root growth may slowly increase soil organic 

matter over time (Bardgett, Mommer & De Vries 2014), inorganic fertilisers cannot improve 

soil physical properties that hinder root growth.  

Although the use of mineral fertilizers, nitrogen in particular, has been shown to increase plant 

biomass, there may be some negative environmental consequences beyond the energy costs 

of producing the fertilizer.  In two recent meta-analyses the soil microbial biomass decreased 

with nitrogen additions (Lu et al. 2011; Treseder 2008).  N fertilization may reduce microbial 
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biomass in the short-term but may increase microbial biomass in the longer-term. (Geisseler & 

Scow 2014).  If N addition rates exceed plant uptake, NO3 may be leached from soils, 

potentially impacting groundwater (Lu et al. 2011). 

Organic amendments 

Organic amendments are derived from plant and animal wastes and are usually decomposed 

or modified to suit the purpose for which it is to be used.  Common examples of organic soil 

amendments agricultural waste such as farm manures (chicken, cow and horse), blood and 

bone fertiliser and mushroom compost.  In an urban context, biosolids, biochars, food wastes, 

aerobically and anaerobically composted organic matter are all potentially usable organic 

amendments (Allen et al. 2007).  Urban wastes as soil amendments also provide opportunities 

to improve sustainability in cities. 

Urban metabolism studies the material and energy flows into, within and out of cities (Brunner 

2007; Kennedy, C, Pincetl & Bunje 2011) and can enable cities to become more resilient to 

environmental and social shocks (Meerow, Newell & Stults 2016).  Kennedy et al. (2007) 

identified that modern cities have metabolic processes that threaten the sustainability of those 

cities and cities need to develop strategies to slow the resource exploitation of surrounding 

areas.  Using urban materials to remediate urban soil problems decreases the urban 

metabolism and contributes towards a closed loop resource use in the urban landscape 

(Giradet 2012).  The typical characteristics of these products are detailed below (Table 1.2).  

Therefore, in this PhD study I am focusing on two products that reuse urban organic waste 

materials to improve degraded and compacted urban soils; compost made from municipal 

green waste, and biochar made from waste tree branches.  Municipal green waste compost 

(MGWC) and biochar have been chosen as both materials are available in bulk, are available 

when needed and reuse urban materials that would otherwise contribute to landfill or be 

wasted.  Local governments collect a vast amount of green waste.  For example, the 

Mornington Shire in Australia has a population of about 144,000 people, which is about 3.6% 
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of the total Melbourne population.  It collected over 37,000 tonnes of green waste in 2009, 

which was about 26% of all the waste collected by that shire.  This green waste can either 

contribute to landfill or be converted into useful products such as compost as part of their 

waste management practices. 

 

Table 1.1:  Common soil amendments and selected attributes or purpose 

Amendment Type Purpose 

Gypsum Inorganic To improve structure in clay soils by causing clay 
particles to flocculate 

Sand Inorganic Improve texture in heavy soils, but large quantities 
required to effect a change 

Clay Inorganic Improve CEC and WHC in sandy soils  

Vermiculite Inorganic High WHC, high CEC, increases porosity 

Perlite Inorganic Low WHC, increases porosity 

Inorganic 
fertilisers 

Inorganic High nutrient loads 

Compost Organic May improve structure, WHC, fertility & porosity 

Biochar Organic Increases WHC, CEC, nutrient holding and porosity, 
long-term storage of carbon 

Biosolids Organic High in nutrients, may improve soil structure 

Sphagnum moss Organic Increases porosity and drainage, may improve 
structure 

Organic fertilizers Organic High nutrient load; may add to SOM through 
increased root growth 

 

Compost 

Physical properties 

Compost is the residue of decomposed organic matter.  Although it is often made from plant 

material it can also be formed from human or other animal wastes (Christian, Evanylo & Green  



27 
 

Table 1.2:  Material analysis of the compost and biochar manufactured for the thesis. 

 Compost Biochar 

Producer Enviromix Pty. Ltd., 

Victoria 

Triple R Biochar, Cape 

Bridgewater, Victoria 

Total carbon (C) % 37.8 77 

Total nitrogen (N) % 1.1 0.21 

Total phosphorus (P) % 0.61 0.018 

C:N ratio 34.36 366.67 

pH 6.6 8.4 

Electrical conductivity (EC) (dS m-1) 3.1 2.6 

 

2009).  As such, compost is a material rich in organic carbon.  Adding compost or partially 

decomposed organic matter to soil can improve physical, chemical and biological properties 

and importantly four key mechanisms by which soils support plant growth; 1) plant available 

nutrients; 2) water movement and storage; 3) air movement within the soil matrix; and 4) 

plant anchorage (Chan, K et al. 2008; Cogger 2005; Curtis, Matthew J & Claassen 2005; Loper 

et al. 2010).  The addition of compost to soil may help to improve the structure of that soil, 

particularly in situations where the organic content of the soil is low (Annabi et al. 2007; Chen, 

Y et al. 2014; Grosbellet et al. 2011; Whalen, Hu & Liu 2003)}.  The structural impact of the 

compost will depend on the texture of the soil to which the compost has been added.  Sandy 

soils may not achieve greater soil structure but alternatively may benefit from improved 

fertility and enhanced water holding capacity.  There may be improved clay-humus complex 

interactions in clay soils, which could improve the soil structure in those soils (Brady & Weil 

2014).  It has also been shown that compost may decompose quicker in sandy soils than it will 

in clay soils (Krull et al. 2004).   
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Many of the benefits provided by compost to degraded urban soils may be temporary due to 

the transient nature of compost (Khaleel, Reddy & Overcash 1981; Zebarth et al. 1999).  

Compost decomposes, and even though there is a recalcitrant fraction of the compost, most of 

the compost biomass disappears over time (Sæbø & Ferrini 2006).  In agricultural applications 

compost can be continually added to soils over time (Garcıa-Gil et al. 2000; Paetsch et al. 2016) 

however, this could be problematic in urban situations where trees have already been planted 

and root disruption is a significant concern (Jim, CY 2003). 

The usefulness of soil particle aggregation is limited if the aggregates are not water stable.  

That is, the aggregated particles disperse when subjected to wetting.  In these cases, soil is 

more prone to events such as wind and water erosion, surface crusting and 

slumping/compaction (Cox, Bezdicek & Fauci 2001; Curtis, M. J. & Claassen 2007).  Chaney & 

Swift (1984) amongst others, demonstrated a positive correlation between soil organic matter 

and aggregate stability.  In a comprehensive study on soil organic matter Krull et al. (2004) 

noted that fresh composts provide faster particle aggregation but that the effects might not be 

long lasting.  Polysaccharides, produced by plant roots, and the bacteria and fungi involved in 

this rapid binding process of large aggregates are themselves decomposed by the soil biota 

(Tisdall & Oades 1982).   Older composts, which are higher in humic substances, decompose 

more slowly but the effects on soil structure last longer (Annabi et al. 2007; Chaney & Swift 

1984).   

The amendment of soils with compost can reduce bulk density of soil due to the replacement 

of a fraction of a dense mineral soil with a less dense organic material (Rivenshield & Bassuk 

2007).  However, this decrease in bulk density may not be maintained over time as 

decomposition of compost leaves just the denser mineral elements of the soil remaining.  

However, adding compost to soil may also lead to an improvement in the structure of the soil 

which makes soils more resistant to re-compaction (Khaleel, Reddy & Overcash 1981; Loper et 

al. 2010). 
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There has been discussion over the years on the effect of compost on the water status of soils 

(Hudson 1994).  Although compost increased the field capacity (FC) (total water held after 

drainage) of soil, or the total water held by the soil, it also increased the permanent wilting 

point (PWP) (soil water held under -1.5 MPa of tension) of the soil, so that the net effect of 

compost additions on plant available water (PAW) (PAW=FC-PWP) was neutral (Hudson 1994).  

In contrast, both Curtis (2005) and Lui (2012) found that the incorporation of compost into 

degraded soils improved the PAW of amended soils.  Given that PAW is a key determinant for 

plant performance it is important that this variable is improved when amending degraded 

soils.   Cogger (2005) notes that the amount of PAW in a soil is partly determined by the 

porosity and the texture of the soil.  Water held at medium tension levels is held in the micro 

and meso pores but as the soil dries water is increasingly only held in micro pores at high 

tension.  In soils with higher tension levels only micro pores are filled with air and in the meso 

and macro pores water is only retained on soil particle surfaces.  As coarse soils have lower 

specific surface areas (particle surface area per volume soil) than finer soils, they are unable to 

hold as much water as finer soils; even if this water is unavailable to plants.  Compost additions 

can increase the specific surface area leading to an increase in water holding capacity at higher 

tension levels (Curtis, Matthew J & Claassen 2005).   Therefore, the addition of compost to a 

coarse soil may have a greater effect on the water holding capacity of that soil than it will have 

on the finer soil which already has a high specific surface area.  In either case, Curtis and 

Claasen (2009) suggested that the use of compost may improve a plant’s ability to access 

available water by expanding the root system into unexploited soil. 

Compost addition may also improve soil hydraulic conductivity (Chen, Y et al. 2014; Curtis, M. 

J. & Claassen 2007; Liu et al. 2012).  The decrease in bulk density and the increased porosity 

associated with compost addition combine to enable more water to pass into and through the 

soil matrix.  The passage of water through the matrix is associated with macropores, while the 

storage of water within the matrix is associated with meso and micropores (Brady & Weil 

2014).  As with soil structure, the long-term ability of a soil to maintain hydraulic conductivity 
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and water storage will depend on the organic matter content of the soil, and the capability of 

the soil to form water stable aggregates.  However, soil texture also plays a role in the 

response to OM addition as Khaleel et al. (1981) reported that hydraulic conductivity of finer 

textured soil responded more favourably to compost additions than did coarser textured soils.  

Although this may also be because fine textured soils are more prone to compaction (Daddow 

& Warrington 1983).   

Chemical properties 

There are several ways in which compost can change the chemical properties of a soil.  The 

surfaces of humus particles have high cation exchange capacities (CEC) (Brady & Weil 2014) 

which makes the soil better able to store and supply plant available nutrients (Cox, Bezdicek & 

Fauci 2001).  Nutrients within compost can be released with decomposition, potentially 

making these nutrients available for plant uptake.  Generally, composts with a carbon to 

nitrogen ratio lower than 20 will be able to supply nitrogen to plants within the first year of 

application (Cogger 2005).  However, if the carbon to nitrogen ratio is over 25, nitrogen is likely 

to be immobilised, and the duration of immobilisation is dependent on climate, soil texture 

and the soil nutrient status (Busby, Allen Torbert & Gebhart 2007; Tejada, Hernandez & Garcia 

2009). 

The addition of compost to a soil may also increase the ability of the soil to buffer changes in 

pH levels.  In a study on the cumulative long-term effect of municipal green waste compost on 

a sandy loam, Garcia-Gil et al. (2004) found that compost was effective at maintaining constant 

pH levels within the soils.  Cogger (2005) reported similar results in a review of the effects of 

compost on urban soils.  The ability to buffer pH in a soil is important because many nutrients 

are only plant available through a narrow range of soil pH (Brady & Weil 2014).  It should be 

noted however, that the pH of both the compost and the native soil will affect the pH of the 

amended soil. 
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Soils containing heavy metals and other pollutants may be improved with the use of compost 

(Allen et al. 2007).  Compost can help degrade the pollutants into less harmful substances or 

lock the pollutant into the soil matrix.  It may do this by changing pH levels, changing the 

moisture levels, and providing a nutrient source for microorganisms that may degrade the 

pollutants (Semple, Reid & Fermor 2001).  However, the use of compost may also increase the 

mobility of residual trace elements into the wider environment (Beesley & Dickinson 2010).  

Further, Beesley et al. (2011) found that dissolved organic carbon from compost may enhance 

the mobilisation of harmful trace metals in soils.  

Biological properties 

The use of compost may be a suitable method of alleviating root growth constraints.  Compost 

can reduce bulk density and increase porosity (Rivenshield & Bassuk 2007) and will have the 

added benefit of increasing soil aeration, drainage and infiltration (Chaney & Swift 1984; 

Curtis, M. J. & Claassen 2009).  Compost additions can increase the microbial activity of soils 

(Diacono & Montemurro 2010; Garcıa-Gil et al. 2000) although the response to compost 

additions will be dependent on carbon to nitrogen ratios and environmental conditions like 

temperature, pH and moisture levels (Scharenbroch, Bryant C 2009).  Other potential benefits 

of adding compost to soils may be an increased abundance of mycorrhizae (Valarini et al. 

2010) and earthworms (Lavelle 1988).  The texture of the soil will also impact on the microbial 

effect of the compost additions to soils.  Coarse textured soils may decompose compost very 

quickly, and potentially lose many of the mineralised nutrients to leaching (Pérez-Piqueres et 

al. 2006) whilst finer soils may benefit from the compost for longer (Scharenbroch, Bryant C 

2009). 

Biochar 

Although the term ‘biochar’ is poorly defined, it can be generalised as being the remains of 

organic matter which has undergone pyrolysis; that is, heating under restricted oxygen 

conditions (Sohi et al. 2010).  Biochar produced from pyrolysis has a skeletal frame and is high 
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in stable aromatic forms of organic carbon (Lehmann & Joseph 2015) which results in high 

porosity, large specific surface area, recalcitrance and increased CEC (Sohi et al. 2010).  Biochar 

has a history of use for improving soils.  The Terra Preta de Indio soils (Amazonian dark earths) 

of the Amazon Basin were thought to be formed in the late pre-Columbian times by the native 

peoples of the region (Neves et al. 2003).  These soils still exhibit improved soil qualities 

compared to the surrounding soil which is believed to be due to the amount of black carbon 

found within these soils (Glaser et al. 2001).  Glaser et al. (2001) found over 70% more black 

carbon in these soils than the surrounding soils.  Biochar has been used as an amendment in 

agriculture, forestry, green roof substrates, potting mixes and as a means to remediate 

polluted soils (Cao et al. 2014; Kaudal et al. 2016; Singh et al. 2014; Wrobel-Tobiszewska et al. 

2014).  Biochar can also be made from organic waste, including agricultural by-products 

(Novak et al. 2009), forestry wastes (Wrobel-Tobiszewska et al. 2015), and urban wastes 

(Kaudal et al. 2015).   

While compost degrades in soil over time and requires constant replenishment to maintain the 

benefits (Cogger 2005), biochar on the other hand is recalcitrant in soils (Fang et al. 2014; 

Lehmann et al. 2009).  The benefits of applying biochar may last for many years, decades or 

even centuries without further application (Lehmann et al. 2009; Lehmann et al. 2007).  

Furthermore, the stability of the carbon in biochar means that it can be stored within soils 

indefinitely as a form of carbon sequestration (Lehmann 2007).   

The characteristics of biochar will vary depending on several production variables (Hindi 2012; 

Weber & Quicker 2018).  These variables include; 1) the type of the feedstock, 2) moisture 

level of that feedstock, 3) the duration and 4) maximum temperature of the pyrolysis process, 

and 5) the speed at which the maximum temperature is reached (Hindi 2012; Weber & Quicker 

2018).  These variables result in different types of biochar which have differences in the 

physical properties (size and distribution of the particle sizes, density, and porosity) and 

chemical properties (including the carbon content, pH level, and the nutrient load of the 

biochar) (Wang et al. 2013).  
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Physical properties 

Biochar may reduce bulk density in compacted soils and improve the hydraulic conductivity 

(Shackley et al. 2010; Sohi et al. 2010; Villagra-Mendoza & Horn 2018).  Field capacity may be 

improved with the incorporation of biochar due to the skeletal nature of the material, 

although this will vary with biochar feedstock and production methods (Abel et al. 2013; Głąb 

et al. 2018).  The effect of biochar on PAW is not certain (Aller et al. 2017; Głąb et al. 2018; 

Jeffery et al. 2015).  Bruun et al. (2014) concluded in their nursery study that biochar caused a 

greater increase in the field capacity than the increase in the permanent wilting point, 

whereby increasing the plant available water.  A similar plant available water increase was 

found in an experiment looking at biochar in green roof substrates (Cao et al. 2014).  However, 

Karhu et al. (2011) were unable to determine whether an increase in the field capacity with 

biochar addition also increased the plant available water in their agricultural trial. 

Chemical properties 

Biochar can change soil chemical properties as the porous nature of biochar and its aromatic 

carbon structure enables it to adsorb nutrients in the soil.  Biochar can significantly increase 

the cation exchange capacity of soil (Bhatta Kaudal & Weatherley 2018).  The nitrogen content 

of biochar is largely lost during pyrolysis, although the final content will depend on the 

feedstock and other pyrolysis variables (Nelson et al. 2011).  However, other plant nutrients 

may not be lost and are potentially available for plant use.   Many of the nutrients are in the 

ash content of the biochar and this also varies with feedstock and pyrolysis variables (Chan, KY 

& Xu 2009), with biochar made from animal products higher in nutrients than biochar made 

from plant-based feedstock (Chan, KY & Xu 2009).  Biochar can also help limit nutrient leaching 

from soils (Laird et al. 2010; Major et al. 2009; Scharenbroch, B. C. et al. 2013) the adsorptive 

qualities of biochar could be used to store the more labile nutrients in soils (Beesley & 

Dickinson 2011; Liang et al. 2006).  However, urban soils tend to have high pH levels so the 
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effect of adding biochar, which can also have high pH levels, may need to be considered in 

remediation efforts.  

Biological properties 

Improved soil physical properties with biochar amendment can also contribute to improved 

root growth due to decreased mechanical resistance, increased oxygen, water and nutrients 

(Omondi et al. 2016).  Improved nutrient availability may also promote root growth.  In the 

Prendergast-Miller study the density of roots was much higher in soil that had been amended 

with biochar.  In a greenhouse experiment using a sandy substrate Bruun et al. (2014) also 

discovered that there was a proliferation of roots in a biochar amended substrate compared to 

the non-amended control. 

Biochar may enhance the abundance and diversity of mycorrhizae (Miller & Allen 1992).  Sohi 

(2010) in his review of biochar in soils pointed to the combined effects of biochar and 

mycorrhiza associations on nutrient availability, water storage, and increased CEC as the 

drivers of improved plant performance.   Warnock et al. (2007) propose four methods by 

which biochar influences fungal abundance and effectiveness; 1) increases in soil nutrient 

availability, 2) the positive effect of other microbes indirectly affecting mycorrhiza, 3) 

mitigation of allelochemicals by biochar, and 4) as a refuge from predators.  Biochar may 

increase the total biomass of microbes within soils, but often with changed microbial 

composition (Lehmann et al. 2011).  Both ecto-mycorrhiza and arbuscular mycorrhiza have 

both been shown to proliferate with biochar amendments (Warnock, Daniel D et al. 2007).  

This may be counter-intuitive as biochar may make nutrients and water more available to 

plants which, should, reduce the need for the plant/fungi symbiosis (Warnock, Daniel D. et al. 

2010).  There is still a significant amount of research to be done to fully understand the 

relationships between soil/biochar and the microbial biomass.  Biochar additions may also 

harm the mycorrhizal populations in the soil as biochar may alter pH levels, salt concentrations 

and bring other pollutants to the soil (Birk et al. 2009; Warnock, Daniel D et al. 2007).  For 
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example, mycorrhizal levels are reduced with higher levels of soil phosphorus; therefore, if the 

biochar is high in this nutrient it may have a negative effect on mycorrhizal abundance and 

diversity (Mukherjee & Lal 2014).  It is also possible that biochar created at higher 

temperatures may cause toxicity due to elevated levels of pH and greater ash contents 

(Lehmann et al. 2011). 

Biochar/compost mixes 

Physical properties 

In many ways biochar and compost are similar in the effects they can have on soil physical 

properties.  Both improve porosity, bulk density and the water holding capacity of a soil.  It is 

possible that compost might have a larger immediate effect than biochar on improving soil 

structure because of a greater influence on the soil microbial activity levels, whereas biochar 

may last longer in soil due to its recalcitrant nature and therefore have a more lasting effect on 

porosity.  Fischer & Glaser (2012) suggested that the best use of biochar to improve degraded 

soils is by combining it with compost to achieve a synergy between the two components.  In an 

agricultural field trial Liu et al. (2012) found that there are positive synergistic qualities 

between compost and biochar when growing maize in a sandy soil.  They reported that the 

combination of compost and biochar improved the water holding capacity of the soil, 

increased the soil organic matter and plant available nutrients more than a pure compost 

treatment.  Similarly, Schulz et al., (2013) Ghosh et al. (2015) and Agegnehu et al. (2017) all 

found that incorporating compost with biochar improved soil properties beyond those 

achieved with incorporating just one of the amendments.  However, not all studies have 

shown the synergistic behaviour of compost and biochar (Agegnehu et al. 2016; Bhatta Kaudal 

& Weatherley 2018), with no improvements in soil properties and plant growth, beyond the 

use of the individual amendments. 

Chemical properties 
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In a study comparing biochar with compost and combining biochar with mineral fertilisers, 

Schulz and Glaser (2012) found that the combination of biochar and compost provided the 

best plant outcomes.   In another study, Schultz et al. (2013) concluded that the use of 

compost complemented the use of a hardwood biochar because the compost provided 

nutrients for the nutrient impoverished biochar.  However, this synergistic effect may depend 

on the type of biochar feedstock as biochar made from biosolids, may also have high nutrient 

concentrations and therefore may not benefit from the addition of compost (Chan, KY & Xu 

2009).  The synergistic behaviour of a combination of compost and biochar may also be due to 

the high nutrient holding capacity of biochar which enables nutrients provided by compost to 

be stored for plant use and not be leached away.  Consequently, biochar is able to increase the 

efficiency of the nutrients supplied by the compost (Chan, KY & Xu 2009; Fischer & Glaser 

2012).  Fisher and Glaser (2012) also hypothesised that the use of biochar with compost helps 

to overcome some of the perceived weaknesses of using compost alone; namely its transitory 

nature, possibility of nutrient leaching, and reducing the time for compost to reach maturity.   

Biological properties 

The combination of compost and biochar may also promote an increase in the microbial 

biomass of soils beyond that achieved for either individual amendment (Fischer & Glaser 

2012).  For example, the use of biochar in the composting of chicken manure saw a rapid 

increase in the microbial biomass and subsequent faster composting rates (Steiner et al. 2011).  

This is also supported by other studies that show that the practice of co-composting biochar in 

the standard composting process can decrease the time taken for the compost to reach 

maturity (Bhatta Kaudal & Weatherley 2018; Prost et al. 2013).   However, co-composting of 

biochar might ‘clog up’ the surface areas of the biochar with plant residues, thereby, 

diminishing some of the absorptive and physical qualities of the biochar (Bhatta Kaudal & 

Weatherley 2018; Prost et al. 2013). 
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Tillage 

Adding organic amendments into a compacted and degraded soil involves tilling the soil to 

allow the amendment to be incorporated into the soil profile.  However, it is possible that the 

simple act of tillage alone has sufficient impact on soil properties to improve plant 

performance.  Tillage is the mechanical loosening of soils that have become hardened through 

various compacting activities and has been used effectively in agriculture for many years 

(Curwen & Hatt 1953).  Curtis (2009), in a study examining the use of compost in restoring 

degraded roadsides, concluded that tillage alone may have the same benefits as the use of 

compost, if the soil already has enough nutrients to support plant growth.  Gilman (2004) also 

found that the use of organic additives to backfill did not improve growth of newly 

transplanted trees beyond that of a tilled control, although this study was not conducted in 

degraded soils. 

Physical properties  

Tillage can have a beneficial effect on soil physical properties such as porosity, bulk density, 

hydraulic conductivity, soil strength, and soil aeration.  These properties have been associated 

with improved plant performance in numerous studies, in urban and rural environments 

(Bassett, Simcock & Mitchell 2005; Craul, Phillip J 1994b; Curtis, M. J. & Claassen 2009; Day, S, 

Bassuk & Van Es 1995). However, the positive effects of tillage might not be sustained beyond 

initial soil loosening (Bishop & Grimes 1978; Johnson, Voorhees & Randall 1987 ; 

Mohammadshirazi et al. 2017)}.  Re-compaction of tilled soils may occur if the compacting 

activities continue and no other remediation work is done.  Re-compaction forces can be as 

non-assuming as rainfall (Osunbitan, Oyedele & Adekalu 2005).  While tillage can be repeated 

to maintain the effects on soil properties, there is a substantial body of evidence linking 

increased tillage with reduced soil organic matter, particularly in agriculture. For example, Six 

et al. (1998) found reduced particulate organic matter in cultivated fields compared to non-

tilled soils.  As soil structure is intimately connected to soil organic matter, a decline in soil 
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organic matter will inevitably result in destruction of soil structure where lowered fertility, 

reduced plant performance, and soil erosion are key consequences (Al-Kaisi, Douelle & Kwaw-

Mensah 2014; Bronick & Lal 2005; Oades 1984).   

Chemical properties 

The constant use of tillage may result in a reduction of soil nutrients (Hussain, Olson & Ebelhar 

1999).  In a long-term study comparing four agricultural tillage methods with a no-till 

technique, researchers found that several key soil nutrients were lower after 10 years in two 

tilled systems compared to the no till system (Al-Kaisi, Douelle & Kwaw-Mensah 2014).  This 

study also concluded that the intensity of tillage had an inverse correlation with the level of 

soil organic matter and concurred with earlier studies that aggregation was directly related to 

the level of soil organic matter.  

Biological properties 

Tillage can increase root growth and root densities.  For example, Sinnett et al. (2008) 

examined the effects of complete tillage to two types of ripping on the growth of the roots of 

some horticultural trees and found that all tillage treatments improved root growth when 

compared to the control in the old quarry site used in the experiment.  Further, they found 

that complete tillage, which was the most intense tillage tested, resulted in the most root 

growth of all the treatments.  Plant roots can also act to alleviate some of the consequences of 

soil compaction as fine roots bind soil particles together, and the hydraulic re-distribution of 

water by plant roots can also alleviate some of the effects of reduced water movements in 

compacted soils (Burgess et al. 1998; Liste & White 2008).  Further, plant roots can act as 

preferred channels for water infiltration, even in compacted soils (Bartens et al. 2008).  

Therefore, if roots are able to exploit newly loosened soils after tillage, when soil conditions 

are favourable, they may be able to assist in plant growth even if the soil reverts to its pre-

tillage state. 
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Tree growth response to soil improvement: the role of tree water and nutrient 

strategies 

In urban soils, compaction, pollution, physical barriers and changed hydrological conditions 

may restrict the volume of soil able to be colonised by tree roots and affect the spatial 

architecture of tree roots (Day et al. 2010).  Roots which are shorter and shallower in the soil 

profile place trees at greater risk of nutrient and water deficit (Gilman, Leone & Flower 1987).  

As different tree species have different abilities to cope with environmental stresses, there will 

be differences in their growth response to soil improvement.  Some tree species have high 

plasticity in their morphological and physiological responses to water and nutrient availability, 

whereas other species grow the same regardless to changes in resource availability (Arndt et 

al. 2001).  The growth response to water and nutrient availability and the ability of a tree to 

cope with adverse growing conditions may relate to its position on the fast-slow plant 

economics spectrum (Reich 2014).  ‘Fast’ species grow quickly, with rapidly expanding leaf 

area, in response to high water availability. However, these ‘fast’ species may then be 

susceptible to water stress if water availability is reduced under drought conditions due to 

their large biomass.  Whereas, ‘slow’ species may be able to withstand drought conditions due 

to their more conservative growth, regardless of water availability (Reich 2014). 

Water resource strategies 

Trees can undergo several morphological changes in response to water stress.  Plants may 

allocate scarce resources to extensive root growth under water stress, even if the soil 

conditions are not favourable in order to access more water resources (Kozlowski, T & Pallardy 

2002).  Plants under consistent water stress may display a higher root to shoot ratio and there 

may be higher root regeneration on transplanting (Otieno et al. 2005).  On a plant scale, it is 

the ability to reallocate photoassilimilates to different parts of the plant that may a determine 

survival of the tree (Chaves et al. 2002).  Total leaf area may reduce due to the growth of 

smaller leaves and/or fewer leaves on the tree (Otieno et al. 2005) and leaves may have 
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sunken stomata, or the stomata close more rapidly or earlier in the stressful phase (Arndt et al. 

2001).  There may be copious amounts of leaf wax and enlarged amounts of palisade 

mesophyll to reduce water loss (Pita & Pardos 2001).  Pita et al. (2001) found that total plant 

biomass, plant leaf area, specific leaf area, and leaf expansion were all reduced in drought 

affected eucalypt trees. 

Water stress may lead to reduced stomatal conductance (Arndt et al. 2001) and lower water 

potentials (Otieno et al. 2005).  However, trees that had been preconditioned to water stress 

were better able to cope with the onset of water stress than trees that were not pre-

conditioned (Otieno et al. 2005).  It also appears that trees are better able to survive a slow 

onset of water stress rather than a rapid and harsh inducement of water stress (Arndt et al. 

2001; Otieno et al. 2005).  Alternatively, Myers and Landsberg (1989b) concluded that a short, 

sharp water stressful event had less effect on tree growth than a long-term water deficit.  

Trees under water stress have to balance the need for carbon inputs through photosynthesis 

with the imperative to save water and close stomata.   Water stressed trees have a lower rate 

of leaf gas exchange, signifying reduced photosynthesis and therefore, plant growth (Chaves et 

al. 2002), which results in water stressed trees being smaller than non-stressed trees (Myers, B 

& Landsberg 1989a).  

Ectomycorrhizal fungi associations may also assist trees to maintain water status under water 

limiting situations (Lehto & Zwiazek 2011).  Plants that form ectomycorrhizal fungi associations 

not only benefit from increased nutrient acquisitions but also from greater access to soil water 

due to increased extension growth and the absorbing surface areas of the root/mycorrhizal 

system (Lehto & Zwiazek 2011).  In an experiment which considered the effect of arbuscular 

mycorrhizal fungi growth on citrus trees grown under salt stress, the authors found that the 

fungi provided relief from the induced water stress of the saline soil (Wu, Q-S, Zou & He 2010).  

They found that there was greater root growth, and total root surface area which resulted in 

increased photosynthetic rates compared to a control without the fungi.  An agricultural study 

on wheat showed that the more water stressed the environmental conditions the greater the 
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water relations benefit of arbuscular mycorrhizal fungi associations (Al-Karaki 1998).  These 

associations may reduce water stress directly at the water uptake level, or indirectly at the 

tree water regulation level (Garbaye 2000). 

Nutrient resource strategies 

In response to nutrient limitations, plants may also morphologically adjust and increase their 

root to shoot ratio to access mobile forms of nitrogen and phosphorus (Marschner, Kirkby & 

Cakmak 1996).  Some plants are able to form relations with symbiotic bacteria that have the 

ability to fix atmospheric nitrogen and make it available for plant use.  The bacteria, Rhizobia 

spp., forms beneficial associations with Fabaceae plants but there are other free-living and 

plant symbiotic bacteria that are also able to fix atmospheric nitrogen (Bruijn 2015). Some 

plants, such as those in the Proteaceae family, are able to form proteoid root systems, or 

cluster roots, which greatly enhances the plants ability to scavenge and uptake scarce minerals 

(Watt & Evans 1999).  In these systems the roots form dense mats which saturate the soil in 

root tissue, greatly increasing the root surface area (Watt & Evans 1999).  This helps to ensure 

that the maximum amount of nutrient is able to be extracted from what are usually nutrient 

poor soils.  These roots systems are not formed when the soil has elevated levels of 

phosphorus (Watt & Evans 1999). Mycorrhizal fungi play an important part in the growth and 

health of plants.  These are symbiotic relationships with plant roots and provide nutrients and 

water to the plant in exchange for carbohydrates (Miller & Allen 1992).  These relationships 

may be particularly important in Australia where the soils are generally low in important plant 

nutrients (Warcup 1980).  Both ectomycorrhizal fungi and arbuscular mycorrhizal fungi can 

provide nutrients to plant roots. Many, if not most, native and exotic trees have fungal 

associations that extend the range of water and nutrient soil conditions which they can 

tolerate.  It is possible that the creation of soil conditions that enable fungi to survive will also 

create conditions that enable trees to better establish and grow, even in soils that have 

characteristics that might otherwise be limiting to tree performance. 
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Relevance and importance of study  

This study will investigate simple methods that may improve degraded urban soils to better 

support the establishment and growth of large, deep rooted woody plants.  Growing trees in 

urban soils can be difficult and often unsuccessful due to the compacted and degraded nature 

of urban soils.  Soil compaction is a significant symptom of degraded urban soils which restricts 

root growth, hydrological characteristics, and gas and nutrient cycling.  However, growth of 

large trees is becoming increasingly important to combat the negative effects of urbanisation, 

climate change and the urban heat island effect.   

Since the turn of the millennium, and as the understanding of the ecosystem services provided 

by urban forest increases, there has been an increasing interest in dealing with the poor 

quality of urban soils and the hindrances they cause to tree growth.  Techniques that aim to 

rehabilitate degraded and compacted urban soils have been investigated in field and nursery 

experiments.  Notably, many of these studies have taken place in the USA where soil 

rehabilitation methods have been studied to determine their potential to return urban soils 

into productive media for tree growth.  For example, methods called ‘profile rebuilding’ (Chen, 

YJ et al. 2013; Layman et al. 2010), and ‘scoop and dump’ (Sax et al. 2017) have been tested 

with success.  These techniques have used a combination of tillage and organic matter 

amendments to improve urban soil properties and tree establishment and growth.  Other 

researchers in the USA have also investigated improving urban soil to gain improved tree 

growth (Scharenbroch, B. C. et al. 2013), or other plant growth (Curtis, M. J. & Claassen 2007; 

Loper et al. 2010; Mohammadshirazi et al. 2017).  In places other than the USA, McGath and 

Henry (2016) used organic matter to rehabilitate degraded soil along Canadian roadsides to 

achieve improved tree growth.  Sinnett et al. (2008), in England, investigated a rehabilitation 

method called ‘profiled strip method’, which did not include organic matter additions, to 

rehabilitate soils.  Other studies throughout the world have reported on urban soil 



43 
 

experiments using pots rather than in-situ experiments (Ghosh, S., Ow & Wilson 2015; 

Grosbellet et al. 2011; Vidal-Beaudet, Galopin & Grosbellet 2018). 

Although many of these experiments are designed to enhance tree growth, the trees tested 

have largely been deciduous and grown in environmental conditions very dissimilar to those 

found in Australia.  Different tree species have contrasting resource acquisition strategies and 

will suffer water stress at different levels of water availability.  My motivation for this study 

was to improve tree establishment and growth in urban soils by examining how the results of a 

technique to rehabilitate degraded and compacted urban soil were influenced by soil 

properties, contrasting tree resource acquisition strategies, and the use of distinct types of 

organic amendments incorporated into the urban soils; particularly, would the transient 

nature of compost be complemented or supplanted, over time, by the recalcitrant nature of 

biochar.  A theoretical model of where my thesis fits into an urban soil rehabilitation 

continuum is detailed below (Figure 1.1).   Specifically, I wanted to: 

1. To investigate the effect that the incorporation of organic amendments and tillage 

have on improving the soil properties of degraded and compacted urban soils and 

their ability to support improved tree performance. 

2. To develop an understanding of the interaction between organic amendments and soil 

type when improving degraded urban soils. 

3. To understand the interaction between tree water strategies in determining tree 

growth response and levels of water stress in degraded urban soils amended with 

different organic amendments. 

To achieve these research objectives, I designed three related experiments that each examined 

a part of the research objectives.  In Chapter two, I test whether tillage with compost 

amendments is better at improving soil physical properties and tree growth than the use of 

tillage alone.  I also examine whether deep tillage is more beneficial than shallow tillage for 
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improving soil physical properties and tree growth.  Lastly, I examine whether there are soil 

aeration issues with incorporating compost deep into the soil profile. 

In Chapter three, I investigate whether the incorporation of biochar into compacted and 

degraded urban soils can be more beneficial to soil and tree properties than the use of 

compost alone or a combination of compost and biochar.  This is tested in soils with 

contrasting textures to understand how soil texture will interplay with compacted and 

degraded urban soil remediation efforts.  The effect of the organic amendments is examined 

on soil physical and microbiological properties, as well as tree water status and growth over 

two and a half years. 

Chapter four further explores the role of soil texture and water availability on the efficacy of 

different organic amendments in improving the water status and growth of trees from very 

different environmental habitats.  The use of compost, biochar and a combination of compost 

and biochar are examined under well-watered or water deficit availability levels, using soils 

with distinct textural properties and tree species with different resource acquisition and use 

strategies. 
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Figure 1.1. Theoretical model of improvement options for rehabilitating compacted and 

degraded urban soils based on the initial site conditions, level of soil intervention, plant 

resource acquisition strategies, and desired outcomes.  Items in model identified in bold type 

are explored in this thesis. 
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Abstract 

Large trees are often seen as a means of offsetting negative consequences of growing urban 

densification.  To increase the tree canopy cover of dense urban landscapes, developers, 

planners and urban tree managers are often forced to plant into damaged and compacted 

sites.  Compacted urban soils can hinder the establishment and growth of deep rooted, woody 

plants by: 1) impeding root exploration and development which is critical for water and 

nutrient acquisition; 2) reducing infiltration of water into the soil and the availability of water 

to plants; and 3) reducing gas exchange and the balance between anaerobic and aerobic 

conditions. 

At three sites in Melbourne, Australia with compacted and damaged soils, we established four 

soil remediation treatments: 1 & 2) tillage to 0.25 m with and without 50% (v/v) municipal 

green waste compost (MGWC) additions, and 3 & 4) tillage to 0.5 m with and without 50% 

MGWC addition, plus a non-remediated control. Each treatment was replicated (n=3), and one 

Corymbia maculata (spotted gum) tree was planted into the centre of each 2 x 2 m treatment 

plot (n = 15), at all three sites (n = 45). 
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Bulk density and field-saturated hydraulic conductivity were improved by tillage, at least in the 

short-term.  The use of MGWC may maintain these changes for longer.  Depending on site soil 

conditions tree growth may be improved by tillage alone. At one site, we found that additions 

of MGWC lead to nitrogen immobilisation due to site soil conditions.  At another site, deep 

tillage (with or without MGWC) led to significantly improved tree growth. 

Compacted and degraded urban soils may be improved through simple tillage and/or organic 

amendment strategies for the successful establishment of deep-rooted woody plants. 

However, site soil conditions will dictate whether the addition of MGWC is beneficial or not, as 

one site showed no positive response to any tillage or MGWC. This research has examined a 

technique that can be used by landscape managers to improve soil physical characteristics and, 

in certain circumstances, can improve deep-rooted woody plant establishment and growth in 

challenging compacted urban soil conditions.  

Introduction 

Globally, more humans are living in cities than ever before (DESA, 2014).  As a result, our cities 

are becoming denser as scarce land is used to house the increasing urban population (Yokohari 

et al., 2000).  The process of urbanisation may result in urban soils that have reduced ability to 

support healthy plant growth.  Urban soils can be compacted by vehicle traffic, heavy 

machinery use, the transport and storage of materials, and the construction of roads and 

paths, buildings and other above and below ground infrastructure (Abdul-Kareem and McRae, 

1984; Craul, 1994; Randrup and Dralle, 1997).  Urban soils can be removed, replaced and 

redistributed, inverted, and sealed during construction activities (Scalenghe and Marsan, 

2009).   

The consequence of these urban disturbance activities is that soil often has poor physical 

characteristics that leads to slower infiltration (Chen et al., 2014) and reduced water storage 

(Haase, 2009).  Similarly, urban soil disturbance can disrupt the natural cycling of nutrients 

within soils (McDonnell et al., 1997), reduce the organic carbon levels in soils (Chen et al., 
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2013), and cause soil crusting and erosion (Lorenz and Lal, 2009).  Rehabilitation of damaged 

urban soils may only treat surface soil problems (Layman et al., 2010) which may lead to soils 

with intermittent waterlogging and drought characteristics (Scalenghe and Marsan, 2009).  All 

these negative effects on urban soils will reduce the growth of most trees planted into those 

soils, particularly when the trees are young and developing their root systems (Jim, 1998; 

Pregitzer et al., 2016). 

Trees require water, nutrients and an adequate and accessible volume of soil from which tree 

roots access these resources.  Root growth requires suitable levels of water and oxygen, a soil 

matrix with a mix of pore sizes, and soil temperature within an appropriate range (Ruark et al., 

2012).  Larger, long-lived trees can provide bigger benefits to their environment, but their 

roots also require a larger volume of soil to support them and their resource requirements 

(Dawson, 1996).  These conditions are unlikely in damaged and compacted soils, or in poorly 

remediated soils (Layman et al., 2016).  Trees planted into such soils often experience a high 

mortality rate and those that survive experience a slow growth rate (Gilbertson and Bradshaw, 

1990; Nowak et al., 1990).  

Compacted soils can be remediated by tillage (Day and Bassuk 1994; Sax et al. 2017).  Soil 

tillage can be achieved by many methods (Day et al., 1995) including ripping, ploughing, and 

rotary hoeing.  Tree establishment and growth may still be hindered by soils that have 

compacted subsoils (Millward et al., 2011).  Compacted soils can also be remediated with 

amendments of organic matter (OM), incorporated into tilled soils to further improve physical, 

chemical and biological characteristics beyond that achieved by tillage alone (Cogger, 2005; 

Scharenbroch et al., 2013).  Many of studies only focus on adding the OM into the top portion 

of soils (0 to 0.15 m) (Loper et al., 2010).  The results of these amendment experiments have 

been varied, with some showing no improvement in plant growth (Gilman, 2004), while others 

show an improvement in plant growth as the amount of OM added reaches a level of 20-30% 

by volume (Cox, Bezdicek, and Fauci 2001; De Lucia et al. 2013).   
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There are many benefits that adding OM to soils may achieve (Vidal-Beaudet, Galopin, and 

Grosbellet 2018).  Perhaps most importantly among these benefits are a reduction in bulk 

density and an increase in porosity (Khaleel et al., 1981).  These changes allow for enhanced 

root growth and improved hydrological movements and gas exchange.  Other benefits may 

include provision of nutrients (Curtis and Claassen, 2009; Loper et al., 2010), and 

improvements in the soil structure as aggregate formation is promoted by the breakdown of 

OM and an increase in soil biota (Diaz et al., 1994; Whalen et al., 2003).  However, adding large 

volumes of OM into soils may also have negative consequences.  OM will decompose and can 

lead to anaerobic conditions developing as oxygen is consumed and continued anaerobic 

decomposition can produce compounds that are deleterious to plant root activity (Leake and 

Haege, 2014).  Similarly, decomposing OM can also immobilise critical soil nutrients into the 

soil microbial biomass and therefore unavailable for plant root uptake.  

To investigate whether OM can be incorporated into compacted and degraded urban soils to 

improve critical soil properties and tree establishment and growth, we evaluated tillage with 

and without OM, in the form of municipal green waste compost (MGWC), addition to a shallow 

(0.25 m) and deeper depth (0.5 m) using a scoop and dump technique (Layman et al., 2010; 

Rolf, 1991).  The objectives of this study were to: (1) evaluate whether soil physical properties 

can be improved with tillage plus MGWC beyond tillage alone; (2) assess whether MGWC can 

be incorporated at depth without creating anoxic conditions within the soil; and (3) explore 

whether there are significant tree growth benefits from (3a) deep tillage when compared with 

shallow tillage; and (3b) tillage with added MGWC compared with tillage alone. 

Methods 

The study used three sites with compacted and/or damaged soils in Melbourne, Australia 

(Supplement 2.1); 1) Old Poplar Road: a gravel parking lot (Parkville 37.781419, 144.954749; 2) 

Sims Street: a small parcel of green space, close to the tidal river estuary (Supplement 2.2), 

with significant concrete debris within the soil, and completely surrounded by heavy transport 
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roadways (West Melbourne 37.807039, 144.908513); and 3) Yarra Boulevard: a road 

construction staging site with a stratified soil profile (Burnley 37.831127, 145.017076).  

Melbourne has a warm temperate climate with a mean maximum temperature of 20.9oC and 

with an average rainfall of 648 mm yr-1. In the year the experiment commenced the mean 

maximum temperature was 20.9oC and the annual rainfall received was 411.8 mm and in the 

concluding year the mean maximum temperature was 20.4oC while the annual rainfall was 

409.6 mm.  In both years the rainfall was slightly less than two thirds of the expected annual 

rainfall. 

At each site, any existing ground-level vegetation was killed using glyphosate solution weed-

killer two weeks prior to plot establishment. Then, in June 2014, four soil amendment 

treatments and an unamended control were established in a fully-randomised, block design (4 

treatments + control x 3 repetitions = 15 plots (each of 2 x 2 m)) at each site:  

1) a control (no amendment), 

2) tillage to a depth of 0.25 m, 

3) tillage to a depth of 0.25 m with the addition of 50% v/v MGWC, 

4) tillage to a depth of 0.5 m, 

5) tillage to a depth of 0.5 m with the addition of 50% v/v MGWC.   

The four tillage treatments were installed using a small backhoe to “scoop and dump” the soil 

with or without MGWC to the set soil depth (Layman et al., 2010; Rolf, 1991; Sinnett et al., 

2006) (Supplement 2.1).  The plots were spaced in a grid formation with 1 m buffer between 

each plot.  The amount of MGWC used was relatively the same and was chosen to represent 

the extreme, but achievable, amount of MGWC that could be incorporated into urban soils. 

The OM (Enviromix Pty Ltd, Dingley Village) consisted of MGWC that was pasteurised and 

composted according to the Australian Standard (AS 4454).  The MGWC had a pH of 6.6, 

electrical conductivity of 3.1 dS m-1, and carbon to nitrogen ratio of 34.  Due to the application 

of the ‘scoop and dump’ method of tillage used in this experiment MGWC was distributed 
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heterogeneously throughout each tilled profile, and while de-compacted, clods of compacted 

soil remain through the profile. 

In early July 2014, a single Corymbia maculata (Spotted Gum) sapling was planted in the 

middle of each 2 x 2 m plot and irrigated with five litres of water per tree on two occasions, in 

the first and second months after establishment.  The saplings were approximately 0.3 m tall 

with an average stem diameter of 7.2 mm and had been nursery grown, and ‘hardened’ 

outside in 1.5 litre air-prune pots (S1020 – Trentcom Pty. Ltd., 95C Beaumont Rd Berwick, 

Victoria, Australia, 3806.  Corymbia maculata is widely planted in eastern Australian cities in 

parks and as a street tree.  Corymbia maculata is a deep-rooted plant with roots that can grow 

deeper than two meters into soil (Falkiner et al. 2006).  The plots were mulched to a depth of 

eight centimetres with coarse wood chips soon after planting to suppress weed growth 

(Supplement 2.1).   

Soil measurements 

Soil bulk density, soil texture, field saturated hydraulic conductivity, pH, and the electrical 

conductivity (EC) were measured at the three sites prior to establishing treatments from soil 

samples retrieved from three soil pits dug across a transect of each site (Table 2.1).  Initial bulk 

density was measured using metal rings driven into the soil in the 0-0.1 m, 0.1-0.2 m, 0.3-0.4 m 

and 0.4-0.5 m depths.  Six replicates were taken at each depth.  The bulk density was 

calculated as the oven dried soil mass (48 hours at 105oC) divided by the ring volume.   

Subsequent bulk density samples collected at three and 15 months from establishment were 

taken from pits dug into a corner of each plot to minimise disturbance to the soil.  Two 

samples were collected at each depth from each plot.  In the control and the 0-0.25 m 

(shallow) treatments samples were taken at 0-0.1 m depth only, while for the 0-0.5 m (deep) 

treatments samples were taken at 0-0.1 m and 0.4-0.5 m.  

Soil hydraulic conductivity was measured in each plot at all three sites using a falling head, 

small-diameter, single-ring infiltrometer (Nimmo et al., 2009) at three and fifteen months after 

establishment.  PVC tubes 150 mm in length and 104 mm in diameter (internal) were inserted 
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50 mm into the soil surface.  A ruler was attached to the inside of each tube to visually monitor 

water level change.  The PVC tubes were kept full of water until saturation was achieved in the 

soil.  Once a steady-state rate of water infiltration was reached the tubes were refilled with 

water.  The decrease in the water level (mm) over a measured period (seconds) was recorded.  

Field-saturated hydraulic conductivity (Kfs) was calculated according to Nimmo (2009): 

𝐾𝑓𝑠 = 𝐿𝐺 ln [
𝐿𝐺+ 𝜆+𝐷0

𝐿𝐺+ 𝜆+𝐷
]  

where 𝐿𝐺 =  𝐶1𝑑 +  𝐶2𝑏  where C1 and C2 are empirically determined constants (0.993 & 0.578 

respectively), d is the ring insertion depth (mm) and b is ring radius (mm).  λ is a soil texture 

class parameter, Do is the ponded height at the start of the measurement, and D is the ponded 

height at the conclusion of the measurement.   

Sub samples from the soil collected were used to determine the electrical conductivity and the 

pH of the samples.  Using a 1:5 w/v ratio of soil to deionised water 20 g of air-dried soil was 

mixed with 100 ml of deionised water and shaken ‘end over end’ for 60 minutes (Rayment and 

Lyons, 2011).  The samples were left to settle for 30 minutes.  The same samples were used to 

measure both the EC and the pH of the samples.  The measurements were recorded using a 

TPS labCHEM – CP (version 1.01) analyser.  Measurements were recorded for each plot and 

each depth within the plot. 

Particle size analysis was completed using the soil hydrometer method (Gee and Or, 2002).  

Soil texture classes were determined using the United States Department of Agriculture soil 

texture classifications (Agriculture, 2008). 

Water stable aggregate fractions were measured using a wet sieving method (Six et al., 1998) 

from samples collected at fifteen months.  Air dried samples (100 g) of the soil from the 

control and deep tillage with and without added MGWC were progressively wet sieved using 

2000 µm, 250 µm, and 53 µm mesh sieves.  After a five-minute submersion in deionized water 

each sieve was lifted and dropped into deionized water 50 times in two minutes.  The soil 
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retained on each mesh size sieve was oven dried and weighed to calculate the percentage total 

mass of each size class of water stable aggregate. 

Soil aeration was determined by examining the rusting patterns of steel rods inserted into the 

soil (Hodge et al., 1993; Watson, 2006).  Two 0.5 m long steel rods (10 mm square section) 

were inserted into each plot at 0.5 m from each tree in soon after the saplings were planted 

and then extracted three months later.  The rods were extracted using a modified fence 

strainer with a clamp attached to the exposed end of the buried rod.  On extraction, the rods 

were generously dabbed with 10% (v/v) ammonia solution to prevent further corrosion.  The 

rods were examined using a modified version of the assessment technique used by Carnell and 

Anderson (1986).  Each side of the square shaped rod was assessed in a laboratory to 

determine the distance from the top of the rod to the point where the corrosion pattern 

changed from a raised red/brown to flat matt grey/black colour (Carnell and Anderson, 1986).  

The red/brown colour indicates aerobic corrosion and therefore good soil aeration, while the 

flat matt grey/black indicates anaerobic corrosion (Hodge et al., 1993).  This point indicates the 

depth of diminished soil oxygen availability (Hodge et al., 1993).  As there were two square 

shaped rods in each plot this provided eight measures of aerobic corrosion depth from which a 

mean depth was calculated for each plot. 

Plant measurements 

Stem diameter was measured on all trees at 40 mm above the soil surface on a north-south 

and east-west axes using digital callipers and then averaged.  Tree height was measured from 

the base of the tree trunk to the top sprig.  Canopy width was measured on two axes, one 

along the widest axis and then one perpendicular to that axis at the same height. Stem 

diameter, tree height and canopy width were measured at one, four, seven, nine, eleven, 

thirteen and fifteen months after tree planting.  A canopy growth index was calculated for 

each tree (Scheiber et al., 2007):  

𝐺𝑟𝑜𝑤𝑡ℎ 𝐼𝑛𝑑𝑒𝑥 (𝑚3) = 𝐻 × 𝑊1 × 𝑊2   
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H is the distance to the highest point of the plant, W1 is the widest canopy width and W2 is the 

canopy width perpendicular to W1. 

Plant water status was measured at monthly intervals from December 2014 (6 months - 

summer) to June 2015 (12 months - winter). A single, young, fully expanded leaf from each 

tree was collected prior to sunrise and then rapidly analysed (within 2 hours) in a Scholander-

type pressure chamber (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) with the 

petiole emerging from a rubber seal.  The air pressure at which leaf sap was visibly forced out 

of the petiole was recorded as the pre-dawn leaf water potential. 

Leaf nitrogen content was measured for young fully expanded leaves samples at six and nine 

months after planting.  These leaf samples were oven dried (80oC) and then milled to a fine 

powder before combustion analysis (LECO TruMac, Macro Determinator, Michigan USA).  

Statistical Analysis 

Statistical difference amongst treatments within a site were analysed using one-way ANOVA, 

after assessment for data normality.  One-way ANOVA are used to compare soil and tree 

growth responses to the control which had neither tillage nor MGWC added.  All the data 

analyses were performed using GenStat 12.1 (2009, VSN International Ltd.).  Significant 

differences between means were determined using Tukey’s post hoc test at P<0.05. 

Results 

Soil Properties 

Electrical conductivity and pH 

 The electrical conductivity (EC) recorded at Sims Street, below 250 mm, was greater than 900 

µS cm-1 (Table 2.1).  The soil pH was less than 5.25 at both depths at Yarra Boulevard but 

slightly alkaline at both Old Poplar Road and alkaline at Sims Street. 

Bulk Density 
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The bulk density before tillage was up to 1.9 Mg m-3 at Old Poplar Road, 1.6 Mg m-3 at the Sims 

Street site and 1.7 Mg m-3 at the Yarra Boulevard (Table 2.2).   

Fifteen months after establishing the treatments, soil bulk density at 0-0.25 m in the tillage 

and tillage with added MGWC treatments were significantly lower than that in the control at  

Old Poplar Road and Sims Street.  However, at the Yarra Boulevard, soil bulk density at 0-0.25 

m in the tillage only treatments had increased so that it was now similar to the control, in 

other words had returned to levels measured pre-tillage.  In contrast, soil bulk density (0-0.25 

m) in the tillage plus added MGWC at the Yarra Boulevard remained significantly lower than 

those in the control after 15 months. 

The bulk density in the 0.25-0.5 m depth at Old Poplar Road was significantly lower for tillage 

plus MGWC when compared with tillage without added MGWC after 15 months.  However, 

the tillage plus MGWC didn’t change the bulk density in the 0.25-0.5 m depth at either Sims 

Street or Yarra Boulevard after 15 months when compared with tillage without added MGWC. 

Field-saturated Hydraulic Conductivity 

At all three sites, tillage plus MGWC additions significantly increased the rate of field-saturated 

hydraulic conductivity three months after establishment when compared to the control (Figure 

2.1).  At Old Poplar Road and Yarra Boulevard the tillage plus MGWC treatments also had 

significantly greater field-saturated hydraulic conductivity than the tillage only treatments at 

those.  There were no significant differences between field-saturated hydraulic conductivity in 

the tillage only treatments and the control at either of the three sites.  At 15 months, in the 

Old Poplar Road and the Yarra Boulevard, tillage plus MGWC treatments still had significantly 

greater field-saturated hydraulic conductivity than the control treatments.  However, there 

were no significant differences in field-saturated hydraulic conductivity between the tillage 

only and the tillage plus MGWC treatments in the Old Poplar Road and the Yarra Boulevard 

sites.  At Sims Street, 15 months after establishment, field-saturated hydraulic conductivity 

rates were higher for the tillage plus MGWC treatments when compared with the tilled only 

treatments, which in turn were significantly higher than those in the control. 
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Table 2.1: Soil physical and chemical properties measured at the three sites in Melbourne, Australia prior to treatment establishment in June 2014.  

Numbers in parentheses represent standard errors of the mean (n = 3).  Within a site, numbers followed by letters denote significant differences 

among heights using Tukey’s HSD (α = 0.05).  No letters indicate no significant differences (α = 0.05). 

  soil depth bulk density EC pH 

soil particle fraction 

(%) 

 

site (m) (Mg m-3) (µS cm-1)   clay silt sand USDA texture class 

Old Poplar Road 0 - 0.1 1.74 (0.02)a 69.50 7.86 7.35 9.25 83.40 Loamy coarse sand 

 0.1 – 0.2 1.84 (0.03)b      Loamy coarse sand 

 
0.3 – 0.4 1.89 (0.01)b 255.90 7.41 3.10 18.05 78.85 Loamy coarse sand 

 0.4 – 0.5 1.91 (0.02)b      Loamy coarse sand 

Sims Street 0 – 0.1 1.67 (0.03) 124.80 8.70 12.90 9.80 77.30 Coarse sandy loam 

 0.1 – 0.2 1.59 (0.03)      Coarse sandy loam 

 
0.3 – 0.4 1.56 (0.03) 914.30 8.09 16.40 13.70 69.90 Coarse sandy loam 

 0.4 – 0.5 1.56 (0.06)      Coarse sandy loam 

Yarra Boulevard 0 - 0.1 1.60 (0.03)a 293.30 5.25 8.05 7.95 84.00 Loamy coarse sand 

 0.1 – 0.2 1.63 (0.02)a      Loamy course sand 

  0.3 – 0.4 1.74 (0.02)b 137.50 5.19 2.00 3.70 94.30 Coarse sand 

 0.4 – 0.5 1.59 (0.03)a      Coarse sand 
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Table 2.2: Soil bulk density values for the 5 treatments (control, tillage to 0.25 m with and without added municipal green waste compost (MGWC), 

and tillage to 0.5 m with and without added MGWC) taken at two depths.  Values in parentheses represent standard errors of the mean (n=3).  Values 

for a given site followed by different letters in a column are significantly different for the 0 – 0.25 m depth using Tukey’s HSD (α = 0.05).  Significant 

differences (α = 0.05) for the 0.25 – 0.5 m depth within the same column are denoted by capital letters, no letters indicate no differences. 

    Old Poplar Road     Sims Street     Yarra Boulevard   

 soil depth Initial 3 months 15 months  Initial 3 months 15 months  Initial 3 months 15 months 

Treatment (m) (Mg m-3) (Mg m-3) (Mg m-3)   (Mg m-3) (Mg m-3) (Mg m-3)   (Mg m-3) (Mg m-3) (Mg m-3) 

Control (no tillage) 0 - 0.25 1.79 1.75 (0.07)c 
1.83 
(0.01)c  

1.63 
1.58 
(0.06)d 

1.71 (0.08)b 
 

1.62 1.27 (0.01)c 1.37 (0.08)c 

 

0.25 - 
0.50 

1.90 - - 
 

1.56 - - 
 

1.66 - - 

0.25 m tillage 0 – 0.25 1.79 
1.39 
(0.13)abc 

1.52 
(0.08)b  

1.63 
1.20 
(0.01)b 

1.27 (0.03)a 
 

1.62 0.97 (0.1)abc 1.24 (0.03)bc 

 

0.25 – 
0.50 

1.90 - - 
 

1.56 - - 
 

1.66 - - 

0.25 tillage + 
MGWC 

0 - 0.25 1.79 1.03 (0.11)ab 
1.32 
(0.04)a  

1.63 
0.96 
(0.02)a 

1.22 (0.03)a 
 

1.62 0.66 (0.09)a 0.92 (0.03)a 

 

0.25 – 
0.50 

1.90 - - 
 

1.56 - - 
 

1.66 - - 

0.5 m tillage 0 - 0.25 1.79 1.52 (0.1)bc 
1.54 
(0.06)b  

1.63 
1.29 
(0.05)b 

1.22 (0.01)a 
 

1.62 1.20 (0.04)bc 1.24 (0.01)bc 

 

0.25 – 
0.50 

1.90 1.88 (0.04) 
1.78 
(0.05)A  

1.56 
1.31 
(0.01)A 

1.40 (0.02) 
 

1.66 1.26 (0.09) 1.24 (0.03) 

0.5 tillage + MGWC 0 – 0.25 1.79 0.95 (0.03)a 
1.21 
(0.02)a  

1.63 
0.85 
(0.04)a 

1.14 (0.03)a 
 

1.62 1.00 (0.1)ab 1.06 (0.03)ab 

  
0.25 – 

0.50 
1.90 1.58 (0.1) 

1.52 
(0.06)B 

  1.56 
1.00 
(0.06)B 

1.27 (0.1)   1.66 1.15 (0.1) 1.30 (0.03) 
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Figure 2.1: Field-saturated hydraulic conductivity measurements (Kfs) for the three sites 

collected at three months and 15 months after establishment.  Error bars represent standard 

errors of the mean (n = 3).  Letters denote significant differences among treatments within a 

period using Tukey’s HSD (α = 0.05). 
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Soil Aeration 

At all the three sites the depth to aerobic oxidation was significantly deeper in the tilled 

treatments than in the control (Figure 2.2).  There were no significant differences in the depths 

to anaerobic corrosion between tillage only and tillage plus MGWC treatments at any of the 

three sites. 

Water Stable Aggregates 

There were no significant differences in the fractions of water stable aggregates amongst the 

two treatments and control measured (control, tillage to 0.5 m without MGWC and tillage to 

0.5 m plus MGWC) (Figure 2.3).   

 

  

Figure 2.2: Depth to point where corrosion of 0.5 m long steel rods inserted into each plot 

changes from aerobic oxidation (red-brown colour) to anaerobic oxidation (matt black/grey 

colour) after three months burial.  X’s represent mean depth of change (three replicates, each 

replicate has two rods with four sides). Whiskers extend to maximum and minimum depth 

recorded for that treatment. 
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Tree Growth Responses 

Stem Diameter Increases 

The largest stem diameter increases were found at Old Poplar Road, and the increase in stem 

diameter was significantly larger (α = 0.05) for the shallow and deep tillage without MGWC 

compared to the other treatments from eight months onwards (Figure 2.4).  There were no 

significant differences in stem diameter among treatments at Sims Street.  In contrast, at Yarra 

Boulevard, the increase in stem diameter was significantly greater for the shallow tillage with 

MGWC and the deep tillage with and without MGWC from eight months onwards.   

Growth Index 

Tillage alone had the largest effect on the growth index at the Old Poplar Road site, they were 

almost double that measured for the control (Figure 2.5).  At Old Poplar, the growth index for 

the tillage plus MGWC were the same as those estimated for the control trees.  At the Sims 

Street site there were no differences between treatments.  At Yarra Boulevard the deep tilled 

treatments, with and without added MGWC showed significantly higher growth index than 

either the control or the shallow tilled treatments.  

Leaf Nitrogen Status 

At the Old Poplar site, six months after planting, the trees grown in the tillage only treatments 

had significantly greater leaf nitrogen than the trees grown in tillage plus MGWC or in the 

control (Figure 2.6).  However, this significant difference at the Old Poplar site was not 

apparent nine months after planting in March 2015.  There were no significant differences in 

leaf nitrogen between any of the treatments at either of the other two sites. 
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Figure 2.3: Percentage of sample soil mass in each aggregate size category for samples from 

the control, 0.5 m tillage without added MGWC and 0.5 m tillage with added MGWC.  Soil 

samples were collected 15 months after establishment.  Error bars represent standard errors 

of the mean (n = 3).  There were no significant differences between treatments within each 

aggregate size category using Tukey’s HSD (α = 0.05). 
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Figure 2.4: Increase in stem diameters taken at 4 cm above ground level.  Error bars represent 

standard errors of the mean (n = 3).  Asterisks above measurement points indicate significant 

differences among treatments within a time period using Tukey’s HSD (α = 0.05). 
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Figure 2.5: Growth index of trees grown at all three sites, measured at 15 months from 

planting.  Error bars represent standard errors of the mean (n = 3).  Within each site, letters 

denote significant differences using Tukey’s HSD (α = 0.05). 
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difference between treatments at nine months (March 2015) when the leaves of the trees 

grown in the two treatments with added MGWC (shallow -2.11 MPa and deep -1.93 MPa) 

showed significantly less water stress than either the control (-3.05 MPa) or the two 

treatments without OM (shallow -3.13 MPa and deep -3.27 MPa). 

 

  

Figure 2.6: Nitrogen content of young, fully formed leaves collected from trees in each 
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above bar denote significant differences between treatments for each period using Tukey’s 

HSD (α = 0.05).  Columns without letters have no differences. 

Discussion 

Soil characteristics 

Bulk Density 

The soil bulk density, prior to the start of the experiment, was high enough to potentially be 

limiting root growth and exploration of trees grown at all three sites (Day and Bassuk, 1994).  

Studies of urban soil remediation have found that tillage or tillage plus OM can significantly 

reduce the bulk density of compacted soil (Layman et al. 2010; Sax et al. 2017).  In our study, 

although not measured directly after tillage, the mounding of the soil in the tillage only 

treatments indicated that they occupied a greater volume, and as such, there had been a 

reduction in soil bulk density (same mass of soil but larger volume).  However, three months 

after establishment, the bulk density of the shallow and deep tillage only treatments at two of 

the three sites had returned to levels similar to that measured in the control soils or before 

tillage.  Loamy sand soils subject to tillage alone often revert to pre-treatment levels of bulk 

density within weeks of tillage due to reductions in soil OM and other soil impacts such as 

rainfall (Osunbitan et al., 2005). Likewise, in post-construction compacted soils, bulk density 

was found to increase within six months after shallow and deep tillage in sand and sandy clay 

loams in North Carolina, USA (Mohammadshirazi et al., 2017). 

In contrast to tillage alone, the decrease in bulk density in tillage plus MGWC treatments was 

sustained at all three sites.  It is likely that the presence and structure of the MGWC prevented 

the mineral soil from resettling rapidly after tillage, but also some of the soil volume was 

obviously also replaced by the lighter, less dense MGWC (Khaleel et al., 1981). Theoretically, it 

is also possible that addition of MGWC led to the development of greater soil structure 

through micro- and macro-aggregate formation (Martens and Frankenberger, 1992).   
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Figure 2.7: Pre-dawn leaf water potential (Ψ) figures for the three sites using young, fully 

formed leaves collected before dawn. Numbers on the Y (vertical) axis have a negative value.   

Error bars represent standard errors of the mean (n = 3).  Asterisks above or below 

measurement points indicate significant differences among treatments using Tukey’s HSD (α = 

0.05). 
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Water Stable Aggregates 

The addition of OM to soils has been shown experimentally to increase the fraction of water 

stable aggregates within the soil matrix (Annabi et al., 2007).  However, in our study the lower 

bulk density in tillage treatments plus MGWC were not a result of an increase in the formation 

of water stable aggregates.   

A visual inspection of pits dug into the plots in this study indicated that the soils with the 

added MGWC appeared to have improved soil structure.  However, when tested by wet 

sieving, there was no difference in the water stable aggregate size classes between treatments 

with and without MGWC at any of the three sites.  Oades (1993) notes that the formation and 

the stabilisation of aggregates often have different processes.  Although aggregates may form 

quickly in the soil after the addition of OM, it may be some time before they become stable in 

water (Tisdall and Oades, 1982).  Even though the texture at Sims Street was finer than the 

other sites it was still predominately sand and consequently had no more water stable 

aggregates than the other sites. 

Further, it is likely that the sandy texture of the soils at the three experimental sites may have 

made it more difficult for the water stable aggregates to form.  It is easier for finer mineral 

particles to be bound together than it is for the larger sand particles (Krull et al., 2004).  

Generally, macro-aggregates are formed by fine roots and hyphae while micro-aggregates are 

formed by organic and inorganic cements.  It has been suggested that larger mineral particles 

are more likely to form through the actions of root binding and mycorrhizal mycelium than by 

OM exudates alone (Krull et al., 2004). 

Field-saturated Hydraulic Conductivity 

Tillage alone did not significantly increase the field-saturated hydraulic conductivity at every 

site, however, tillage plus MGWC did.  Olson et al (2013) also found that the use of tillage did 

not significantly increase hydraulic conductivity but the addition of OM increased infiltration 
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two to six-fold compared with the control.  This is an important finding for sites that may have 

very little ongoing maintenance inputs (roadside or highway verges) as it will be important for 

these soils to infiltrate all the rainfall that they receive for the benefit of the vegetation 

planted within them.  Soil interventions that increase the infiltration rate of a soil may improve 

the establishment and growth of trees, plus provide other ecosystem services such as reducing 

stormwater runoff and urban soil erosion.  The results of our experiment also concur with a 

study by Curtis and Claassen (2007) who could show that the incorporation of screened 

compost increased the infiltration rate, and reduced stormwater run-off, from a loamy sand 

roadcut in California.  

Possible consequences of climate change include changed spatial and temporal distributions of 

rainfall (Blunden et al., 2011).  Rainfall may be delivered in more intense, heavier rainfall 

events (Hughes, 2003) and this could increase the likelihood of soil saturation, runoff, erosion 

and reduced rainfall capture.  Although greenspaces, such as roadside verges, are usually 

considered to be permeable, this may not always be the case under high intensity rainfall 

(Ossola et al., 2015).   

Fifteen months after tillage plus MGWC, the field-saturated hydraulic conductivity was still 

significantly greater than that in the control and at some sites still greater than that for tillage 

alone.  This suggests that one application of MGWC, albeit an intensive application, may have a 

significant beneficial effect on rainfall infiltration that lasts throughout the establishment 

phase (approximately two years) after planting.  Given that trees face a high mortality rate 

during establishment, (Gilbertson and Bradshaw, 1990; Nowak et al., 1990) any management 

practice that improves the soil moisture conditions may help in assisting the trees through that 

difficult establishment period. 

Soil Aeration 
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A concern expressed in the literature about incorporating OM too deeply into degraded soils is 

that as the OM decomposes it will consume all the available oxygen and anaerobic conditions 

will develop that can be detrimental to plant growth (Leake and Haege, 2014).  In addition, 

anaerobic decomposition can produce harmful by-products that can also negatively affect 

plant growth and root processes (Craul, 1994; Kozlowski, 1985).  It has been suggested that the 

development of anaerobic conditions following OM addition may be a problem in soils of a fine 

texture, low porosity, poor drainage or in locations with high rainfall (Batey and McKenzie, 

2006).  Our experiment did not find that adding MGWC into the soil to either 0.25 or 0.5 m in 

depth caused an increase in anaerobic conditions.  It is possible that the heterogeneous 

patches of MGWC incorporated throughout the soil by the “lift and dump” method allowed for 

adequate gas diffusion in all the tillage treatments, with or without MGWC.   

Even without evidence for the formation of water stable aggregates in the first 18 months of 

this experiment, the incorporation of MGWC may help with water and gas movement into and 

throughout soils into which trees are being planted. 

Tree Growth Responses 

Old Poplar Road 

The growth of the trees in this experiment were measured by 1) the increase in stem diameter 

and 2) a ‘growth index’ of canopy diameter and height.  Canopy cover is an important metric to 

consider as urban planners and urban foresters recognise that it has a major influence on 

several ecosystem services that urban trees provide in cities, such as shading for pedestrian 

walkways, local microclimate cooling, and rainfall interception and canopy storage (Livesley et 

al., 2016; Nowak and Dwyer, 2007). 

In the Old Poplar Road site, interestingly, trees planted in the tillage plus MGWC treatment 

grew no better than trees in the control soils. This may seem a little counter-intuitive, the 

general theory being that OM additions would improve both soil water availability and soil 
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nutrient availability, and therefore improve overall plant growth response (Cogger, 2005).  

Micro and macro soil nutrient availability can cause differences in tree growth rates (Cromer et 

al. 1993; Schönau and Herbert 1989) and it is possible that site differences in micro-nutrients 

might cause some inter-site tree growth response differences, however, these were not 

directly measured in this experiment.  The foliar nitrogen was measured and indicate that after 

six months, the trees planted in both the deep and shallow tillage plus MGWC treatments 

were nitrogen (N) deficient at the Old Poplar Road site (Dell and Robinson, 1993) with 

significant lower foliar N than trees in all other treatments, including the control.  However, 

this N deficit had disappeared after nine months of growth.  It is likely that the N deficiency in 

the tillage plus MGWC treatments was responsible for the overall reduced tree growth 

response in the first six months after planting.   

It is probable that the cause of this N deficit in the tillage plus MGWC treatments at the Old 

Poplar Road site was a short-term, N immobilisation caused by a flush of microbial growth and 

activity as the decomposition of the added MGWC began.  Although the MGWC was produced 

to Australian Standard 4454: Compost, soil conditioners and mulches (Australia, 2003) it still 

had a carbon to nitrogen ratio of 34.  A study in a dryland farming region of the USA showed 

that compost with a C:N ratio of 31.9 continued to immobilize N up to 18 months after 

application (Cox et al., 2001).  Cogger (2005) suggests a C:N ratio of no greater than 20 as able 

to provide N to soils without immobilisation although this ratio may need to decrease (or 

immobilisation may last longer) in soils with a finer texture (Egelkraut et al., 2000).  Similarly, 

Tejada (2009) concluded that compost with a C:N ratio of 18 resulted in better plant cover, and 

soil physical, chemical and biological property outcomes than compost with a ratio of 47.7.  

Although the addition of OM with high C:N ratios may actually provide plant available N for up 

to three years after application (Cox et al., 2001), the short-term cost can be reduced short-

term plant growth or a requirement for extra nutrient inputs during the plant establishment 

phase (Cogger, 2005).  Therefore, post N immobilisation, it is possible that the trees with 
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added MGWC, at this site, could have an enhanced growth response to the MGWC treatment 

(Cogger 2005; Cox, Bezdicek, and Fauci 2001).  The immobilisation of N indicated at Old Poplar 

Road was not measured through foliar N at either Sims Street or the Yarra Boulevard. 

At the Old Poplar Road site there were no significant differences between the treatments in 

their pre-dawn leaf water potentials, except on one occasion in mid-summer when the control 

trees were mildly stressed (Merchant et al., 2006; Myers and Landsberg, 1989).  Therefore, it is 

unlikely that soil water availability led to the significantly reduced tree growth in the tillage 

plus MGWC treatments.   

It is interesting to note that at the Old Poplar Road site the deep and shallow tillage treatments 

without MGWC had the best tree growth even though these trees experienced bulk density 

conditions similar to those in the control.  It seems that the initial tillage, or loosening, of the 

soil was enough to allow for good tree growth.  Improved tree growth from various forms of 

tillage was found by Sinnett et. al. (2008) who concluded that a complete cultivation method 

(without OM) in a sandy loam soil provided the most benefit to tree growth.  Curtis and 

Claassen (2009) concluded from their study on roadside revegetation that tillage alone might 

be good enough for roadside revegetation if there is sufficient soil fertility. 

Sims Street 

Sims Street had poor tree growth response across all treatments, with no significant 

differences among treatments.  The trees in all treatments experienced very negative pre-

dawn leaf water potentials during the summer months.  In a water deficit experiment, 

Merchant et al (2006) measured pre-dawn leaf water potentials in Corymbia maculata saplings 

of -1.79 MPa.  In our study, all treatments at Sims Street had pre-dawn leaf water potentials of 

<2 MPa for three consecutive summer months, suggesting high levels of water deficit stress for 

an extended period.  The soil conditions at Sims Street were saline below 250 mm (Table 2.1) 

which may have contributed to the tree water stress through osmotic droughting (Cha-Um and 
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Kirdmanee, 2010), further, the effects of salinity may be harsher in soils with low clay 

contents, such as those found at Sims Street (Handreck and Black 2002).  The high salinity 

(Table 2.1), perhaps caused by proximity to the tidal river estuary (Supplement 2.2), probably 

caused poor tree growth, which the tillage and MGWC treatments could not overcome. 

Yarra Boulevard 

There was evidence at the Yarra Boulevard site that deep tillage provided the greatest tree 

growth benefits.  The growth index measured at the end of the experiment (15 months) 

showed that the trees in the two deep tillage treatments, either with or without MGWC were 

significantly larger than the shallow treatments.  At the Yarra Boulevard site there was no 

evidence of N deficiency to explain the growth differences as all foliar N levels were adequate 

(Dell and Robinson, 1993).  However, trees in the shallow tillage treatments and the control at 

the Yarra Boulevard site, were water stressed (<-3 MPa) in mid-summer, whereas the deep 

tillage treatments were not.   

The soil profile at the Yarra Boulevard site had a hard pan layer (˃1.7 Mg m-3) at a depth of 

approximately 300 mm (Table 2.1). This may have developed when this site was used as a 

haulage yard for heavy goods vehicles during construction and repairs of the adjacent freeway. 

This compacted layer was covered with a soil and mulch mix upon rehabilitation of this 

haulage yard. The shallow tillage treatments and control did not break through this hard pan 

layer and as such the tree roots similarly could not explore below this hard pan.  The deep 

tillage treatments broke through this compacted hard pan layer and removed the impediment 

to root development and water/gas movement and exchange leading to a positive tree growth 

response whether MGWC was added or not.  A study in New Zealand showed that breaking 

through a compacted soil layer by ripping can increase the volume of soil available for root 

development, and therefore, lead to improved tree growth (Mason and Cullen, 1986). 
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This study used a single large dose of MGWC to help remediate compacted soils, however, it 

has been discussed in other studies that smaller, continuous application may be preferable 

(Beesley, 2012).  Once trees have been planted into the soil, continuous MGWC additions are 

not always possible due to management costs and root disturbance issues. 

Conclusions 

Objective 1: evaluate whether soil physical properties can be improved with tillage plus MGWC 

beyond tillage alone. 

Tillage alone can be a valuable technique to improve compacted urban soils, especially in 

situations where additional MGWC will likely lead to nutrient immobilisation because of the 

soil conditions or the C:N ratio of the MGWC itself.  However, there was evidence that tillage 

plus MGWC enabled beneficial changes in soil physical characteristics that lasted longer than 

tillage alone in these sandier urban soils.  The beneficial impacts on soil physical properties 

appeared to be due to the presence of the MGWC itself, rather than the development of 

improved soil aggregate structure.   

Objective 2: assess whether MGWC can be incorporated at depth without creating anoxic 

conditions within the soil. 

We found no evidence at any of the three sites that tilling compacted soils with large volumes 

(50%) of MGWC led to greater anoxic conditions than tillage alone.   

Objective 3a: explore whether there are significant tree growth benefits from deep tillage 

when compared with shallow tillage 

Only at one site did we find that deep tillage resulted in greater tree growth than shallow 

tillage.  Deep tillage broke through a compacted soil layer that could allow for greater root 

exploration and resource exploitation.  At this one site, this also led to a significant reduction 

in summer-time tree water stress, as indicated by pre-dawn leaf water potentials.  
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Objective 3b: explore whether there are significant tree growth benefits from tillage plus 

MGWC compared with tillage alone 

Even though tillage plus MGWC led to greater improvements in some soil physical properties, 

we did not find that it led to better tree growth at any of the three sites.  At one site, none of 

the treatments improved tree growth above that in the control.  At another site, tillage with 

MGWC depressed tree growth because of N immobilisation at least in the short-term, but 

there may well be a positive tree growth response over the longer-term as the immobilised N 

is mineralised and becomes plant available.  At the third site, tillage to 0.5 m, regardless of 

whether MGWC was added or not, led to a positive tree growth response.  

This field-based study in three urban green spaces previously damaged by soil compaction 

indicates that the benefits of intensive and expensive soil remediation techniques of deep 

tillage alone or tillage plus MGWC will not always lead to a positive tree growth response.  

Whether tree growth at a site will benefit from tillage alone or from tillage plus MGWC will be 

determined by the many specific environmental and edaphic conditions of that site, but also 

the conditions of the amendment itself.  Furthermore, it is likely that the traits and strategies 

of the trees and other plants that are planted into those remediated soils will also influence 

the level of growth benefit that is realised, however, this was not a research objective in this 

study.  

A thorough site inspection of excavated soil profiles is recommended before deciding upon a 

specific soil remediation approach.  Inspecting soil profiles can indicate whether there are 

compacted hard-pan layers that tillage alone will greatly improve.  Similarly, soil profile 

inspection can indicate the level of soil structure (aggregation) and approximate MGWC 

content which will then similarly indicate the likely benefit from MGWC additions.   
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Supplements chapter 2  

Supplement 2.1:  Image montage of experiment establishment and tree growth.  A: Old Poplar Road with plot mark-out, B: tillage with the use of a small 

backhoe, C: Corymbia maculata sapling, D: Yarra Boulevard showing stratified soil profile, E: saplings planted at Old Poplar Road, F: trees at Old Poplar Road 

after eight months of growth, G: stem diameter measurements, H: Sims Street showing poor growth and water stress.  All images: Peter Somerville 

 



108 
 

Supplement 2.2: Image of Melbourne, Australia with details of experiment sites showing previous land use.  White ovals show position of experiment 

installation.  Images: Nearmaps.com.au 

 



109 
 

3 – Compost and biochar improve physical and biological 
properties of compacted urban soils and improve tree growth 

 

Abstract  

Tree establishment and growth in many urban sites can be difficult due to challenging soil 

conditions.  Soil compaction can be a major impediment to tree growth as it negatively affects 

plant available water due to damage of soil physical and biological properties.  This may result 

in trees that are more vulnerable to seasonal water stress resulting in reduced growth.  

Improving soil physical and biological properties by increasing soil organic matter content may 

lead to improved tree establishment. 

Organic matter (OM), in the form of municipal green waste compost (MGWC) or biochar was 

incorporated, both singularly and in combination, into degraded and compacted urban soils at 

two sites.  In addition to an unamended and untilled control we established five soil 

treatments: 1) tillage alone, 2) tillage with MGWC (20% v/v) amendment, 3) tillage with 

biochar (10% v/v), 4) tillage with MGWC and biochar (10 % & 5% v/v - low), and 5) tillage with 

MGWC & biochar (20% & 10% v/v - high) (one site only).  The treatments were established to a 

depth of 0.5 m in 2 x 2 m plots arranged in a complete randomised block design (n = 7 or 8) 

with a backhoe using a ‘scoop and dump’ technique.  One Corymbia maculata (spotted gum) 

sapling (<1.0 m height) was planted into the centre of each plot to investigate the effects of 

soil treatments on tree growth and water status. 

Soil bulk density, field-saturated hydraulic conductivity, tree stem diameter growth and tree 

water status (pre-dawn water potential) were measured during the first two years of tree 

establishment. At the end of the 30-month experiment, development of water stable 

aggregates, the rate of microbiological decomposition of OM, and tree size (diameter at breast 
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height; DBH, and canopy growth index = tree height x (canopy diameter)2) were measured.  All 

the OM amended treatments improved soil physical and biological properties and these 

improvements were still evident after two years establishment.  There were no significant 

differences among the types or combinations of OM treatments.  In contrast, tillage alone had 

no benefit on soil physical or biological properties after 30 months.  At the end of the 30-

month experiment, tree DBH and growth index were greater in the OM amended treatments. 

However, stem diameter growth rates measured throughout the experiment were only were 

improved during periods of water stress in summer months.  OM amendment improved plant 

water status during the summer months.  Our results show that the physical and biological 

properties of degraded urban soils can be improved by tillage with OM amendment.  However, 

there were no differences between using MGWC or biochar on soil physical and biological 

properties or tree growth, with the exception that we measured a synergistic benefit from 

MGWC and biochar on the formation of water stable macroaggregates in the clay soil at 

Broadmeadows.  As such, we recommend using local and sustainable forms of organic matter 

to improve soil properties and assist tree establishment in challenging sites, especially where 

water is limited or evaporative demand high. 

Introduction 

Urban forests are able to provide many environmental, economic, and socio-cultural services, 

all of which help to increase the resilience and sustainability of our towns and cities (Nowak 

and Dwyer 2007, Livesley et al. 2016).  However, urban forests are vulnerable to serious 

threats from anthropogenic shifts in climatic temperature regimes and more sporadic and 

unpredictable rainfall patterns (Kendal et al. 2014, Ordóñez and Duinker 2014, Steenberg et al. 

2017).  At the same time, trees are often planted into degraded and compacted urban soil 

which can compromise the ecosystem services that trees provide as it reduces successful tree 

establishment, and growth (Craul 1985, Pavao-Zuckerman 2008).  Tree establishment is often 



111 
 

slow or unsuccessful in degraded urban soils due to adverse physical, chemical and biological 

conditions (Roman and Scatena 2011, Koeser et al. 2014, Watson et al. 2014) and conditions 

exacerbated by urban heat island.  While urban soils have significant spatial and temporal 

variability (Ossola and Livesley; 2016), many degraded urban soils have diminished amounts of 

soil organic matter and high compaction levels (Scharenbroch et al. 2005, Scharenbroch 2009).  

This results in soils that have low porosity and high imperviousness, and consequently, 

reduced water infiltration, storage and availability, amongst other soil management issues.   

Soil remediation can improve the establishment and growth of trees planted into degraded 

urban soils (Day and Bassuk 1994, Gilman 2004, Sax et al. 2017).  Amendment with rapidly 

decomposing organic matter, such as compost can improve soil structure and porosity, and as 

such, improve water and gas movement for root and tree growth (Cogger 2005, Yujuan Chen 

et al. 2014, Y. Chen et al. 2014).  The physical presence of organic matter alone may also 

increase the amount of plant available water the soil can provide, regardless of any 

improvements in soil structure and porosity over time. (Rawls et al. 2003, Somerville et al. 

2018).  Soil texture will also shape the effect of remediation efforts (Scharenbroch et al. 2005).  

For example, sandy soils may gain improved water holding ability and increased CEC with OM 

amendments (Rawls et al. 2003), while clay soils may form macroaggregates more readily with 

OM amendments (Bronick and Lal 2005). 

The use of other more stable forms of organic matter, such as biochar, for longer term 

improvements in soil properties is an emerging field of research (Schulz et al. 2013, Agegnehu 

et al. 2017).  Biochar is the product of organic matter pyrolysis in a low oxygen environment 

and has been studied in the context of amendments in agriculture, forestry and mine site 

restoration (Thomas and Gale 2015, Peltz and Harley 2016, Agegnehu et al. 2017).  However, 

the use of biochar as a means of improving tree establishment and growth in degraded and 

compacted urban soils has been less well studied (Scharenbroch et al. 2013). Biochar has been 
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shown to have mixed results when used as an amendment to improve soil properties and plant 

growth (Jeffery et al. 2015, Agegnehu et al. 2016, Bhatta Kaudal and Weatherley 2018).  

Biochar may function differently to rapidly decomposing organic matter when used as a soil 

amendment, as the recalcitrant nature and high surface area of biochar can also provide the 

benefits of more traditional types of organic matter, such as compost (Ghosh et al. 2015, 

Agegnehu et al. 2017).   

Studies have also investigated whether biochar can be mixed with compost prior to 

incorporation in soils to gain synergistic benefits for tree growth and soil improvement, 

beyond those achieved by the use of either amendment alone (Schulz et al. 2013, Agegnehu et 

al. 2016).  It is thought that the decomposable nature of compost is complemented by the 

recalcitrant, skeletal structure of biochar to gain longer-term benefits of both types of organic 

matter (Fischer and Glaser 2012).  Compost may help improve soil structure as it decomposes 

and provide an energy source for microbiological activity while biochar can provide an 

improved and lasting environment for mycorrhizal growth (Fisher and Glaser 2012).  Improved 

soil structure is often the result of the formation of water stable aggregates, made through the 

gluing effect of soil microbial decomposition of added organic matter (Oades 1984).  The 

development of soil structure enhances water and gas fluxes and helps prevent subsequent 

compaction.  However, there is still some uncertainty about the extra benefits of using 

compost and biochar mixes (Agegnehu et al. 2017, Bhatta Kaudal and Weatherley 2018).    

Therefore, we aimed to determine whether biochar added alone or in combination with 

compost can improve the success of tree establishment and growth, by improving soil physical 

and biological properties. We installed a field-based study to compare biochar and municipal 

green waste compost (MGWC) amendments, both separately and in combination, at two sites 

which differed in soil texture.  Specifically, we sought to address the following hypotheses: 
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1. The incorporation of biochar will provide improvements to the soil physical and 

biological properties in clay and sand soils when compared with incorporation of 

MGWC. 

2. Improvements to soil properties by incorporating biochar into clay and sand soils will 

result in greater tree growth and reduced water stress than the incorporation of 

MGWC. 

3. A combination of compost and biochar will provide soil and tree growth benefits 

beyond those achieved using the individual components. 

Materials and Methods 

Site information 

Two roadside locations in Melbourne, Australia (Broadmeadows and Dingley) with highly 

modified urban soils were selected with the help of industry and government partners.  

Melbourne has a warm temperate climate with a mean maximum temperature of 20.9oC and 

with an average rainfall of 648 mm yr-1.  Basic soil properties at the two sites are given in Table 

3.1.  The Dingley site (-37.693029S, 144.936316W) is located on the roadside verge of a new 

highway recently constructed south of Melbourne.  The Dingley site is flat, being landscaped 

from soil that was stockpiled during highway construction and then moved into position in 

early 2016.  The Broadmeadows site (-37.693029S, 144.936316W) is located north of 

Melbourne on an area previously used as a highway works depot during road widening. The 

Broadmeadows site is now on the edge of a public park and has a shallow slope with a 

northerly aspect.   
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Table 3.1: Basic soil physical and chemical characteristics from the top 0.5 m of soil at the 

Dingley and Broadmeadows sites.  Texture classes are United States Department of Agriculture 

definitions.  

Site Sand % Silt %  Clay % USDA texture class pH EC (µS cm-1) SOM % 

Broadmeadows 60 16 24 Sandy clay loam 7.17 293 5.41 

Dingley 84 5 11 Loamy sand 7.42 474 3.45 

 

Experimental design 

Soil amendment treatments were established in 2 x 2 m square plots to a depth of 0.5 m.  One 

Corymbia maculata (spotted gum) sapling (< 1.0 m height) was planted into the middle of each 

plot.  The treatments consisted of: 

0) an untilled and unamended control  

1) tillage alone 

2) tillage plus municipal green waste compost (MGWC) (20% v/v) 

3) tillage plus biochar (10% v/v) 

4) tillage plus MGWC (10% v/v) & biochar (5% v/v) (low) 

5) tillage plus MGWC (20% v/v) & biochar (10% v/v) (high) (Broadmeadows only) 

 All treatments were established in May 2016, with the use of a backhoe using the ‘scoop and 

dump’ technique (Rolf 1991, Sinnett et al. 2006, Layman et al. 2010, Sax et al. 2017) providing 

deep profile mechanical disturbance (loosening) and a heterogenous mix of amendment 

material.  The treatments were established in a randomised complete block design (Dingley; n 

= 8 (40 plots), Broadmeadows; n = 7 (42 plots)).  The Corymbia maculata saplings were planted 

and staked in June 2016 (winter).  The saplings were approximately 0.75 m high, grown in 2 L 
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black plastic pots and ‘hardened off’ outside before planting.  This species was chosen because 

it is a common roadside and amenity species in Melbourne.  The plots at Broadmeadows were 

mulched with a coarse, woody mulch.  Melbourne has a warm temperate climate with a mean 

maximum temperature of 20.9oC and with rainfall of 648 mm yr-1. 

The compost was supplied by Enviromix Pty Ltd, Dingley Village, Australia, and consisted of 

green waste collected from municipal roadsides and composted to the Australian Standard AS 

4454 for compost, soil conditioners and mulches (Australia 2003).  The pasteurised product 

had a pH of 6.6, EC of 3.1 dS m-1, and a carbon: nitrogen ratio of 34.6.  The biochar was 

supplied by Triple R Biochar, Portland, Australia and was produced from waste eucalypt wood 

(Eucalyptus globulus), pyrolyzed at 550oC for four hours.  The biochar had a pH of 8.4, EC of 2.6 

dS m-1, a carbon: nitrogen ratio of 350, and a cation exchange capacity of 27.  The biochar was 

made up of fine to coarse (up to 50 mm) particle sizes. 

Soil physical properties 

Four soil samples were collected from each plot with a metal corer (300 mm length, 25 mm 

diameter) in November 2018.  To avoid sampling soil beneath the treatment depth a 300 mm 

length corer was used.  The four soil samples were combined, air-dried and archived for 

measurements of soil properties.  To characterise soil properties at both sites soil texture 

(hydrometer analysis), pH and EC (1:5 deionised water solution), and soil organic matter 

content (loss on ignition, 4 hours, 550oC) were measured for the control plots of both sites 

(Table 3.1). 

Soil bulk density of all plots at both sites was determined in November 2016 and again in 

November 2018.  Two samples each from depths of 0 – 20 cm and 30 – 50 cm were collected 

with a stainless steel, thin walled, metal ring (height 50 mm, radius 37 mm).  Bulk density was 
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determined by dividing the mass of the dried soil samples (105oC till constant mass) by the ring 

volume (215 cm3). 

Field-saturated hydraulic conductivity (Kfs) was determined for each treatment using a falling-

head single-ring infiltrometer (Nimmo et al. 2009) at 3 and 27 months after installation.  This 

method of determining Kfs is useful for situations where multiple measurements are required 

with limited water availability.  Infiltrometers (200 mm high, 52 mm radius) were inserted 50 

mm into the ground.  A plot level Kfs was calculated by averaging the measurements of three 

randomly chosen points in each plot, and then a mean kfs was calculated for each treatment.  

The field-saturated hydraulic conductivity was calculated using the model provided by Nimmo 

et al. (2009): 

Kfs = LG ln [(LG + λ + DO) / (LG + λ + D)]       (1) 

where LG = C1d + C2b (C1 and C2 are empirically determined constants 0.993 and 0.578 

respectively), d = ring insertion depth (mm), and b = ring radius (mm), λ = macroscopic capillary 

length (0.08 for loam, 0.03 for sand), DO = ponded height at start of measurement (mm), and D 

= ponded height at conclusion of measurement (mm).  The time taken for each test varied. 

Analysis of soil water characteristics for the different treatments at both sites was undertaken 

on the archived soil samples.  Volumetric water content at field capacity VWC(FC) was 

calculated with soil cores placed on a kaolin clay lined suction table under one meter of matric 

head, which is equivalent to -10 kPa, until equilibrium soil moisture was reached after 

approximately one week (Reynolds and Topp 2008).  The bottom of each core was sealed with 

filter paper to allow water transfer but also to keep the soil samples separate from the kaolin.  

Volumetric water content at permanent wilting point VWP(PWP) was measured using a 

pressure plate extraction method (Reynolds and Topp 2008, Berretta et al. 2014).  Rings filled 

with soil samples were placed on a 1500 kPa ceramic pressure plate that had been spread with 
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a kaolin paste.  The samples were placed in a pressure chamber and kept under 1500 kPa until 

all moisture was extracted at that pressure.  Soil samples were oven dried at 105oC.  Plant 

available water was calculated as VWC(FC) – VWC(PWP). 

Water stable aggregate (WSA) fractions were determined using a wet-sieving protocol (Six et 

al. 1998, Y. Chen et al. 2014) on the previously collected soil samples.  100 g of each air-dried 

soil was submerged in deionised water for five minutes on a 2000 µm sieve.  Aggregates of 

distinct size were separated from the soil mass by repetitively moving the sieve gently upwards 

and downwards 50 times in two minutes by hand on progressively finer sieves (2000, 250, and 

53 µm).  The soil collected on top of each sieve was dried at 60oC till constant mass was 

reached.  The clay fraction (< 53 µm) was calculated by subtracting the three WSA weights 

from the original soil mass (100 g). 

The soil mean weight diameter (MWD) was then calculated (equation 2): 

MWD = (M>2000 µm x 5) + (M250-2000µm x 1.125) + (M53-250 µm x 0.151) + (M52 µm x 0.0265) (2) 

where M is the proportion of the soil mass in the aggregate class designated by the subscript.  

To correct for the sand content, which may vary for each aggregate class, five grams of each 

aggregate sample were dispersed with 0.5% sodium hexametaphosphate on an end-over-end 

shaker for 18 hours.  Dispersed samples were then sieved on a 250 µm sieve.  The collected 

sand was dried, weighed and used to calculate a sand corrected mass for all collected samples, 

except for the 2000 µm samples from Dingley for which there was not enough mass of each 

sample to gather the necessary five grams.  Sand corrected mass was then determined with 

equation 3 (Y. Chen et al. 2014): 

Sand corrected mass = aggregate weight – [(sand mass/5 g) x aggregate weight]  (3) 

Biological properties 
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Soil microbiological activity was measured through decomposition rates using a standardised 

method proposed in the Tea Bag Index (TBI) (Keuskamp et al. 2013).  Three green tea and 

three rooibos (red) tea bags, in non-woven polypropylene tea bags, were buried separately in 

every plot at a depth of 8 cm. The plant material was inside standard teabags that have a mesh 

size that precludes soil meso and macro fauna, such that the plant leaf material is only 

decomposed by bacteria and fungi (Keuskamp et al. 2013).  The green tea (Camellia sinesis) 

has a higher cellulose content that decomposes more quickly, while the red tea (Aspalanthus 

linearis) has a higher lignin content which makes it more resistant to decomposition.  Each of 

the 492 tea bags were weighed and uniquely numbered before burial.  The bags were buried in 

mid-September (Spring) 2018 and retrieved mid-December (early summer) 2018, being 

exposed to the soil environment and microbiological processes for 88 days.  On recovery, each 

tea bag was lightly brushed clean of soil particles and root fragments and oven dried at 60oC 

for 48 hours.  Only 66% of tea bags (325) were recovered.  The dried tea bags were reweighed, 

and the decomposition of the tea determined by subtracting the final mass (minus non-woven 

polypropylene bag, string and label) from the initial mass (minus non-woven polypropylene 

bag, string and label).  An average mass loss, for each type of tea, was calculated for each plot 

using the recovered tea bags. 

Tree responses 

The stem diameters (north-south and east-west axes) were measured in July, October, and 

December 2016, February, June, August, and November 2017, and February, April, and July 

2018 and January 2019.  The change in stem diameter (mm day-1) was determined by 

subtracting the stem diameter from one measurement from the following measurement and 

dividing by the number of days between measurements.   The stem diameter was measured 40 

mm above the lignotuber or 40 mm above ground level if there was no obvious lignotuber.   
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The diameter at breast height (DBH) was measured at 1.3 m above ground level in January 

2019, as were the canopy dimensions and tree heights.  A Growth index was also calculated for 

each tree in January 2019 (Scheiber et al. 2007).  This was calculated as: 

Growth index (m3) = H x W1 x W2       (4) 

where H is the distance to the highest point of the tree, W1 is the width of the widest axis of 

the canopy, and W2 is the canopy diameter perpendicular to W1. 

Predawn leaf water potentials were measured to determine plant water status in January, 

February, March, April, June, July, August and November 2017 and February, March, April and 

May in 2018.  A single, young, but fully expanded leaf, was collected from the same quadrant 

of each tree before sunrise.  The leaves were stored in an insulated box with ice for transport 

to the lab for analysis with a Scholander-type pressure chamber (Soil Moisture Equipment 

Corp., Santa Barbara, CA, USA).  The leaves were analysed within two hours of collection.   

Statistical analysis 

Differences in soil properties among treatments, and single time point soil and plant 

measurements at both sites were determined using one-way ANOVAs.  Post-hoc separation of 

means was undertaken using Tukey’s HSD at α = 0.05 through Genstat version 18.1 (2015, VSN 

International Ltd.).   

Changes in stem diameter between treatments over time were analysed using a linear mixed 

model with treatment, time and treatment x time interaction as fixed effects, and plot and 

block as nested random effects.  Confidence level used was 0.95 and Tukey’s HSD at α = 0.05.  

This analysis was performed using R studio (RStudio Team 2015, RStudio, Inc., Boston, MA, 

USA). Analyses of both sites were kept separate.  
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In January 2017, 15 of the trees from the Broadmeadows site were stolen.  This left an 

unbalanced design, however, as at least three trees were left in each treatment, and the 

missing trees were randomly taken from the plots (no apparent bias as to which trees were 

taken), the study was able to continue.  Consequently, analysis of tree responses at 

Broadmeadows was completed using an unbalanced design ANOVA in Genstat. 

Results 

Soil responses 

Water availability 

In the loamy sand soil found at Dingley the addition of MGWC, biochar and the MGWC/biochar 

combination increased the field capacity (FC) by approximately a third more that of the control 

and the tillage only (Table 3.2).  There were no differences in the permanent wilting point 

(PWP) between treatments, and the plant available water (PAW) was significantly increased in 

the treatments with the OM added due to the increase in FC.  At Broadmeadows, in the sandy 

clay loam soil, there were no differences in water availability among treatments. Field-

saturated hydraulic conductivity (Kfs) 

At Dingley, there was a significant increase in the rate of Kfs three months after tillage with or 

without OM amendment (Figure 3.1).  Soil amended with MGWC had Kfs > 100 mm hr-1 which 

was more than five-fold faster than that of the control and significantly greater than tillage 

alone and biochar amended soil.  After two years there were no differences between the 

control and tillage only treatments.  However, all three OM amendment treatments had higher 

rates of Kfs as compared with the control and tillage treatments.   Interestingly, after two years 

the MGWC only treatment had a significantly greater rate of Kfs as compared with the biochar 

only treatment. 
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At Broadmeadows, all four OM treatments had a significantly greater rate of Kfs than the 

control after three months.  The three treatments with MGWC had greater rates of Kfs than 

either the control or tillage. The MGWC and biochar combination (high) had a Kfs > 130 mm hr-1 

compared to the control treatment of < 20 mm hr-1.  After two years, the Kfs in the control and 

tillage treatments were similar and lower than the four OM amended treatments.  

 

Table 3.2: Soil water characteristics (gravimetric; g g-1) of the two study sites 24 months after 

establishment.  Values in parentheses represent standard errors of the means (n = 5).  Letters 

within a column indicate significant differences among treatments within a site using Tukey’s 

HSD at α = 0.05.  No letters indicate that there are no significant differences. 

Site Treatment 
Field Capacity  
(g g-1) 

Permanent Wilting 
Point (g g-1) 

Plant Available 
Water (g g-1) 

Dingley Control 0.153 (0.003) a 0.104 (0.012) 0.049 (0.012) a 

Dingley Tillage 0.154 (0.012) a 0.106 (0.004) 0.047 (0.004) a 

Dingley MGWC 0.191 (0.001) b 0.104 (0.007) 0.087 (0.007) b 

Dingley Biochar 0.191 (0.010) b 0.092 (0.005) 0.099 (0.005) b 

Dingley 
MGWC & 
biochar (low) 

0.191 (0.001) b 0.091 (0.010) 0.100 (0.010) b 

  p = 0.005 p = 0.577 p < 0.001 

   
  

Broadmeadows Control 0.323 (0.016) 0.205 (0.013) 0.118 (0.010) 

Broadmeadows Tillage 0.329 (0.010) 0.205 (0.024) 0.124 (0.022) 

Broadmeadows MGWC 0.340 (0.040) 0.249 (0.027) 0.091 (0.024) 

Broadmeadows Biochar 0.347 (0.008) 0.253 (0.031) 0.094 (0.038) 

Broadmeadows 
MGWC & 
biochar (low) 

0.409 (0.012) 0.257 (0.020) 0.137 (0.025) 

Broadmeadows 
MGWC & 
biochar (high) 

0.359 (0.013) 0.247 (0.033) 0.112 (0.031) 

  p = 0.168 p = 0.401 p = 0.494 
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Figure 3.1: Mean field-saturated hydraulic conductivity (Kfs) of the treatments at both study 

sites.  Standard error bars are presented (n = 7 or 8).  Lower-case letters denote significant 

differences between treatments in August 2016 at each site using Tukey’s HSD with α = 0.05.  

Upper-case letters denote differences between treatments at each site in August 2018. 

Bulk density 

All three OM treatments decreased dry soil bulk density at Dingley after six at both depths (0-

20 and 30-50 cm) compared with both the control and tillage treatments (Table 3.3).  The 

highest soil bulk densities measured in the control plots at Dingley were 1.63 Mg m-3 at 0-20 

cm depth and 1.77 Mg m-3 at 30-50 cm.  The lowest bulk density measurements were 1.20 Mg 

m-3 in the 0-20 cm depth (MGWC) and 1.31 Mg m-3 in the 30-50 cm depth (c& b (low)).  After 

30 months, only the three OM treatments had significantly lower bulk density levels than the 
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control at both depths.  There were no significant differences in soil bulk density among the 

three OM treatments. 

The dry soil bulk density at Broadmeadows six months after establishment had decreased for 

all four OM treatments at both depths and were significantly lower than the bulk density of 

both the control and tillage treatments.  The greatest soil bulk density measured in the control 

plots at Broadmeadows were 1.75 Mg m-3 in the 0-20 cm depth and 1.82 Mg m-3 in the 30-50 

cm depth.  Tillage had similar levels to the control at both depths but the three treatments 

with MGWC had lower levels than biochar alone at the 0-20 cm depth.  After 30 months, all 

OM treatments were similar to each other at 0-20 cm depth, but significantly lower than the 

control and tillage alone treatments.  At 30-50 cm depth, the MGWC and biochar combination 

(high) had a lower bulk density than the biochar alone treatment. 

Water stable aggregates and mean weight diameter 

At Dingley, there were no treatment differences in the proportion of soil in each water stable 

aggregate size class (Figure 3.2).  However, although the MWD of the MGWC treatment was 

significantly greater than tillage alone, it was similar to the control (Table 3.4).  At 

Broadmeadows, the proportion of soil in the water stable macro-aggregate size class (250-

2000 µm) was significantly greater for MGWC & biochar (low), and MGWC & biochar (high) as 

compared to the control.  There were no significant differences in the MWDs among the 

treatments at Broadmeadows. 
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Table 3.3: Mean bulk density values (Mg m-3) of the treatments at the Dingley and Broadmeadows study sites. Values in parentheses denote standard 

errors of the means (n = 8 or 7).  Letters within a row represent differences between treatments for that depth using Tukey’s HSD at α = 0.05. 

Year Site Depth Control Tillage MGWC Biochar 

MGWC & 

biochar (low) 

 MGWC & 

biochar (high) 

2016 Dingley 0 - 20 cm 1.63 (0.02) c 1.54 (0.03) c 1.20 (0.02) a 1.33 (0.02) b 1.25 (0.02) ab  

  30 - 50 cm 1.77 (0.01) c 1.58 (0.03) b 1.40 (0.04) a 1.45 (0.02) a 1.40 (0.03) a  

         

2018 Dingley 0 - 20 cm 1.65 (0.03) b 1.57 (0.04) b 1.27 (0.04) a 1.29 (0.02) a 1.23 (0.02) a  

  30 - 50 cm 1.67 (0.02) b 1.63 (0.03) b 1.38 (0.05) a 1.32 (0.03) a 1.31 (0.03) a  

         

2016 Broadmeadows 0 - 20 cm 1.53 (0.02) c 1.37 (0.02) c 0.91 (0.02) a 1.16 (0.03) b 0.93 (0.04) a 0.89 (0.03) a 

  30 - 50 cm 1.56 (0.04) b 1.62 (0.04) b 1.24 (0.02) a 1.25 (0.06) a 1.31 (0.05) a 1.23 (0.04) a 

         

2018 Broadmeadows 0 - 20 cm 1.75 (0.05) b 1.66 (0.04) b 1.11 (0.07) a 1.19 (0.04) a 1.17 (0.03) a 1.11 (0.05) a 

  30 - 50 cm 1.82 (0.06) c 1.74 (0.06) c 1.22 (0.05) ab 1.29 (0.03) b 1.18 (0.04) ab 1.07 (0.07) a 
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Figure 3.2:  Mean proportion of sand-free soil mass in each aggregate size class for each 

treatment at both sites. Soil samples were collected in November 2018, 30 months after 

installation.  Error bars denote standard errors of the means (n = 7 or 8).  Letters represent 

differences between treatments within an aggregate size class and site using Tukey’s HSD at α 

= 0.05.  No letters indicate no differences between treatments.  

0

0.05

0.1

0.15

0.2

0.25

0.3

> 2k µm 250 - 2k µm 53 - 250 µm < 53 µm

P
ro

p
o

rt
io

n
 o

f 
sa

n
d

-f
re

e 
a

gg
re

ga
te

 (
g 

g-1
)

Aggregate size class

Dingley Control

Tillage

MGWC

Biochar

MGWC & biochar (low)

MGWC & biochar (high)

0

0.05

0.1

0.15

0.2

0.25

0.3

> 2k µm 250 - 2k µm 53 - 250 µm < 53 µm

P
ro

p
o

rt
io

n
 o

f 
sa

n
d

-f
re

e 
a

gg
re

ga
te

 (
g 

g-1
)

Aggregate size class

Broadmeadows

a
a

a

b
b

a



126 
 

Table 3.4: Mean weight diameter (MWD) of soils from each treatment at both study sites. Values in parentheses represent standard errors of the 

means (n = 8 or 7).  Letters denote differences between treatments within a site using Tukey’s HSD at α = 0.05.  No letters indicate that there are no 

differences within that site. 

  Control Tillage MGWC Biochar 
MGWC & 

biochar (low) 

MGWC & 

biochar (high) 

Dingley 0.837 (0.020) ab 0.778 (0.032) a 0.873 (0.025) b 0.822 (0.018) ab 0.825 (0.019) ab  

Broadmeadows 1.528 (0.125) 1.386 (0.097) 1.530 (0.046) 1.457 (0.099) 1.505 (0.101) 1.632 (0.065) 
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Microbiological decomposition rates 

Green tea at both sites decomposed more quickly during the study than the rooibos tea 

(Figure 3.3).  Dingley, which had the lowest SOM, also had the lowest level of decomposition of 

the green tea in the control at just under 60% of the initial tea mass, whereas at 

Broadmeadows, the decomposition of the control green tea was over 65%.  As would be 

expected, the recently and highly disturbed soil at Dingley had a greater microbial benefit from 

the addition of MGWC and biochar.  The difference between the control and the MGWC & 

biochar combination (low) was over 10% which was greater than 7% measured for the 

difference at Broadmeadows (7%).  Nonetheless, there were no apparent differences between 

the OM treatments within either site suggesting that there were no synergistic benefits of 

using MGWC and biochar together.   

 

Figure 3.3: Mean proportion of green (white circles) and rooibos (black circles) tea 

decomposition after 88 days burial in each treatment.  Error bars represent standard errors of 

the means (n = 7 or 8).  Letters denote differences between treatments within a site and tea 

type, lower case for green tea and upper-case letters for rooibos tea.  Differences calculated 

using Tukey’s HSD at α = 0.05. 
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Tree responses 

Diameter at breast height (DBH) and growth index (GI) 

At Dingley, tree DBH and GI were greater for all three OM treatments as compared to the 

control. However, there were no significant differences among the three OM treatments 

(Figure 3.4).  Similarly, at Broadmeadows, the DBH was significantly greater for the treatments 

with added OM with no differences between the types or combinations of OM.  The GI of trees 

growing in the biochar only amended treatments was similar to that in the control and tillage 

alone. Whereas, the GI of trees growing in any of the treatments that were amended with 

MGWC (MGWC; MGWC & biochar(low); MGWC & biochar (high)) were all significantly greater 

than the GI of trees growing in the control and tillage alone. 

Stem diameter growth rates 

At Dingley, the daily increase in stem diameter of the OM treatments were approximately 

three-fold greater than the growth rate of the control for the measured summer months of 

December 2016, February 2017, December 2017 and February 2018 (Figure 3.5).  No further 

differences were recorded till the period December 2017 till February 2018 when the growth 

rate of the control was just over half of that of the MGWC treatment.  The two treatments 

with biochar (biochar alone and MGWC and biochar (low) combination) had three times the 

growth rate of both the control and tillage during the period of February 2018 till April 2018. 

Differences among treatments at Broadmeadows were also measured for the same time 

periods as those measured at Dingley.  During December 2017 till February 2018 tillage, 

MGWC and the MGWC and biochar combinations (low and high) had significantly greater (over 

three times) growth rates than the control.  Biochar had a similar growth rate to the control in 

this period.  No other differences were observed till December 2017 to February 2018 when 

the tillage experienced greater growth rates than the MGWC and biochar combination (low).  
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However, during February 2018 till April 2018, only the three treatments with MGWC had 

greater growth rates than the control and tillage. 

Pre-dawn leaf water potentials 

The pre-dawn leaf water potentials at Dingley ranged from as high as -0.4 MPa for the MGWC 

and biochar (low) treatment in July 2017 (winter), down to -1.5 MPa for the control and tillage 

treatments in February 2018 (summer) (Figure 3.6).  Treatments affected (p<0.05) leaf water 

potential in April and June 2017 (autumn) and again in March and April 2018 (end of summer-

autumn).  On these occasions, trees in the control and tillage-only treatments had lower pre-

dawn leaf water potentials than all the OM amended treatments.  No differences between the 

OM treatments were measured. 

At Broadmeadows, the pre-dawn leaf water potential measurements ranged from as high as -

0.2 MPa for the control in August 2017, down to-1.55 MPa for the tillage-only treatment in 

April 2018.  Significant differences in leaf water potential at Broadmeadows were only 

measured twice during the study; in March 2017, when the control was lower than all other 

treatments, and in April 2018, when both the control and tillage-only were lower than the OM 

amended treatments.  No differences in leaf water potential between trees growing in the OM 

treatments were measured at Broadmeadows. 
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Figure 3.4: Mean diameter at breast height (DBH) and mean growth index (GI) for trees 

growing in treatments at the Dingley and Broadmeadows study sites.  All measurements were 

taken 30 months after tree planting.  Error bars represent standard errors of the means (n = 8 

at Dingley, as indicated at Broadmeadows).  Letters signify differences between treatments 

within a site using Tukey’s HSD at α = 0.05. 
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Figure 3.5:  Linear mixed effects model of mean daily changes in stem diameter.  At each site a 

repeated measures model has been fitted with treatment, time and treatment x time 

interactions included as a fixed effect, and plot and block included as nested random effects.  

Different treatments are then compared within each time point at each site.  Asterisks indicate 

significant differences between treatments within each period using analysis of variance and 

Tukey comparisons with p = 0.05.  Vertical bars represent Tukey’s HSD, different bars at 

Broadmeadows indicate the uneven sample sizes. 
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Figure 3.6:  Monthly rainfall and reference PET for Melbourne, Australia and pre-dawn leaf 

water potential (ΨPD) values for treatments at the Dingley and Broadmeadows study sites.  

Asterisks represent differences between treatments using Tukey’s HSD at α = 0.05.  Error bars 

indicate standard errors of the means (Dingley n = 8, and Broadmeadows: Control n = 3, Tillage 

n = 6, MGWC n = 4, Biochar n = 3, MGWC & biochar (low) n = 5, and MGWC & biochar (high) n 

= 4). 
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Discussion 

In this field study we measured changes in soil physical and biological properties, and 

consequent tree growth and water status, from incorporating different types and 

combinations of OM into the degraded and compacted urban soil at two contrasting sites.  We 

investigated whether the use of biochar improved soil physical and biological properties 

beyond that achieved with the use of MGWC alone, and if so, whether this resulted in greater 

tree growth and reduced water stress.  We also determined whether the use of MGWC 

combined with biochar improve soil and tree properties more than the singular use of either 

amendment.  Although soil physical characteristics were improved with the use of biochar 

when compared to the unamended control or tillage alone, the improvements were similar to 

those achieved with MGWC alone and the combination of MGWC and biochar.  However, 

there was a synergistic interaction between the MGWC and biochar that was beneficial to 

macro aggregation.   

Soil responses 

Improvements to water holding capacity and plant available water with OM amendment 

differed according to the soil texture of the two field sites. Sandy soils generally have low PAW 

due to the large mineral particles of the sand soil matrix (Brady and Weil 2014) and the 

addition of OM can increase WHC (Cogger 2005, Curtis and Claassen 2005, Liu et al. 2012).  

Improvements in FC at the sandy site (Dingley) were shown for all OM treatments and 

consequently PAW increased similarly in all three OM amended treatments, as there was no 

change in PWP.  Although Liu et al. (2012) reported improved PAW in a sandy soil with the use 

of compost and biochar together, compared with the use of MGWC alone, in this experiment, 

the MGWC and biochar combination in the sandy soil was no better at increasing PAW than 

the individual amendments.  However, not all biochars and composts are the same.  This 

finding is supported by a pot-based experiment by Somerville et al. (2019) who showed no 
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improvement of PAW in a sandy soil amended with combined compost and biochar when 

compared to the individual OM components.  In contrast to the sandy soils at Dingley, in the 

higher clay content soils at Broadmeadows there was no change to FC, PWP or PAW at 

Broadmeadows with the addition of OM.  Other studies support the finding that OM has less 

influence on PAW in finer soils when compared to more coarse soils (Aggelides and Londra 

2000, Rawls et al. 2003).  Although the porous nature of biochar has been shown to improve 

water holding in some clay soils (Aller et al. 2017) this was not the case in our study.  There is 

evidence that the very fine pores within biochar can become clogged with fine particles, and 

subsequently reduce the initial benefit to soil water retention (Sorrenti et al. 2016, Bhatta 

Kaudal and Weatherley 2018). 

In compacted soils, bulk densities > 1.5 Mg m-3 have been shown to impede root growth by 

physically restricting root elongation (Day and Bassuk 1994).  Six-months post-tillage, the bulk 

density was > 1.5 Mg m-3, at both sites with no difference between tillage and control 

treatments. Initially, lower soil bulk density could be due to the low density of the 

amendments themselves.  This suggests that these degraded urban soils are likely to 

recompact after tillage, even when soil surface loading is prevented (e.g. machinery or vehicles 

excluded).  This rapid soil re-compaction after tillage has been found in both agricultural soils 

and post-construction urban soils (Osunbitan et al. 2005, Mohammadshirazi et al. 2017) and 

rainfall is often a major driver of soil re-compaction (Fohrer et al. 1999).  However, OM 

addition into the both the sandy and clayier soils during tillage lowered the bulk density below 

root growth restricting levels and this was maintained for the 2-year study, although, there 

was no difference between biochar, MGWC, or the MGWC and biochar combinations.   This 

contrasted with our hypotheses as we expected that decomposition of the MGWC would 

result in settling of the mineral soil particles and increased bulk density after 2 years, whereas, 

biochar, due to its recalcitrant nature, would maintain lower bulk densities.  It is, therefore, 

reasonable for landscape managers to choose OM amendments based on factors such as cost 
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and availability as MGWC and biochar, either alone or together, provide similar soil bulk 

density results. 

Decreasing soil bulk density over time in our experiment may have been due to 

macroaggregate formation.  Organic decomposition by soil fauna creates polysaccharides and 

other compounds which bind soil particles together and form macroaggregates (Tisdall et al. 

1978, Oades 1993).  Biochar is also thought to enhance and promote fungal growth in soils 

with their mycelia binding soil particles together to also form macroaggregates (Warnock et al. 

2007, Hammer et al. 2015).  There were no changes in the formation of water stable 

macroaggregates with incorporation of any OM amendment in the sandy soil at Dingley.  

Aggregation is less likely in sandy soils due to the large size of the mineral particles and lower 

levels of aggregate forming clay-humous complex (Krull et al. 2004).  However, in the clayier 

soils at Broadmeadows there were differences in the proportion of water stable 

macroaggregates between the OM amendments.  While MGWC alone did not improve the 

proportion of water stable macroaggregates, there were greater levels of water stable 

macroaggregates in the MGWC and biochar combinations (high and low), when compared to 

the MGWC or biochar alone. This suggests that there was a synergistic interaction between the 

MGWC and biochar that is beneficial to macro aggregation.   

Compost amendment of degraded and compacted soils can also help to improve soil 

microbiological activity (Garcıa-Gil et al. 2000).  Soil microbes, including bacteria and 

mycorrhiza, mineralize OM making soil nutrients available to plants and other microbes.  

Biochar amendment of compacted and degraded urban soils can also promote soil 

microbiological activity as the highly porous nature of the biochar provide habitats which 

support microbial biomass, particularly mycorrhiza (Warnock et al. 2007).  Kolton et al. (2016), 

while trying to elucidate the reasons for a ‘biochar effect’, found that biochar alone can 

increase the diversity and metabolic potential of the rhizosphere microbiome of tomato plants 
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grown in biochar amended soils.  In a study that compared the effect of different types of 

compost, green waste compost was found to have no effect on bacterial and fungal densities 

in a either a clayey or a sandy silty clay soil (Pérez-Piqueres et al. 2006).  This was attributed to 

the tough nature of the plant material in the compost which decomposed more slowly than 

the other composts used in the study.  Therefore, the exact role of compost and biochar on 

the microbial activity soils remains unclear and may shift depending on a variety of variables.  

However, even though there is substantial literature on the beneficial relations between 

biochar and fungi (Warnock et al. 2007, Kolton et al. 2016) we found that the use of biochar 

did not lead to enhanced microbiological decomposition of plant material. While there have 

also been studies which have shown synergistic soil microbiological benefits from using 

compost and biochar together (Liu et al. 2012, Agegnehu et al. 2016, Sánchez-García et al. 

2016), we found no synergistic benefits in either soil type.    

Climatic factors such as moisture and temperature are important to the activity and 

abundance of the microbial biomass (Serna‐Chavez et al. 2013).  Temperature may be 

important in colder climates, whereas in warmer climates soil moisture may be the limiting 

factor to microbial communities (Djukic et al. 2018).  Therefore, those treatments which can 

maintain higher levels of soil water may be better environments for bacterial and fungal 

abundance, provided that microbial activity is not limited by substrate availability (Orchard and 

Cook 1983).  We found that it was the OM treatments that improved the FC and PAW that had 

the greatest decomposition of the green tea, while the presence of biochar was less important.  

This has important consequences for landscape managers when making decisions about how 

to rehabilitate compacted and degraded urban soils. 

It would be expected that as soil bulk density levels reduce infiltration rates would increase.  

This was found to be the case at both Dingley and Broadmeadows where Kfs was greater in the 

OM amended treatments that had lower soil bulk density than that measured in the control or 
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tillage treatments.  Interestingly, at Dingley, the MGWC treatment had a greater rate of Kfs 

than the biochar treatment after both three months and 27 months.  This suggests that the 

incorporation of MGWC encouraged soil aggregation and soil microbiological activity that 

maintained or increased macropore connectivity and Kfs, even if this was not apparent in the 

formation of WSA, whereas this did not occur to such a degree with the incorporation of 

biochar.  At Broadmeadows, the initial Kfs rates (three months) for all the OM treatments were 

also greater than the control.  Not unexpectantly, the MGWC and biochar combinations had 

the greatest rates of infiltration, and these were greater than the biochar alone.  The initial 0 – 

20 cm soil bulk density of the biochar was higher than that of any treatment with MGWC, and 

when combined with greater infiltration this suggests that the provision of larger pores sizes 

within the soil is greater with MGWC than it is with the biochar.  We suggest that the initial 

high level of Kfs in the MGWC and biochar combination (high) is largely due to the bulk of the 

porous amendments rather than any chemical interaction within the soil as this benefit has 

dissipated at 27 months. 

It is expected that, even if rainfall decreases under climate change, individual rainfall events 

may become heavier.  The United States Geological Survey ranks heavy showers as those that 

deliver 10-50 mm hr-1 of water, while a violent storm releases > 50 mm hr-1.  As urban soils are 

often compacted this results in reduced infiltration.  Soils that have low infiltration rates have 

increased run-off under this heavier-storm scenario.  The control plots at both Dingley and 

Broadmeadows would be unable to receive all the rainfall at even the light end of a heavy 

shower spectrum, ensuing not just lost water, but also, overland flow of non-infiltrated water.  

This in turn might cause erosion, and further negative consequences to urban streams (Ladson 

et al. 2006, Walsh et al. 2012).  

In all, we reject the hypotheses that biochar either on its own, or in combination with MGWC, 

will provide greater soil physical and biological benefits than MGWC alone.  Most soil 
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parameters measured were improved by biochar, but they were not improved significantly 

more than that by either MGWC or MGWC and biochar combinations. 

 

Tree responses 

The trees in the OM amended soils at both sites all showed significantly less water stress in the 

late summer months when compared to the control trees.  In the sandier soils at Dingley, the 

incorporation of OM improved PAW, so it is not surprising that the trees in the OM amended 

soils received some water status benefit when water became scarcer in summer.  In contrast, 

the higher clay content soil at Broadmeadows did not show improved PAW with the 

incorporation of OM in the laboratory testing, but in the field these OM amended soils led to 

less water stress.  Therefore, some other hydrological process may be mediating this benefit.  

We suggest that it may be improved infiltration rates enabling more water to enter the soil 

compared to the unamended soils.  Another possible reason for the reduced water stress 

levels is that the tillage with OM incorporation has enabled deeper root growth, and therefore, 

a greater volume of soil to exploit.  Although this was not tested in this study, other research 

has shown that decreasing soil bulk density to expand exploitable soil volumes can reduce 

water stress in trees (Mason and Cullen 1986, Somerville et al. 2018). 

At both sites, there were only three measurement periods that had significant differences in 

the growth rates between the treatments, and these were during the summer months when 

temperatures were at their hottest and the soils would have been at their driest.  It was during 

these dry times that the OM treatments had the most positive effect on maintaining tree 

growth rates.  The lack of differences between the OM types or combinations is consistent 

with the results of our soil testing.  There were no extra benefits from using biochar over those 

achieved from using MGWC alone or the MGWC and biochar combinations. 
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It could be expected that the addition of MGWC might provide a nutrient boost to the trees 

growing in those treatments, however, the N added via the MGWC was well below 

recommended fertiliser application rates.  However, Somerville et al. (2018) found that trees 

at two of three sites amended with MGWC, had no foliar nitrogen benefit, whilst at the third 

site, the only nitrogen change over one year was a temporary (nine month) nitrogen 

immobilisation.  No foliar nutrient differences between apple trees grown with soil amended 

with compost, biochar or a combination of compost and biochar were found during a study in 

Tasmania, Australia although this site did have high water and nutrient inputs (Eyles et al. 

2015).  Ferrini et al. (2005) similarly found that the use of compost provided no advantage to 

plant growth beyond that of the control.  However, composts with C:N ratios over 30 may 

immobilise nitrogen for up to three years.  In an agricultural field trial Cox (2001) found that 

although soil physical properties were improved with a farmyard compost there was not any 

improved nitrogen availability till the third year after use.   

Based on the results of this experiment the second and third hypotheses are rejected.  

Although we found that using biochar incorporated into degraded and compacted urban soils 

did in benefit tree growth, it did not do so more than the use of MGWC.  Similarly, there were 

no extra tree growth benefits from using a combination of MGWC and biochar beyond those 

achieved with the individual use of either amendment.  

Conclusions 

In this study we evaluated whether incorporating biochar into urban soils provided greater soil 

physical and biological benefits than those provided using MGWC or MGWC and biochar 

combinations, and whether any changes resulted in improved tree growth.  As in other studies, 

we found that intensive soil rehabilitation can improve soil properties, and that these changes 

can improve tree responses.  However, we also found that the use of biochar, or MGWC and 

biochar combinations, did not provide any improvements beyond those achieved using just 
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MGWC.  We discovered that there were differences in the way the soils at the two sites 

responded to the OM amendments.  The OM had a greater PAW effect in the sandier soil with 

the lower SOM levels, but again, there were no differences between the biochar and the 

MGWC.   

It is important to note that the improvements we measured in the tree responses to the OM 

soil rehabilitation methods were only apparent when soil conditions were at their driest; there 

weren’t any measurable plant benefits when conditions were wet and water not growth 

limiting.  With climate change, weather patterns are changing, and one effect of this is that 

rainfall may decrease but arrive in heavier events.  It will be important that urban soils are able 

to infiltrate all available rainfall, and then have this water available for plant use in times of 

drought.  This was achieved with all OM treatments, however, the importance of 

understanding the initial site conditions prior rehabilitation is crucial to ensure the best 

outcome and value for effort.   

As the ‘scoop and dump’ remediation technique is intended to be used where a one-time 

intensive soil rebuild is required, and where on-going management inputs would be low or 

negligible, due to cost or access reasons, the importance of getting the rehabilitation right is 

paramount.  There was scant evidence in this study to show that biochar might be more 

effective in rehabilitating urban soils than compost alone.  As biochar production can be much 

costlier than compost, we would not recommend the use of biochar for this intensive urban 

soil rehabilitation process, but we understand that there may be supplementary aims for the 

soil rehabilitation, such as carbon sequestration, whereby biochar may play an important, but 

different, role. 
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Abstract 

Background and aims:  Organic matter is often used as an amendment to attempt restoration 

of degraded soils to improve tree establishment and growth.  One key aim is to increase plant 

available water in the soil profile.  The texture of the soil, the type of organic amendment (e.g. 

compost or biochar), and the native environment of the tree (mesic or xeric) will impact how 

successful restoration efforts are.  We aimed to determine whether compost and biochar 

amendments, either individually or in combination, would improve plant available water 

(PAW) in both clay and sand soils.  We then aimed to measure whether changes in PAW would 

translate into increased water use and plant growth of both mesic (Corymbia maculata) or 

xeric (Eucalyptus torquata) tree species under well-watered (WW) or water deficit (WD) 

conditions. 

Methods:  Clay and sand soils were amended with compost, biochar or a compost and biochar 

mix, whilst unamended soils acted as controls.  Soil moisture characteristics of the soil mixes 

were determined with samples in the laboratory.  Fifteen replicate pots (6 l) of each soil 

treatment were then planted with either mesic and xeric tree species.  All pots and trees were 
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subjected to either a WW or WD irrigation regime for 7 weeks.  WD irrigation was a set 

percentage of the daily WW evapotranspiration (ET).  ET was calculated as total pot mass one 

hour after irrigation (to allow for drainage) minus the total pre-dawn pot mass of the 

subsequent day.  The tree biomass, biomass partitioning, ET, and tree water status were 

measured throughout the experiment to understand growth and stress responses. 

Key results:  The xeric tree species (E. torquata) grown in sand soil had a significant increase in 

growth with all three OM amendments but did not when grown in clay soil.  In contrast, we 

found no significant growth response for the mesic tree species (C. maculata) when grown in 

either clay or sand amended with any OM treatment.  The ET of the xeric tree species was 

greater for all the OM amended soils for both WW and WD plants in the sand soil. 

Conclusions:  This study shows that OM amendments may improve the soil water properties of 

sand-based soils which in turn can increase the growth of xeric tree species.  However, more 

expensive organic amendments may not be necessary, nor mixing of OM types, as we found no 

tree growth differences amongst the three different OM treatments. 

Introduction 

There is a dichotomy in cities between the soil conditions required to have healthy, successful 

trees and the frequent poor quality of urban soils.  Healthy urban populations require green 

spaces within their cities to experience and enjoy nature (Chiesura, 2004; Lee et al., 2015; 

Ulrich, 2002), and trees make cities more resilient, efficient and better places to live (Dwyer et 

al., 1992; Livesley et al., 2016; McPherson et al., 2005).  However, building and maintaining the 

infrastructure that enables cities to function can cause significant damage to soils and 

negatively affect key physical, chemical and biological soil properties (Ossola and Livesley, 

2016; Scharenbroch et al., 2005).  Soil compaction is a major problem for urban soils and its 

effects can be long-lasting (Craul, 1994; Day and Bassuk, 1994; Kozlowski, 1999).  Maintenance 
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of urban landscapes results in a reduction of soil organic matter (OM) which may lead to 

changes in urban soil structure and water cycling, which can adversely affect tree growth by 

decreasing soil water storage, water infiltration, and water percolation through the soil 

(Gregory et al., 2006; Scalenghe and Marsan, 2009; Vidal-Beaudet et al., 2018).  All these 

factors can make the establishment and growth of large, healthy trees more difficult in urban 

soils.   

It has been widely shown that the first year after transplanting a tree into an urban planting 

site is crucial for long-term tree growth.  It is often water availability, and the issues that affect 

soil water availability, that are the biggest hurdle to transplanted urban tree survival and 

growth (Clark and Kjelgren, 1990; Gilman and Masters, 2010; Whitlow and Bassuk, 1987).  For 

example, Koeser et al. (2014) reported 20% lower survival of non-irrigated, newly 

transplanted, trees compared with irrigated trees of the same species. While the authors of a 

study in Liverpool specifically pointed to drought stress as the key reason for the high mortality 

rates of recently planted urban trees (Gilbertson and Bradshaw, 1990). Therefore, it is critical 

that urban soils can provide the necessary resources, including good water availability to 

ensure good tree establishment after planting.   

Remediation of degraded urban soils can be achieved in several ways depending on the soil 

properties that have been degraded.  Capping or removal of degraded soil is an expensive 

option, as is importing of new soil.  Soils may be modified with clay or sand additions, 

depending on the original soil texture class, while soils lacking nutrients can be treated with 

chemical or organic fertilisers.  Adding OM to degraded soils can help alleviate several 

common soil property problems simultaneously and improve the soil water holding capacity in 

some soils (Foley and Cooperband, 2002; Giusquiani et al., 1995). The water holding capacity 

of sand has been shown to increase with OM additions because sand, unlike clay, has an 

inherently low water holding ability (Cogger, 2005; Curtis and Claassen, 2009; Rawls et al., 
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2003).  Adding OM to clay, on the other hand, may not necessarily increase the water holding 

capacity of the soil, as it can increase macro porosity and therefore drainage of the soil 

(Aggelides and Londra, 2000; Rawls et al., 2003).  However, improvements in total soil water 

holding capacity may not necessarily lead to improvements in plant available water, as water 

availability depends on the tension with which the water is held within soil.  Soil water held at 

more negative, high tensions, close to or beyond permanent wilting point, may not be 

available to plant roots (Khaleel et al., 1981; Rawls et al., 2003).   

The type of OM used to amend urban soils may also determine the effect on soil water 

availability, and therefore, tree growth.  Biochar has been used in several different situations 

where its fine porous structure and long-lived nature has been useful to improve soil water 

holding capacity, particularly in coarse textured substrates and soils (Ajayi and Horn, 2016; Cao 

et al., 2014; Głąb et al., 2016).  Compost, on the other hand, is a soil amendment that can 

improve degraded soils by modifying key physical, chemical and biological properties but it 

may require repeat additions as it decomposes over time (Cogger, 2005; Rawls et al., 2003).  

Some studies have investigated the effects of mixing, or co-composting, biochar and compost 

before being added to soils, with the aim of finding synergistic impacts upon soil properties 

(Agegnehu et al., 2017; Głąb et al., 2016; Villagra-Mendoza and Horn, 2018), and plant growth 

responses (Bhatta Kaudal and Weatherley, 2018; Ghosh et al., 2015).  For example, a review 

article that considered 634 studies concluded that compost and biochar mixes were generally 

better than the use of biochar alone for improving soil properties and increasing crop yields 

(Agegnehu et al., 2017).  In terms of water availability, co-composting biochar with compost 

may increase plant available water in loamy sand (Głąb et al., 2018) but have little effect in a 

clay-rich soil (Bass et al., 2016).  Another complimentary mechanism is the extended impact or 

persistence of biochar and compost mixes, as compost will decompose over a few years, while 

biochar is more resistant, persisting in soils for decades and potentially millennia (Fischer and 

Glaser, 2012; Lehmann et al., 2008).   There is, nevertheless, a knowledge gap in the direct 
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comparison of biochar and compost, separately and together; this is particularly so when 

different soil textures and tree species are considered and within short time periods. 

Although the water holding capacity and plant available water in a soil may be improved by the 

addition of OM, whether this is experienced as a benefit by a plant will be determined by the 

water use strategy and drought resistance of that plant (Farrell et al., 2013).  For instance, 

trees and perennial plants from xeric environments may benefit less from additional available 

water as they are naturally more conservative water users when compared with plants from 

more mesic environments (Zandt, 2007).  This conservative water use strategy helps xeric 

species avoid excessive growth in times of abundant water that may leave the plant with a 

greater large leaf area and transpirational demand in times of drought (Chaves et al., 2002; 

Otieno et al., 2005).  In contrast, plant species from more mesic environments generally have 

greater water use and growth when water is available, they are less conservative (Merchant et 

al., 2006).  Therefore, while OM amendments may improve plant available water, it is possible 

that this additional water availability will only lead to improved growth and water status for 

some tree types. 

We investigated whether adding OM amendments to fine (clay) and coarse (sandy) soils would 

increase plant available water, and thereby, improve tree growth.  We compared the effects of 

three different OM amendments (compost, biochar and a compost/biochar mix) on plant 

available water, tree water use, stress and growth in two soil types (clay and sand) under well-

watered and water deficit conditions.  Specifically, we had three research questions:   

1) Do organic amendments increase plant available water in both sand and clay soils?  

2) Does an increase in plant available water result in greater tree ET and biomass 

(growth) in both xeric and mesic tree species? 

3) Is there a synergistic effect from using compost and biochar together on soil 

properties and plant growth? 
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Materials and methods 

The study was conducted at the Burnley Campus of the University of Melbourne, Australia 

during the summer and autumn of 2016 – 2017.  Melbourne has a temperate climate with 

mean maximum and minimum temperatures of 19.9oC and 10.2oC respectively, and a mean 

annual rainfall of 648.3 mm which is distributed relatively uniformly throughout the year.  The 

seedlings were potted up in December 2016 (southern hemisphere summer) and left to grow-

on in the open under irrigation. In March 2017, the plants were moved into a temperature-

controlled glasshouse and the study concluded in May 2017 (autumn). 

Species selection 

Two Myrtaceae tree species; one from a mesic environment and one from a xeric 

environment, were chosen for this study.  Both trees were chosen for their common use by 

landscape managers for roadside and park plantings.  The mesic tree species Corymbia 

maculata (spotted gum), originates from the east coast of Australia, where it can grow over 45 

m in height.  Corymbia maculata is planted in areas with 600 – 1000 mm of rainfall per year 

(George, 1988).  The xeric tree species Eucalyptus torquata (coral gum), originates from south-

western Australia in areas receiving about 200 – 400 mm of rainfall per year and grows to a 

height of 4 – 10 m (Elliot and Jones, 1982).  All tree seedlings for this experiment were 

obtained as tube stock (220 mL pot volume) from a single nursery (Mansfield Propagation 

Nursery, Victoria).   

Soils and organic amendments 

Two soils of contrasting texture; a turf sand (Burdett’s Landscape Supplies, 1550 Thompsons 

Road, Cranbourne East, Victoria), and a sandy clay loam (Supersoil Garden Centre, 91 

Beresford Road, Lilydale, Victoria) were used in the experiment (Table 4.1).  Both soils were 
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amended with one of three types of OM or left un-amended (control).  The OM amendment 

treatments were:  

1) compost (municipal green waste compost) at 20% v/v (AS 4454, Enviromix, Victoria. 

Matured for > 1 year)  

2) biochar at 20% v/v (Triple R Biochar, Portland, Victoria. Eucalypt hardwood pyrolyzed 

at 550-580oC for four hours - mixed particle size) 

3) a combination of the compost and biochar at 20% v/v each.   

OM amendment treatments (Table 4.2) were mixed in single batches in a 1000 L commercial 

soil mixer for ten minutes each to ensure homogeneous soil blends.  

The seedlings were transplanted into black plastic pots (210 mm height, 220 mm top diameter, 

175 mm bottom diameter, and approximately six L volume.  Each pot was planted with a tree 

seedling in pots filled with six L of each soil and amendment combination (total seedling pots = 

240).  The planted pots were then placed on outside benches at the end of spring and irrigated 

daily with a drip irrigation system for three months before moving to a glasshouse. The pots 

were surface fertilised with 50 g of a slow release general fertiliser (Macracote® Coloniser plus 

Orange 10 – 14-month release, Fertool Pty Ltd.; 16 nitrogen (N): 4 phosphorus (P): 10 

potassium (K) + trace elements) which delivered 8 g nitrogen, 1.75 g phosphorus and 5 g 

potassium per pot.  Dry soil weight was calculated by multiplying the bulk density of each soil 

(determined from samples collected at the time of potting up) by the soil volume in each pot.  

To characterise the soil water holding characteristics of the two soil types (clay and sand) and 

the three OM amended treatments, field capacity (FC) and permanent wilting point (PWP) 

were measured in the laboratory.  Soil FC was determined from soil samples, packed lightly 

into PVC rings (50 mm high, 53 mm internal diameter), gradually saturated over 24 hours, and 

then placed on a kaolin clay tension table and placed under one metre of matric head, which is 
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equivalent to 10 kPa, for approximately one week (Reynolds and Topp, 2008).  The volumetric 

water content at FC was determined by multiplying the gravimetric water content by the bulk 

Table 4.1:  Basic physical and chemical properties of the two soil types used in this study.  Soil 

texture has been defined using the United States Department of Agriculture (USDA) texture 

classes. 

Soil Sand % Silt % Clay % USDA texture 

class 

pH EC (dS m-

2) 

SOM % 

Clay 57.6 11.2 31.2 Sandy clay 

loam 

6.7 235 5.92 

Sand 95 2.5 2.5 Sand 5.9 431 1.36 

 

Table 4.2:   Treatment structure and replicate numbers.  The experiment was installed in two 

soil types, four soil amendments, and two tree species (2 x 4 x 2 = 16 treatment groups). 

Treatment Numbers 

Soil with compost amendment 15 seedling replicates 

Soil with biochar amendment 15 seedling replicates 

Soil with compost/biochar mix amendment 15 seedling replicates 

Soil with no amendment (control) 15 seedling replicates 

 = 60 seedlings 

x two soil types (sand and clay) = 120 seedlings 

x two tree species (mesic and xeric) = 240 seedlings 

density of the soil samples. Soil PWP was measured on soil samples using a 1500 kPa ceramic 

plate pressure chamber (Berretta et al. (2014).  Mean FC and PWP was calculated (n = 3) for 
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each soil blend.  Plant available water (PAW) for each treatment soil mix was then calculated 

on a volume basis as: 

𝑃𝐴𝑊 = 𝐹𝐶 − 𝑃𝑊𝑃.         (1) 

Glasshouse experiment 

Before moving the planted pots into the glasshouse, the 15 plants in each treatment soil mix 

and tree species treatment were ranked according to stem height to allow the experiment to 

be blocked according to similar initial plant size. These 15 plants were separated into five 

groups of three replicate plants.  One plant from each group of three was harvested to provide 

initial biomass data (5 plants per soil amendment and tree species treatment; 16 treatments; 

total harvest = 80).  From the harvested plants it was possible to determine total plant, root, 

stem and leaf biomass and leaf area at the start of the glasshouse experiment, and therefore, 

accurately track tree biomass growth in each treatment soil mix, according to membership of 

one of five groups.  Of the two plants remaining in each group of three one was randomly 

allocated to a WW treatment and the other to a WD treatment.   

On the 1st March (early autumn) the remaining ten plants in each soil amended treatment 

were transferred to a climate-controlled glasshouse and arranged in a randomised block 

design, whereby each block had similarly sized (height) plants, from both tree species, and 

from every treatment soil mix (n=32).   Initially all plants were WW for the first 17 days as they 

acclimatised to the climate-controlled glasshouse conditions, where temperatures ranged 

from 9oC to 40oC with an average temperature of 19oC.  There was some settling of soil 

volumes during this period. 

After this 17-day period of acclimatisation, each pot in the glasshouse (n=160) was watered 

according to their irrigation treatment: WW or WD.  On each given day (Dn), all pots were 

weighed just before dawn, and before watering.  All WW pots were then watered to excess 

and allowed to drain for one hour.  At the same time, all WD pots received 50% of the 
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estimated daily mean evapotranspiration (ET) measured for the WW pots of the same species 

and soil treatment mix from the previous day (Dn-1).  All pots were then weighed again after 

approximately one hour to establish the post-watering weight. The daily ET for each pot was 

calculated as:  

ET = post-watering weight (Dn-1) - pre-watering weight (Dn)   (2) 

After one week, the WD treatment was intensified, such that each WD pot received 20% of the 

ET of the respective WW pots.  The WD pots received reduced irrigation until the measured ET 

of an individual WD pot had decreased to 20% of the ET of the paired WW pot, within the 

same block.  At this point, the WD pot was then rewatered to excess to achieve maximum pot 

water capacity.  This rehydration to pot water capacity took several days, after which the WD 

irrigation regime re-commenced.  Three dry-down cycles, where the ET of WD plants was 

decreased to 20% of WW plants before rewatering, were completed in the experiment. The 

first WD dry-down cycle ran for 21 days, cycle two for 13 days and cycle three for 14 days.  The 

WD regime was used to stress the WD plants relative to their WW pair and to allow sufficient 

time for any adjustment in physiological and morphological traits to occur. 

ET (mm day-1) was determined by first measuring the change in pot mass per day (kg d-1), 

which equates to litres of water evapotranspired on that day (L d-1).  This volume of water is 

then divided by the soil surface area (m2) of each pot (measured at the end of the experiment).  

ET per leaf surface area was calculated by dividing cumulative ET by the total leaf surface area.   

Plant water status 

At the end of the third (and last) WD dry-down cycle, leaves were collected from each pair of 

WD and WW plants on the day that the WD plant of the pair achieved an ET 20% of that of the 

WW plant. Leaves were collected before dawn and at midday for pre-dawn (ΨPD) and midday 

(ΨMD) leaf water potential measurements.  Leaf water potentials were measured using a 
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Scholander-type pressure chamber (Soilmoisture Equipment Corporation, Santa Barbara, CA, 

USA).   When all WD plants had reached the final 20% ET threshold, all the plants (n=160) were 

harvested.  The experiment concluded on 4th May (48 days after the beginning of the 

experiment). 

Biomass and allocation 

Plant biomass was separated into roots, stems and leaves.  Both, the fresh weight, and oven 

dried weight (oven dried at 70oC until constant weight) were recorded. Initial and final total 

biomass and allocation were determined from plant dry weights.  The change in biomass, root 

mass fraction and leaf area ratio were determined by subtracting the initial harvest data from 

the final harvest data.  Leaf surface area (LSA) was measured for a subsample of leaves from 

each plant using a LICOR LI3100 area meter (Li-Cor, Lincoln, NE USA).  Leaves that had been 

collected for the leaf water potential measurements were included in the leaf mass for each 

plant. 

Total LSA was calculated as: 

𝐿𝑆𝐴 =  𝑙𝑒𝑎𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑥 𝑆𝐿𝐴        (3) 

where SLA is the sample leaf area / sample leaf mass.  Leaf area ratio was calculated as the 

total LSA divided by the total dry plant mass. 

The root mass fraction was determined by dividing the dry root mass by the total dry plant 

mass, while the leaf area ratio was determined by dividing the total leaf area by the total dry 

plant mass. 

Statistical analyses 

Statistical analyses were performed using one-way ANOVA and student t-tests, after testing for 

normality.  Significant differences between means were determined using Tukey’s HSD test (P 

< 0.05).  All data analyses used GenStat 18.1.0.17005 (2017, VSN International Ltd.). 
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Results 

Soil water content and availability 

In the clay soil, OM amendments significantly reduced the FC compared to that of the clay only 

control on a volumetric basis (Figure 4.1).  There were not, however, any significant 

differences in FC between OM amendment types.  There were also no significant differences in 

the PWP of any of the OM amended soils when compared to the control. Plant available water 

(PAW) in the clay soil was significantly reduced by all OM amendments when compared to the 

clay only control (0.22 cm cm-3).  PAW was least in the compost (0.17 cm cm-3) and the 

compost/biochar mix (0.15 cm cm-3).  This equated to compost amended clay soil having PAW 

that was 75% of that of the clay control, similarly, the compost/biochar amended clay soil had 

PAW that was 69% of the control PAW (Figure 4.1).  

In the sand soil, OM amendments significantly increased the FC beyond that of the sand only 

control (Figure 4.1).  There were no significant differences between the FC of OM amended 

sand soils.  The PWP of sand amended with the compost/biochar mix (0.05 cm cm-3) and 

biochar only (0.04 cm cm-3) were significantly greater than sand soil amended with compost 

(0.03 cm cm-3).  The sand only control (0.01 cm cm-3) had the lowest PWP.  The PAW of the 

sand soil was significantly increased by all OM amended treatments to a similar extent. 

Tree Biomass Growth  

Corymbia maculata (Mesic tree species) 

In the clay soils, all WW treatments had significantly greater total C. maculata biomass than 

the WD plants for the corresponding OM amendment, except for the biochar treatment (Table 

4.3).  WW clay soil amended with biochar achieved the greatest C. maculata biomass growth, 

significantly greater than the C. maculata biomass achieved in WW biochar/compost amended 



163 
 

 

Figure 4.1:  Residual water (black column) and plant available water (PAW) (white column) of 

all soil clay and sand soil mixes expressed on a volumetric basis.  The top point of the black 

segment of each column represents the permanent wilting point (PWP) while the top of each 

column represents the field capacity (FC) of each soil mix.  Error bars represent standard errors 

of the mean (n = 3).  Lower case letters represent significant differences between the PWP of 

the treatments within each soil texture, and the upper-case letters represent differences 

between the PAW of each treatment within each soil texture.  Significant differences 

calculated using Tukey’s HSD at α = 0.05. 

treatments.  In comparison, in clay soil under WD, there were no significant differences in C. 

maculata biomass growth amongst OM amended treatments.  Under WW conditions, root 

mass fractions were significantly greater for compost amended clay as compared to the 

control, whereas, no significant differences in root mass fraction were apparent among OM 

amended clay treatments under water-deficit. There were no significant differences in leaf 

area ratio amongst OM amended clay treatments when C. maculata was either WW or WD 

(Figure 4.2). 

A similar pattern occurred with C. maculata plants in the sand soil.  The WW C. maculata 

plants had a significantly higher total biomass than the equivalent WD plants, except for the 
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compost amended treatment.  However, in the sand soil there were no significant differences 

in C. maculata total biomass, root mass fraction or leaf area ratio amongst OM amended 

treatments, under either WW or WD irrigation. 

Eucalyptus torquata (Xeric tree species) 

In the clay soil, only the WW biochar plants had greater total biomass than the equivalent WD 

plants. (Table 4.3).  There were no differences, within watering regime, for any OM 

amendment for total biomass, root mass fraction or leaf area ratio, although all WD plants had 

lower leaf area ratio than their WW equivalents (Figure 4.2).  

In the sand, the WW plants did not have higher total biomass than the equivalent WD plants 

except for the compost plants.  The mean total biomass of the WW plants was the same as the 

WD plants.  However, within watering regimes there were significant differences between the 

control and all other OM amended plants.  The control plants had lower total biomass than the 

OM amended plants for both WW and WD irrigation regimes.  There were no differences, 

within irrigation regimes, and between OM amendments for either root mass fraction or leaf 

area ratio. 
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Table 4.3:  Change in dry biomass (final harvest minus initial harvest matched tree) and root mass fraction for well-watered (WW) and water deficit 

(WD) treatments for Corymbia maculata and Eucalyptus torquata trees.  Values in parenthesis represent standard errors of the mean (n=5).  Letters 

within a column denote significant differences between amendment treatments within either WW or WD treatments using Tukey’s HSD at α = 0.05.  

Asterisks (*) denote differences between WW and WD within texture and additive types (P = 0.05). 

 Corymbia maculata   Eucalyptus torquata  
 Δ biomass Δ root mass fraction  Δ biomass Δ root mass fraction 

clay WW WD WW WD  WW WD WW WD 

control 130.20 101.90* 0.303 0.399  51.68 44.82 0.223 0.316 
 (11.1) (8.3) (0.04) (0.06)  (8.93) (10.6) (0.02) (0.04) 

+ compost 141.80 95.29* 0.502 0.344  52.60 41.41 0.254 0.348 
 (7.12) (10.7) (0.09) (0.03)  11.96) (6.12) (0.03) (0.03) 

+ biochar 133.30 109.90 0.318 0.412  73.75 41.85 0.232 0.386* 
 (10.69) (17.8) (0.04) (0.05)  (13.26) (12.65) (0.02) (0.05) 

+ compost 
& biochar 

120.10 87.73* 0.363 0.436  77.69 57.77 0.333 0.393 
(3.95) (8.9) (0.04) (0.04)  (9.3) (6.86) (0.04) (0.04) 

p-value 0.499 0.096 0.077 0.553  0.141 0.294 0.084 0.546 
          

sand          

control 82.40 50.54* 0.426 0.514  21.08 a 19.98 a 0.232 0.382 
 (11.59) (12.84) (0.04) (0.05)  (6.75) (1.60) (0.03) (0.04) 

+ compost 80.66 67.05 0.317 0.401  48.54 b 30.99 b 0.203 0.363* 
 (12.31) (13.28) (0.04) (0.05)  (6.78) (1.65) (0.02) (0.04) 

+ biochar 91.91 59.12* 0.419 0.402  45.63 b 39.42 b 0.172 0.350* 
 (7.53) (6.16) (0.03) (0.06)  (6.55) (4.90) (0.04) (0.04) 

+ compost 
& biochar 

81.47 57.05* 0.264 0.365  44.04 b 36.35 b 0.179 0.319* 
(3.39) (8.57) (0.06) (0.05)  (8.08) (1.14) (0.03) (0.07) 

p-value 0.907 0.748 0.038 0.307  0.029 <0.001 0.219 0.207 
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Figure 4.2:  Leaf Area Ratio (LAR) for the mesic and xeric species in clay and sand soils.  

Measurements are taken for the period from initial harvest till the final harvest (during the 

water-deficit period).  Error bars represent standard errors of the mean (n = 5).  Asterisks 

indicate significant differences between well-watered (WW) and water deficit (WD) with the 

same amendment. 

Evapotranspiration 

Corymbia maculata (Mesic tree species) 

ET of WW plants, in both clay and sand soils, was significantly greater and approximately 

double that of the WD plants (Figure 4.3).  Under the WD regime, the control plants had 

similar ET to all the other OM amended plants.  There were no significant differences between 

treatments when ET was considered on a leaf area basis.  Also, there were no significant 
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differences between WW plants, but the WD control had significantly lower ET than both the 

compost and the biochar treatments in the sand.  There were no significant differences 

between OM amendment treatments when ET was considered on a leaf area basis.  

Eucalyptus torquata (Xeric tree species) 

The WW plants in the clay and sand soils had approximately double the ET of the WD plants 

(Figure 4.4).  The WW plants in the biochar amended clay had significantly higher ET than the 

control plants, whereas, for the WD plants, only the compost/biochar mix had a significantly 

higher ET than the control.  There were no significant water use differences between OM 

amendments when ET was considered on a leaf area basis.  The ET of the plants grown in OM 

amended sand was significantly higher than that of the control for both WW and WD plants 

(Figure 4.4).  When considered on a leaf area basis there were no ET differences between the 

WW plants, but the control plants had greater ET than the biochar plants under WD.  

Leaf water potentials 

All WW plants had significantly higher pre-dawn leaf water potentials than their equivalent 

WD plants in both clay and sand and for both Corymbia maculata and Eucalyptus torquata 

(Table 4.44).   

The same pattern between the WW and the WD plants was recorded for the midday leaf 

water potentials.  Within WW and WD treatments there were no differences between the OM 

amendments for either clay or sand soil types or for xeric or mesic tree species.  However, the 

WD Corymbia maculata trees in clay had lower pre-dawn and midday water potentials than 

their equivalent trees in sand (Table 4.4). 
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Figure 4.3:  Daily evapotranspiration (ET) and evapotranspiration per leaf area for Corymbia 

maculata for well-watered (WW; black columns) and water deficit (WD; open columns) 

treatments for the duration of the experiment in the glasshouse (48 days).  Values represent 

mean daily ET and mean ET/leaf area (n = 5).  Bars are the standard errors of the mean (n = 5).  

Letters represent significant differences between treatments using 1-way ANOVA and Tukey’s 

HSD at α = 0.05. Lower-case = WW; Upper-case = WD.  Asterisks (*) represent significant 

differences between WW and WD within treatments using two sample t-tests (P = 0.05). 

Discussion 

In this glasshouse study, we measured soil water properties, tree growth, ET and plant water 

stress in sand and clay soils amended with three different OM treatments.  Our aim was to 

investigate whether biochar and compost OM amendments, in isolation or combination, 

increased PAW in sand and clay soils, and if so, did this increase plant growth and ET in either 

mesic or xeric tree species.  The xeric tree species (E. torquata), showed a significant  
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Figure 4.4:  Daily evapotranspiration (ET) and evapotranspiration per leaf area for Eucalyptus 

torquata for well-watered (WW; black columns) and water deficit (WD; open columns) 

treatments for the duration of the experiment in the glasshouse (48 days).  Values represent 

mean daily ET and mean ET/leaf area (n = 5).  Bars are the standard errors of the mean (n = 5).  

Letters represent significant differences between treatments using 1-way ANOVA and Tukey’s 

HSD at α = 0.05. Lower-case = WW; Upper-case = WD. Asterisks (*) represent significant 

differences between WW and WD within treatments using two sample t-tests (P = 0.05). 

 

growth response to all three OM amendments when applied to a sand soil but did not when 

applied to a clay soil.  In contrast, there was no growth improvement for the mesic tree species 

(C. maculata) when grown in either clay or sand amended with any of the OM treatments.  

Furthermore, the ET of the xeric tree species increased significantly when grown in an OM 

amended sand soil as compared to the control, although this did not lead to a difference in 

levels of plant water stress. 
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Do organic matter amendments increase plant available water in both sand and clay soils? 

The OM amendments had opposing effects on PAW when added to the two soil types.  In clay 

the PAW was decreased but in the sand the PAW was increased by the addition of OM, with no 

difference between amendment types.  As expected, adding any of the OM amendments to 

sand resulted in greater FC and increased PAW, even though there was also an increase in the 

PWP of the three amended soils.  This agrees with Hudson (1994) who found an increase in the 

PWP was not as great as the increase in FC when OM was added to a sandy soil.  These results 

are also consistent with strong experimental support in the literature that shows a correlation 

between the level of OM amendment (usually compost) in sandy soil and PAW (Liu et al., 2012; 

Rawls et al., 2003).  The sand used in our experiment had a low SOM content (1.36%), and as 

such, is likely to respond to additional OM in a positive way with regard to its water holding 

ability.  Cogger (2005) noted that the benefits of adding compost to sandy soils may last 

several years dependent on climate and soil properties, although while Curtis and Claassen 

(2005) improved the PAW of coarse sandy soils with compost, they could not be sure how long 

the improvement would last. 

For biochar amendments specifically, several studies have demonstrated that biochar can 

increase the WHC of sandy soils whilst also increasing the PAW of those soils (Ajayi and Horn, 

2016; Aller et al., 2017; Hansen et al., 2016).  However, not all research has shown improved 

PAW with biochar additions in sandy soils.  For example, Jeffery et al (2015) found no increase 

in soil water retention in sandy soils with different levels of biochar additions and attributed 

this to the hydrophobicity of that biochar.  Although still somewhat contentious in the   
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Table 4.4: Mean leaf water potentials at pre-dawn (ΨPD) and midday (ΨMD) on the day after the 

individual evapotranspiration of the water deficit (WD) plants reached ≤ 20% of the 

evapotranspiration of the equivalent well-watered (WW) plants.  Numbers are negative values.  

Values in parenthesis show standard errors of the mean (n = 5).  P-value (additive) indicates 

differences between amendments within a soil type using 1-way ANOVA at α = 0.05.  P-value 

(soil) indicates differences between soil types using 2-sample t-tests at α = 0.05.  Asterisks (*) 

denote differences between WW and WD within soil and amendment types using 2-sample t-

tests at α = 0.05. 

  Corymbia maculata   Eucalyptus torquata 

 ΨPD (- MPa)  ΨMD (- MPa)  ΨPD (- MPa)  ΨMD (- MPa) 

 WW WD   WW WD   WW WD   WW WD 

clay            

control 0.69 3.36*  1.22 3.68*  0.86 3.38*  1.26 3.66* 

 (0.05) (0.34)  (0.12) (0.32)  (0.07) (0.32)  (0.13) (0.28) 

+ compost 0.78 3.58*  1.35 3.86*  0.85 3.38*  1.33 3.72* 

 (0.12) (0.09)  (0.13) (0.07)  (0.09) (0.14)  (0.11) (0.13) 

+ biochar 0.74 3.38*  1.32 3.52*  0.88 2.83*  1.33 3.18* 

 (0.05) (0.10)  (0.14) (0.09)  (0.04) (0.24)  (0.06) (0.21) 

+ compost & 

biochar 

0.63 3.28*  1.30 3.52*  0.81 3.48*  1.29 3.97* 

(0.05) (0.02)  (0.05) (0.04)  (0.07) (0.22)  (0.05) (0.24) 

mean 0.71 3.40  1.30 3.66  0.85 3.27  1.30 3.63 

p-value (additive) 0.52 0.65  0.90 0.45  0.87 0.27  0.95 0.17 

            

sand                       

control 0.77 3.05*  1.21 3.38*  1.01 2.95*  1.52 3.55* 

 (0.07) (0.11)  (0.06) (0.16)  (0.08) (0.56)  (0.06) (0.39) 

+ compost 0.85 2.90*  1.46 3.31*  0.96 2.77*  1.54 3.06* 

 (0.08) (0.24)  (0.13) (0.19)  (0.11) (0.34)  (0.17) (0.25) 

+ biochar 0.65 2.77*  1.17 3.24*  0.84 2.87*  1.30 3.45* 

 (0.06) (0.18)  (0.11) (0.10)  (0.04) (0.30)  (0.13) (0.15) 

+ compost & 

biochar 

0.81 3.21*  1.25 3.55*  0.88 3.16*  1.31 3.55* 

(0.10) (0.09)  (0.08) (0.05)  (0.10) (0.14)  (0.05) (0.13) 

mean 0.77 2.98  1.28 3.37  0.92 2.94  1.42 3.40 

p-value (additive) 0.24 0.41  0.25 0.38  0.61 0.82  0.12 0.35 

                        

p-value (soil) 0.23 0.00   0.77 0.01   0.22 0.10   0.12 0.14 
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literature, biochar produced at higher temperatures (> 400-500oC) may be less hydrophobic 

than biochar produced at lower temperatures, due to a destruction of aliphatic functional 

groups on the surfaces (Weber and Quicker, 2018). 

In contrast, adding any type of OM to clay soil decreased both the FC and PAW, probably by 

increasing the macro-porosity of the soil.  This finding is consistent with those of Rawls et al. 

(2003) who also observed a decrease in water retention in fine-textured soils with low carbon 

content after OM amendment, although this increased as the carbon content increased 

beyond 5%.  In a review of the effects of OM amendments upon soils, Khaleel et al. (1981) 

noted that, although the use of OM may not necessarily decrease PAW in all fine-textured 

soils, the addition of OM to coarse-textured soils led to greater and more significant increases 

in PAW, due to changes in pore size distribution and pore structure.  PAW is a function of the 

porosity, texture and structure of a soil.  Water is stored (retained) within the micro- and 

meso-pores of a soil, whereas macro-pores enable transmission (gravity drainage) of water. 

The water stored in the micro-pores is held at such high tensions that it may be unavailable to 

plants (residual water).  Therefore, OM amendments that change the relative proportions of 

these pores within a soil can change the water storage, availability and release characteristics 

of that soil.  The OM amendments to clay soil may have increased the proportion of macro-

pores leading to increased transmission, or hydraulic conductivity, which contributes to 

reduced PAW. 

Villagra-Mendoza and Horn (2018) observed that the effect of biochar amendments on WHC 

was less pronounced in a sandy loam than it was in a sand soil.  As in our study, adding biochar 

to a clay soil appears to decrease soil WHC and PAW due to increases in soil hydraulic 

conductivity and drainage (Castellini et al., 2015).  However, it should be noted that there are 

studies that have shown improvements in soil water availability with OM additions to clay 

soils.  For example, Aggelides and Londra (2000) found improved water retention in clay soils 

from a semi-arid climate amended with town waste compost mixed with sewerage sludge and 



173 
 

sawdust.  However, Aggelides and Londra (2000) also found the greatest improvement in 

water retention in a sandy loam.  Similarly, in a meta-analysis of biochar amendments, Omondi 

et al (2016) showed that biochar addition had a much larger effect on PAW in coarse textured 

soils than it did on finer soils, which is explained by the relative changes to the total porosity 

and mix of pore sizes within the soils.  We found that the OM amendments used in this study 

had a greater positive effect on PAW in the sand as opposed to the clay soil. 

Does greater PAW in OM amended soils lead to greater ET and growth for both xeric and mesic 

tree species? 

An increase of PAW in sandy soils with OM amendments did not increase the growth or ET of 

the mesic tree species (C. maculata).  It was interesting that the mesic tree species showed no 

growth response to sand soils amended with OM, even though a characteristic of mesic plants 

is their ability to quickly exploit changes in resource availability (Merchant et al., 2006).  

Generally, mesic plants will have greater relative growth rate than xeric plants that take a 

more conservative approach to minimise water loss and potential water stress (Lambers et al., 

2008).  We suspect that the increase in PAW due to OM amendments to sand represented only 

a small component of the daily ET of the WW mesic trees.  As such, the small but significant 

increase in plant water availability did not lead to a significant increase in biomass for any type 

of organic amendment.  Somerville et al. (2019) showed improved soil water properties and 

tree growth responses from using biochar in a coarse textured substrate.  In comparison to our 

study, Cao et al. (2014) provided a greater volume of substrate and therefore a greater volume 

of plant available water that significantly increased the number of days taken for the wheat to 

reach the PWP as compared to the control.  Under drought conditions the WD mesic species 

was smaller than the WW plants without changing the ratio of biomass allocation between 

shoots and roots.  Mesic species appear to maximise growth according to the available 

resources, which is consistent with ‘fast’ trait plants on the ‘fast-slow’ plant economics 

spectrum theory (Reich, 2014). 
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The WD mesic species generally grew less than their WW equivalents.  However, in the clay 

soil, the effect of the drought regime was more pronounced as shown by the more negative 

pre-dawn and midday water potentials.  A probable cause for this more intense drought effect 

is the greater growth of the trees in clay compared with the sand and their consequent higher 

ET (Figure 4.3).  For the WD mesic species an increase in PAW lead to an increase in ET for the 

compost and biochar amendments when compared with the control in the sand.  This did not, 

however, result in increased total biomass. 

In contrast with the mesic species, the xeric tree species benefited from the increased PAW in 

the OM amended sandy soil through increased growth and ET.  The increase in PAW from the 

OM amendment of the sandy soil represented a greater percentage of the xeric trees daily ET, 

and consequently, under WD conditions the xeric plants were able to use this additional 

available water to increase their growth beyond that of control trees.  Eucalyptus species from 

xeric environments can maintain leaf turgor and physiological activity during prolonged water-

deficit (Merchant et al., 2006).  Therefore, even under water stress, these xeric plants were 

likely able to use the increased available water resources provided by the OM amendments to 

increase plant growth.  The xeric species maintained similar plant biomass but re-allocated its 

photosynthates.  As xeric species have reduced growth rates, even under well-watered 

conditions, it is not surprising that under drought conditions the xeric plants allocated more 

biomass to the below-ground root systems to assist in water resource acquisition as these 

‘slow’ traits are associated with drought tolerance (Reich, 2014). 

Under WW conditions however, we believe that the growth differences of the xeric species in 

the OM amended sand were due to reasons other than water availability as water was not 

limiting in this treatment.  It is possible that although all the plants were well fertilised, the 

xeric species under WW conditions may have experienced some extra nutrient benefit, and 

therefore growth, from the use of OM amendments and fertiliser.  Agegnehu et al. (2016) 

found increased growth of maize from a combination of OM (biochar and compost) and 

fertiliser than just fertiliser use alone under field conditions.  We could also speculate that 
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another possible explanation is that a perched water table developed in the WW pots with 

sand that created anaerobic conditions and consequently, the xeric species was not able to 

access this soil (or water).  If this was the case, then the use of OM amendments may have 

improved drainage from those pots.   

Is there a synergistic effect from using compost and biochar together on soil properties and 

plant growth? 

In our study, we found no evidence of a synergistic effect on either soil water properties or 

plant growth from the mixing of the compost and biochar amendments, beyond that achieved 

by a single OM amendment.  Similarly, Agegnehu et al. (2016) showed that both compost and 

biochar amendments improved soil properties and plant growth but found no synergistic 

improvements from a combined compost and biochar amendment.  Other studies have 

claimed that compost and biochar together provide synergy, perhaps by infusing the porous 

biochar with nutrients as the compost decomposes (Fischer and Glaser, 2012).  Possible 

explanations as to why our study did not show evidence for the synergy between the compost 

and biochar include the short duration of the experiment, and the fact that our 

compost/biochar mix was not co-composted but simply mixed together immediately prior to 

its use.  A further possible explanation is that in our study the short duration meant that little 

compost decomposition occurred. 

Conclusion 

We investigated whether adding different forms of OM amendments to fine and coarse soils 

would improve plant available water, and thereby, improve tree growth.  Overall, adding any 

of the OM amendments to sand resulted in greater FC, while biochar and the combination of 

biochar and compost increased PAW, despite a concurrent small increase in PWP.  In contrast, 

adding OM to the clay soil decreased both the FC and PAW, probably due to increased macro-

pore distribution and connectivity within this soil type.   
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An increase in PAW in sandy soils with OM amendments did not increase the growth, or ET, of 

the mesic tree species.  However, increased PAW in the sand soils amended with OM did result 

in greater growth and ET in the xeric tree species.  In our study we found no evidence of a 

synergistic effect from the compost/biochar mixed amendment, upon either soils WHC or PAW 

properties or plant growth beyond that achieved by a single OM amendment. 

All three types of OM in our experiment had the same PAW, so our recommendation would be 

to use the type of OM that is best suited to a purpose, whether that be limited by cost, 

availability or other environmental or economic factors. 

There is a need for field-based research that similarly compares the use of different OM 

amendments in soils of different texture.  In our study we suggest that the mesic plants did not 

improve their biomass accumulation under WD conditions because the difference created by 

adding OM was too small to make a practical difference to plant growth.  This issue could be 

eliminated in a field study where the prepared volume of soil was large enough to allow for 

larger root exploration and exploitation of the amended soil.  If a larger rooting volume was 

amended, it may be that trees from mesic environments would also benefit from the 

application of OM into urban soils.  Also, the issue with a perched water table in the sand soil 

could be better managed, or eliminated, in field conditions, thereby eliminating this issue from 

the results. 
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Synthesis 

 Introduction 

Large, healthy trees can have an enormous impact on the health and well-being of city 

residents, as well as the quality of the environment they live in (Livesley, McPherson & 

Calfapietra 2016).  Unfortunately, the condition of urban soils is often poor and consequently 

planted trees frequently show unsatisfactory growth, health and survival (Craul 1985; 

Scharenbroch, Lloyd & Johnson-Maynard 2005).  In this thesis, I have studied methods to 

rehabilitate compacted and degraded urban soil to improve the successful establishment and 

growth of trees planted into those soils by improving key physical and biological properties 

through tillage and the incorporation of OM amendments (chapters 2 & 3).  My study also 

assessed the role that tree growth and water use strategies have in determining how different 

trees respond to distinct types of organic matter amendment in contrasting soils types 

(chapters 3 & 4).  To further our understanding of the rehabilitation of compacted and 

degraded urban soils my thesis had the following three objectives: 

1. To investigate the effect that tillage and the incorporation of organic amendments 

have on improving soil properties of compacted and degraded urban soils and their 

ability to support improved tree performance. 

2. To develop an understanding of the interaction between organic amendments and soil 

type when improving degraded urban soils. 

3. To understand the interaction between tree water strategies in determining tree 

growth response and levels of water stress in degraded urban soils amended with 

different organic amendments. 
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Empirical findings 

Effects of deep tillage and municipal green waste compost amendments on soil properties and 

tree growth in compacted urban soils 

I found that the mechanical loosening of compacted urban soils with the use of a back-hoe 

utilising a ‘scoop and dump’ technique (tillage) was effective at reducing soil bulk density in 

compacted urban soils. However, with tillage alone, the bulk density returned to pre-tillage 

levels within three months.  The incorporation of compost decreased the soil bulk density 

below that achieved by tillage alone, and the loosened soil conditions were maintained after 

15 months.  There was little effect of tillage alone on field-saturated hydraulic conductivity (Kfs) 

after three months.  At only one site was the field-saturated hydraulic conductivity of tillage 

plots greater than the control, and that was in the deep tillage treatment.  Adding compost 

however, increased Kfs above the control in every instance, and this was still apparent after 15 

months.  Increasing Kfs allows greater rainfall penetration and improved rainfall retention in 

soils.   There were no differences in the formation of water stable micro or macro aggregates 

across any of the treatments tested with or without the addition of compost, however, the 

sandy texture of the soils at the three sites would make the formation of water stable 

aggregates unlikely.  I found that the incorporation of compost deep into the soil (0.5 m) did 

not lead to the creation of worse anoxic soil conditions than there were without the 

incorporation of the compost.  Had there been inadequate ability for oxygen to move through 

the soil profile the addition of organic matter deep into the soil profile might have led to 

anaerobic decomposition of the OM which would have been detrimental to root growth, but 

no evidence of this was found.   

Although other studies have found evidence that tillage of compacted soils can improve plant 

growth (Curtis & Claassen 2009; Sinnett, Poole & Hutchings 2008), I observed that tillage alone 

had mixed effects on the growth of trees in this 15-month study.  However, I did find evidence 

that showed that deep tillage (0.5 m) is more beneficial to tree establishment and growth than 
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shallow tillage (0.25 m).  Deep tillage has an advantage for deep-rooted trees in that it can 

increase the rooting volume, and consequently, the water and nutrients available to be 

exploited by those trees, compared to shallow tillage (Mason & Cullen 1986).  This was also 

supported by reduced summer-time water stress in the trees grown in the deep tillage with or 

without compost in my study.  In this experiment tree growth did not benefit from 

incorporating compost with tillage, although tree growth can be hindered, in some cases, by a 

temporary immobilisation of nitrogen within the soil caused by the addition of compost with a 

high C:N ratio.  Although not tested in this experiment, it is possible that the re-mineralisation 

of the nitrogen would promote subsequent growth of the trees grown in the compost 

amended treatments.  The results from the experiments in chapters two and three were 

strongly influenced by site-specific conditions which modified how the remediation efforts to 

alleviate soil compaction affected tree growth. 

Key findings: I have shown that deep tillage (0.5 m) can be more effective than shallow tillage 

(0.25 m) for promoting tree growth. However, while adding compost improves soil physical 

properties and maintains these improvements for longer, it does not necessarily improve tree 

growth, and in some instances may reduce tree growth through nutrient immobilisation.  The 

effects of the remediation of degraded and compacted urban soils will depend on site-specific 

conditions. 

Biochar improves the physical and biological properties of compacted urban soils and 

promotes tree growth, but only to the same extent as compost  

In the second field experiment I confirmed that the use of organic matter, whether it be in the 

form of compost, biochar or a combination of compost and biochar, improved soil physical and 

biological properties when incorporated into degraded and compacted urban soils with tillage.  

Although biochar improved many soil properties, generally it only improved soil properties to 

the same degree as that achieved by compost alone, or by compost and biochar combinations.  

From laboratory tests, I showed that adding OM amendments to the sandy soil increased FC 
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which in turn increased plant available water.  Adding OM amendments to a soil with higher 

clay content did not increase the field capacity, permanent wilting point or the plant available 

water.  At three months, soil bulk density for the tillage alone treatments was no better than 

the control in both sandy and clay soils, whereas the incorporation of OM significantly 

decreased the soil bulk density levels at both sites.  After 30 months, there were no differences 

in bulk density between soils treated with compost and biochar, either alone or in 

combination, but all were lower than both the control and tillage alone treatments.  Given the 

bulk density measurements, it was not surprising that after 27 months, the Kfs rates showed 

that both OM types and combinations increased the Kfs rate above the control and tillage 

alone in both sandy and clay soils. 

Microbiological activity, measured thorough the decomposition of green and rooibos tea, 

showed that all OM additions in the sandier soils improved microbial activity for the more 

labile carbon in green tea, but in the clayier soils only compost and compost and biochar 

combinations improved the green tea decomposition.  Interestingly, the more stable carbon in 

the rooibos tea showed no differences in decomposition between any treatment at either site.  

As microbiological activity is a driver of increased soil macroaggregation it is not surprising that 

I found improved formation of water stable macroaggregates in the clayier soils, but only for 

the high and low combinations of compost and biochar.  This finding was the only evidence I 

found which supported a synergistic behaviour between compost and biochar.  No changes 

were found in the formation of water stable aggregates from the addition of OM in the sandier 

soils. 

A key finding from this experiment was that the incorporation of OM improved the water 

status of the trees at both sites, but this only influenced tree growth and water status when 

conditions were at their driest, otherwise there were no differences in the water status of the 

trees.  The laboratory soil water capacity tests demonstrated that the sandy soils gained the 

most benefit from the incorporation of OM and this was reflected in the extra tree water 

status benefits that the trees in the sandy soils gained from the OM.  Whereas the trees in the 
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clay soil had two measurements of improved water status, the trees in the sand soils had five 

measurements over the experiment that showed improved water status.  The improved water 

status in summer of the trees grown with OM amendments were reflected in the growth rates 

of the tree stem diameters.  At both sites, the OM treatments had increased stem diameter 

growth rates, but only during the summer or early autumn measurements.  At the end of the 

field experiment tree growth was assessed by the measurement of DBH and a growth index.  

The DBH, at both sites, showed that although the trees grown with OM treatments were all 

larger than the control, there were no differences between the trees grown in the compost, 

biochar or the compost and biochar combinations.  Similarly, the growth index, which 

incorporates canopy coverage in its metric, showed that in the sandy soils all OM trees grew 

more than the control trees, while in the clay soils all the OM trees, except for the biochar, 

grew more than the control.  It is interesting that, although neither type or combination of OM 

improved the water holding capacity of the clay soil, the trees grown in the clay soils still 

experienced improved seasonal water status and tree growth.  I attribute this improvement to 

the improved physical properties of the soil which allowed faster water infiltration during rain 

events and increased the volume of soil exploitable by the tree roots. 

Key findings: I have shown that the use of biochar can be as effective as using compost in the 

remediation of degraded and compacted urban soils, but it is not more effective than using 

compost.  Further, there were few synergistic soil or plant benefits from using compost and 

biochar together.  The effects of adding OM to texturally different soils will not be the same.  

Soil and tree growth improvements will come through different mechanisms.  In sandy soils 

the OM increases the PAW while in the clay soils although the OM doesn’t increase PAW it 

improves the porosity and infiltration rates. 
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Tree water use strategies and soil type determine growth responses to biochar and compost 

organic amendments 

In chapter four I present a glasshouse experiment to contrast the effects of OM amendments 

in different soil textures on two different tree species.  I studied two tree species with 

contrasting water use strategies grown in either sandy or clay soils amended with OM, and 

subject to either a well-watered or water deficit irrigation regime.  In contrast, the field 

capacity of the sandy soil was shown to improve with the addition of OM, but by a similar 

amount in the compost, biochar and compost and biochar combination treatments.  The PAW 

of the sand soil was similarly and significantly improved with the use of all OM types and 

combinations.  In contrast, both the FC and PAW of the clay soil decreased with the addition of 

OM, which was attributed to increased porosity and therefore, drainage.   

I found no differences in the water status, or biomass growth or allocation, of the mesic 

species between the OM treated clay or sand soils despite the differences that the OM made 

to the water holding properties of the sand soil.  There were, unsurprisingly, differences 

between the well-watered and water deficit trees.  I concluded that the fast growth rates of 

these trees led to large trees that had high evapotranspiration rates.  The high 

evapotranspiration rates of these trees meant that the change in water availability inside their 

pots derived from the OM amendments were only a small proportion of their daily water use, 

and therefore, inconsequential to potentially changing biomass.  Interestingly, the mesic trees 

did not change their allocation patterns under water deficit conditions, but evapotranspiration 

of the mesic spp. was greater under water deficit when PAW was increased in the sand soil.  I 

found that water deficit (drought) or OM amendments had little effect on the leaf area ratio of 

the mesic trees.  The xeric species with the lower water use strategy, on the other hand, had 

higher biomass accumulation in the sand soil because of the improved PAW with the addition 

of OM.  Consequently, the xeric species had greater evapotranspiration in the OM amended 

sand soils, although the growth differences were not reflected in differences in the water 
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status of the xeric trees.  The leaf area ratio of the xeric tree was decreased by drought in the 

clay soil for all OM amendments and the control, but this effect was not as evident in the sand. 

Key findings: The water holding characteristics of soil are improved with the addition of OM in 

sand, but not clay soil.  Trees with low water use strategies (xeric species) will benefit from 

improvements to soil water due to OM amendments in low water availability situations.  

Although not measured, this may also be the case for mesic species in the field.  However, I 

found no differences in the improvements gained from the incorporation of compost or 

biochar; they were the same. 

Management implications 

Chapters two and three of this PhD study that examined urban soils damaged by soil 

compaction indicate that soil remediation techniques of deep tillage alone or tillage plus 

compost and/or biochar will not always lead to a positive tree growth response.  Whether tree 

growth at a site will benefit from tillage alone or from tillage plus compost and/or biochar will 

be determined by site specific environmental and edaphic conditions, but also the properties 

of the amendment itself.  Different improvements to plant available water from the addition of 

OM amendments were measured for sand and clay soils.  However, although the PAW of the 

clay soils did not benefit from the addition of OM, in the field, changes to the physical 

condition of the urban soil might indicate that OM additions to clay soils is still worthwhile.  

For instance, bulk density and Kfs were improved in clay soils with the addition of OM, which 

increase water infiltration into the soil.  Furthermore, it is likely that the traits and water use 

strategies of the trees and other plants that are planted into those remediated soils will also 

influence the level of growth benefit that is realised.  

Soils amended with compost and biochar, either alone or in combination, produced the same 

improvements in PAW and tree growth in both clay and sand soils, so my recommendation 

would be to use the type of OM that is best suited to the purpose, whether that be limited by 

cost, availability or other environmental or economic factors.  Although biochar was not found 
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to provide benefits beyond those achieved using compost in this study, biochar may be used 

for purposes not examined in this study.  For instance, biochar may be used as a tool to 

increase the carbon soil sequestration in urban soils (Lehmann 2007; Smith 2016). 

A thorough site inspection of excavated soil profiles with basic soil property analysis is 

recommended before deciding upon a specific soil remediation approach.  A schematic 

representation of the interrelationships between climatic, edaphic and the traits of different 

tree species is provided in Figure 5.1.  The response of soils to remediation efforts has been 

shown in this PhD study to vary depending on the texture of the remediated soil.  Inspecting 

soil profiles can indicate whether there are compacted hard-pan layers that tillage alone will 

greatly improve.  A summary of expected soil and tree responses to tillage and OM 

amendments in wet and dry climatic conditions is provided in Table 5.1.  

Soil profile inspections can indicate the level of soil structure (aggregation) and approximate 

compost or biochar content which will then similarly indicate the likely benefit from OM 

additions.  The effect of soil salinity was also shown to severely limit the effect of remediation 

works, I would recommend that basic chemical analysis of urban soils is conducted prior to 

remediation to understand the challenges of each site.  
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Figure 5.1:  Schematic representation of the interrelationships of the climatic and edaphic 

conditions at a site and the traits of the targeted tree species when deciding on an appropriate 

soil rehabilitation process for low input urban environments.  The most suitable compacted 

and degraded soil remediation process will respond to the edaphic soil conditions that limit 

the establishment and growth of the selected tree species, given set climatic conditions.  Some 

soil conditions, such as high salinity, may not be able to be suitably remediated with tillage 

and/or organic matter amendments,  in which case the options are to replace the soil or chose 

tree species able to tolerate the particular conditions.  There is no immediate or short-term 

feedback to the climate. 
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 Table 5.1: Summary of expected clay and sand soil and tree responses to soil rehabilitation in 

dry and wet environmental conditions.  

 

 

DRY

Compaction Tillage Compost Biochar
Compost & 

biochar

Sand ≥1.6 g cm-3 ↓BD ↑PAW ↑PAW ↑PAW

↓root growth ↑Kfs ↑microbial 
activity

↑microbial 
activity

Increase PAW and cation exchange capacity in sandy soils with incorporation of 
compost or biochar into soil profile

Clay ≥1.4 g cm-3 ↓BD no change PAW no change PAW no change PAW

↓root growth ↑Kfs ↑microbial 
activity

↑microbial 
activity

↑microbial 
activity

↑WSA ↑WSA

Improve porosity in clay soils with poor structure with the incorporation of compost 
and/or biochar

Tree response ↓tree growth ↓tree growth ↑tree growth ↑tree growth ↑tree growth 

Recommendations:
must de-

compact if over 
threshold l imit

benefits may not 
last

benefits of 
ti l lage last longer

benefits of 
ti l lage last longer

benefits of 
ti l lage last longer

WET

Compaction Tillage Compost Biochar
Compost & 

biochar

Sand ≥1.6 g cm-3 ↓BD ↑PAW ↑PAW ↑PAW

↓root growth ↑Kfs ↑microbial 
activity

↑microbial 
activity

Improve the cation exchange capacity of sandy soils with compost and/or biochar, 
do not over fertilise to minimise leaching of nutrients

Clay ≥1.4 g cm-3 ↓BD no change PAW no change PAW no change PAW

↓root growth ↑Kfs ↑microbial 
activity

↑microbial 
activity

↑microbial 
activity

↑WSA ↑WSA

Maximise drainage from clay soils by improving soil structure 

Tree response

Shallow roots, may grow well, but 
compacted soils susceptible to 
water logging  and severe 
drought, risk of wind throw

May not improve tree response to rehabilitation

Recommendations:
must de-

compact if over 
threshold l imit

benefits may not 
last

tree growth may 
not be improved

tree growth may 
not be improved

tree growth may 
not be improved
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Recommendations for future research 

By necessity, this study has had a narrow focus on the types of organic matter that it has 

investigated.  For simplicity and efficiency, I have used just one type of biochar and one type of 

compost, however, the physical and chemical properties of biochar will change depending on 

several production factors; feedstock, pyrolysis temperature and pyrolysis duration are three 

factors affecting the final product (Hindi 2012; Weber & Quicker 2018).  I have shown that site-

specific conditions play a key role in the result of remediation of degraded urban soils.  It 

would be fascinating to study whether the qualities of biochar, or compost, can be tailored to 

meet the rehabilitation needs of different sites.  For example, if it was known that water was a 

limiting agent at a site, a biochar designed to maximise water retention, perhaps through a 

combination of pore size and hydrophilic qualities, might make a difference to plant growth at 

that site compared to other remediation works.  

I have used two tree species in this PhD study.  Although one of the species originates from 

mesic environments, as it has evolved in the vagaries of an Australian climate it likely has a 

degree of drought tolerance and may be less drought sensitive than other mesic species.  The 

xeric species comes from very dry conditions in the Australian interior.  I have found that the 

water use strategies of each tree species will determine how they respond to altered growing 

conditions.  A sensible extension to this study would be to expand the range of tested species 

to include those from a wider suite of environments and species with different physiological 

and morphological traits.  It would be interesting to test how trees from wetter environments, 

or deciduous trees, might respond to these treatments, particularly given that some of those 

species might be more sensitive to water stress.  As climate changes alter rainfall and 

temperature regimes around the world, maintaining local indigenous species may become 

more difficult without significant remediation to urban soils. 
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Limitations of the study 

This study has offered a comprehensive examination of the use OM to remediate urban soils 

using both field-based research and a glasshouse experiment.  As a direct consequence of this 

methodology, there were a few limitations which should be considered.  The field-work was 

subject to the vagaries of the climate, including temperature and rainfall variations.  As we 

found with our data, tree water stress and growth are variable throughout the year and I only 

measured growth differences on occasions when conditions were at their driest.  I found that 

there were no differences between compost and biochar in terms of tree growth.  It is possible 

that tree water stress and growth gaps may appear between compost and biochar if conditions 

were different to what was experienced in this study. 

In the field work, we considered just the one species which originates in mesic environments in 

Australia, although it has some drought tolerance.  A limitation (and scope for further study), 

of this experiment is the lack of drought intolerant species.  It is possible that the responses of 

less drought tolerant species would be more pronounced than the species studies, and 

differences in the types of OM become apparent. 

Conclusion 

This PhD study has been motivated by need to improve and expand the urban forest, 

particularly in locations where tree growth might be compromised by degraded soil conditions.  

I have found that degraded and compacted soil conditions can be improved with a simple, one-

off, albeit intensive, soil intervention that modifies key soil physical, chemical and biological 

properties by incorporating OM to enable more successful tree growth.  As the type of OM was 

not important, this is a method of soil rehabilitation that can be easily employed by land 

managers internationally to establish trees, to achieve the multitude of benefits that a 

flourishing urban forest can bring to society. 
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