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Thesis Summary  
The release of carbon (C) emissions into the atmosphere is the primary driver of global climate 

change. Addressing this is the biggest environmental challenge faced by humankind. To 

overcome the challenge, a growing focus has been on the largest terrestrial C store, soil, for 

its ability to sequester further C from the atmosphere. Due to the intensity of agricultural soil 

management, agricultural soils have a large C deficit that can be filled yielding various co-

benefits. The scale and feasibility of enhancing this C sink, however, is much debated. 

Recently, soil beneath the topsoil (i.e. subsoil) has been proposed as a better potential target 

than topsoil. This is because the conditions, soil characteristics and low disturbance allows C 

in agricultural subsoils to reach thousands of years of age. The overall aims of this thesis were 

to 1) evaluate and investigate subsoil-targeted C sequestration strategies; and 2) investigate 

the mechanisms underpinning subsoil greenhouse gas (GHG) dynamics (production and 

consumption) to understand how these impact C sequestration success. Firstly, I conducted 

an extensive review and meta-analysis of the literature describing mechanisms of subsoil C 

stabilisation to better evaluate subsoil-targeted C sequestration strategies and explore 

opportunities and limitations of this field, concluding that the strategies can offer more 

potential to sequester C in the long-term, but this is highly context dependent. Secondly, a 

series of laboratory incubations was conducted to test an approach to enhance subsoil C 

sequestration via the addition of iron to enhance C stabilisation. Despite the reduction in 

microbial C respiration of specific C forms, bulk soil C was not protected in the soil tested, so 

the method was not deemed an effective strategy for this soil. Next, a deep rooting grass field 

trial with or without root excluding mesh buried at different depths was established. 

Measuring GHGs above and below the mesh and using the concentration gradient method 

(CGM), more C was respired from root-accessible soil though this made no difference at the 

soil surface. This suggests that more C is gained than is lost from deeper rooting. To address 

the second aim, GHGs were measured at different depths across 2 growing seasons. The CGM 

was tested for gas flux estimation of carbon dioxide (CO2) to assess the method across 

different conditions and understand the movement and contribution of the gas to the 

surface-atmosphere flux. The CGM performed poorly in drought conditions and evidence of 

depth-dependent GHG consumption was found. Finally, an incubation study in a precision-

controlled environment with added 15N2O was conducted to disentangle the biological and 

physical mechanisms underpinning N2O production and consumption in soil. The diffusion 

rates did not differ with depth, but deeper soil consumed more N2O when drier due to aerobic 

denitrification, suggesting subsoils have high denitrification potential despite the low 

microbial biomass. Together, this research provides a valuable contribution to the 

understanding of the behaviour of C and GHGs in the subsoil environment, which is essential 

to pursuing subsoil C sequestration – a useful tool for aiding climate change mitigation. Going 

forward, greater evidence and policy support is required for large-scale adoption of subsoil-

targeted C sequestration strategies. 
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1.1 Soil carbon 

 Carbon (C) is the 4th most abundant element in the universe. It is the primary 

component of biological compounds in organic form and in many minerals in inorganic form. 

These various C forms are exchanged between three main planetary reservoirs, the oceanic, 

atmospheric, and terrestrial. This biogeochemical cycling, the global C cycle, is vital to all life 

on the planet (Canadell et al., 2022; Friedlingstein et al., 2019). The cycle is a closed system 

meaning that the amount of C does not change, but the location of the C in different reservoirs 

does. Importantly, the amount of C that is released into the atmosphere is predominantly in 

balance with that taken up by sinks under natural circumstances (Canadell et al., 2022). 

However, since the onset of fossil fuel burning for energy during the Industrial Revolution (ca. 

1760), this cycle has started to become unbalanced by more C entering and remaining in the 

atmosphere than is naturally cycled (Fig. 1.1; Friedlingstein et al., 2019). A build-up of 

greenhouse gases (GHGs) in the atmosphere over more than 260 years of this burning has 

enhanced the ‘greenhouse effect’ which is warming and destabilising the climate. This is 

causing greatest environmental threat to the planet experienced in human history (Canadell 

et al., 2022).  

 Understanding the global C cycle is key to understanding and addressing climate 

change. This is because small relative changes in C reservoirs can have large impacts on GHG 

emissions and the balancing of the C cycle (Köchy et al., 2015). The oceans are the greatest C 

reservoirs on the planet and, together with global vegetation, the biggest sinks of atmospheric 

C (Fig.1.1). The increase of C in the atmosphere has enhanced the strength of these sinks in 

response, though their future growth is uncertain (Huntzinger et al., 2017; McKinley et al., 

2017), with the saturation of sinks possible (Le Quéré et al., 2007). On land, however, soil is 

the largest C reservoir, greater than the atmospheric and vegetation reservoirs combined (Fig. 

1.1; Canadell et al., 2022; Friedlingstein et al., 2019). Not only is soil a valuable C reservoir, 

but they also provide us with over 94% of our food (FAO, 2022) and other vital ecosystem 

services, such as biodiversity, water regulation and nutrient cycling (Jónsson and Davídsdóttir, 

2016), for which soil C is crucial (Milne et al., 2015). While soil is naturally formed, it is 

considered non-renewable over human timescales due to slow rates of formation, high rates 

of soil loss and high demands on the resource (Lal, 2009). As such, the fate of our species is 

contingent on how we manage this crucial resource (Amundson et al., 2015). 
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Fig. 1.1 Schematic diagram of the global soil C cycle with inclusion of agriculture-related CO2 equivalent fluxes (Gt eCO2-C y-1) and atmospheric 
balances. Data from Canadell et al. (2022). Arrow width is relative to magnitude of flux. Values are estimates. LUC is land use change; D. Org. C 
and D. Inorg. C are dissolved organic and inorganic C, respectively. *refers to N2O emissions from agricultural land, including rice cultivation. 
**refers to CH4 emissions from livestock rearing.



20 

 

As soil C is gaining recognition for its importance in the environment, food security, and the 

climate, interest from both the public and scientific communities grows (Fig. 1.2). Soil C is 

present in the soil as soil organic C (SOC) and soil inorganic C (SIC). It is estimated that  

Fig. 1.2 A) ‘Soil carbon’ annual search interest (relative to year with the highest searches for 

the period; from trends.google.com) and B) the proportion of papers published in the Soil 

Science category under ‘Soil’ (N = 50,937; data from webofscience.com) containing ‘Soil 

Carbon’ search terms (N = 18,786) since 2012.  

 

the SOC stock in the upper meter of soil ranges between 1450-1550 Gt C and the SIC stock 

between 700-750 Gt C (Batjes, 1996), the majority of which is present underneath the topsoil 

(A horizon, ca. 0-30 cm; Jobbágy and Jackson, 2000). The balance between the forms of C in 

the soil depends on the ecosystem, where forest soil C can be close to 100% SOC and desert 

soil C can be >80% SIC across the whole soil profile (Wang et al., 2010). It is SOC, however, 

that is present in all soils; the most important form for providing soil services (Milne et al., 

2015); and the more susceptible to loss and degradation (Sanderman, 2012; Sanderman et 

al., 2017).   

 While SOC in topsoil turns over at a fast rate (Salomé et al., 2010), SOC in deep soil is 

much older (Schöning and Kögel-Knabner, 2006; Shi et al., 2020; Torn et al., 1997). Though 

the study of subsoils is developing, gaps in the knowledge of the mechanisms, behaviour and 

dynamics of subsoil C remain (Bernal et al., 2016; Inagaki et al., 2020; Stockmann et al., 2013). 

This is not helped by a recent trend of shallower sampling (Yost and Hartemink, 2020), likely 

due to the extra samples or challenges of deeper soil study. Nevertheless, the old age of deep 
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soil C is thought to be due to the oligotrophic conditions; low microbial biomass and access 

to C substrates (Dove et al., 2020; Salomé et al., 2010); higher relative abundance of reactive 

surfaces for C stabilisation (Rumpel and Kögel-Knabner, 2011); and lower disturbance (Lal et 

al., 2015) in deeper soils. Even in managed agricultural (crop- and grassland) soils, which cover 

38% of global land area (FAO, 2020), SOC can reach thousands of years in age in deeper layers 

(30-100 cm; Shi et al., 2020). However, agricultural topsoils have lost an estimated 133 Gt C 

due to agricultural management practices over the last 2 centuries (Sanderman et al., 2017). 

Loss of SOC leads to the release of GHGs and impairs the ability of soils to provide ecosystem 

services, which we rely on (Don et al., 2011; Tsiafouli et al., 2015). Yet, an opportunity to 

restore and even enhance the long-term storage of C in agricultural soils with atmospheric C 

exists (Lal et al., 2015), which can contribute to offsetting agricultural and fossil fuel GHG 

emissions (Fig. 1.1).  

  

1.2 Carbon sequestration 

 By adapting agricultural management practices, it is thought possible for atmospheric 

C to be incorporated into agricultural soil for long-term storage (i.e. soil C sequestration; Lal, 

2004a; Lal et al., 2015; Lorenz et al., 2007; Minasny et al., 2017; Powlson et al., 2011). The 

most popular of current methods for achieving this are the reduction of tillage intensity, use 

of cover crops, agroforestry, biochar application and other similar methods (Das et al., 2014; 

Fornara et al., 2018; Hübner et al., 2021; Lugato et al., 2014; Mondal et al., 2020; Rodrigues 

et al., 2021). Some of these practices form the basis for conservation and regenerative 

agriculture. Conservation agriculture is an established farming system based on the principles 

of minimising soil disturbance (i.e. reduced/no tillage), maintaining permanent soil cover and 

rotating crops (Hobbs et al., 2008). While regenerative agriculture lacks a scientific definition, 

it is generally based on soil conservation as the starting point for the contribution to and 

regeneration of ecosystem services to enhance the environmental, social and economic 

aspects of sustainable food production (Schreefel et al., 2020). It is believed that these 

systems will play an increasingly important role in meeting the higher demands for food in 

the future and sequestering more C in the soil (Giller et al., 2021; Hobbs et al., 2008; Schreefel 

et al., 2020). However, accurate quantification of realistic sequestration rates is currently 

difficult and estimations vary greatly (Chen et al., 2018; Minasny et al., 2017; Zomer et al., 
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2017). However, this strategy for climate change mitigation has received substantial public 

and scientific attention, especially since the announcement of the COP21 ‘4 per mille’ 

initiative in 2015 (www.4p1000.org). This initiative aims to encourage the sequestration of 

4‰ (i.e. 0.4%) of additional C per year, which can completely offset anthropogenic C 

emissions (relative to 2015 levels). Whether this rate is possible is hotly debated in the 

scientific community (Baveye et al., 2018; de Vries, 2018; Minasny et al., 2017; Poulton et al., 

2018), but is generally agreed to be an aspirational target to aim for. While the initiative is a 

bold and positive step in the right direction that should be supported by the public, policy and 

scientists, it has also highlighted the importance for the scientific community to be clear and 

consistent with the meaning and context of C sequestration to maximise its uptake and 

success.  

 As is evident from the scale of the issue in figure 1.1, fossil fuel emissions are central 

to driving climate imbalance and reducing these are fundamental to climate change 

mitigation. Therefore, directly or indirectly framing soil C sequestration as the ‘solution’ to 

the climate crisis is dangerous as it may hamper efforts to address the root of the cause - 

reducing fossil fuel emissions. This is especially important as soil is a relatively small sink with 

finite capacity compared to the large oceanic C sink (Fig. 1.1; Lal, 2004b). Soil C sequestration 

can, however, complement the necessary shift towards a low or carbon neutral society with 

multiple co-benefits (Baker et al., 2020; Sykes et al., 2020).   

 It is also crucial to emphasize that C sequestration is not a one-way process. C 

sequestered can rapidly be lost to the atmosphere nullifying any climate or soil function  

benefits, if management practices change (Smith, 2008). This loss is more likely to occur in 

topsoils where C turnover is higher due to decomposition favouring conditions and greater 

microbial activity and biomass (Salomé et al., 2010). As a result, there has been a growing 

interest in the potential of targeting deeper soil for C sequestration, where the inherent 

characteristics are thought to be concomitant with long-term C storage (Chabbi et al., 2009; 

Chen et al., 2018; Kautz et al., 2013). Examples of these are, infrequent deep inversion tillage 

(Alcántara et al., 2016; Schiedung et al., 2019), deep rooting crops (Kell, 2011; Lynch and 

Wojciechowski, 2015) and burial or injection of various products (e.g. mineral or clay; 

Churchman et al., 2014; Porras et al., 2018). Evaluation and experimental evidence of current 
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and emerging subsoil-targeted C sequestration strategies are lacking. These gaps need to be 

addressed to assess the potential of pursuing deep soil C sequestration. 

 

1.3 Greenhouse gases 

 The behaviour and fate of CO2 and other GHGs (CH4 and N2O) play an important role 

in the success of C sequestration and global GHG budgeting (Almaraz et al., 2020; Blagodatsky 

and Smith, 2012; Boyer et al., 2006). If a sequestration approach induces the release of 

substantial GHGs, then any C gained could be outweighed by the release of CO2 or other more 

powerful GHGs. This is especially important in the case of subsoils, where CO2 and N2O 

concentrations increase with depth (Fig. 1.3; Davidson et al., 2004; Dong et al., 2013; Wang 

et al., 2018). If disturbed, this reservoir of gas can quickly diffuse to the soil surface 

(Mencuccini and Hölttä, 2010). Though how large this affect is largely unknown.  

 

 

Fig. 1.3 Schematic diagram of the mechanisms and soil properties underpinning N2O 

behaviour and fate in an agricultural soil. An increased soil water content from percolating 
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rainwater increases water-filled pore space which decreases the O2 content of the soil and 

increases the physical entrapment of gas in the soil by restricting diffusivity. This is the 

primary reason for the observed high concentrations of N2O at depth, despite low N2O 

production at depth. N2O production and consumption rely on anaerobic conditions which 

can occur in microsites even when the soil is freely draining. Root respiration and microbial 

respiration of root products can cause local O2 depletion. Fertiliser application increases N 

supply and the production of N2O. All these processes impact the net flux, which is a balance 

between the gross production and consumption rates of N2O. The lines in the panel on the 

right demonstrate the expected trends of these major processes with depth. Dashed lines 

represent transient or dependent effects. 

 

 It is of particular importance to limit the emission of the GHG, N2O, as it depletes 

ozone and has a global warming potential almost 300 times that of CO2. Agriculture is the 

greatest source of N2O, contributing significantly to atmospheric imbalance (Fig. 1.1). As such, 

understanding the fate and behaviour of this gas in the soil profile is of great importance 

when considering subsoil targeted C sequestration strategies. The behaviour of this gas is 

more complex than CO2 as it is dependent on several factors and can be both microbially 

produced and consumed in the soil profile (Fig. 1.3; Clough et al., 2005), the balance of which 

determine the surface-atmosphere flux.   

 While the study of N2O has been extensive, focus has predominantly been on surface-

atmosphere gas exchange, via chamber (Oertel et al., 2016; Vangeli et al., 2022) and eddy-

covariance methods (Baldocchi, 2003; Rachael M. Murphy et al., 2022). While of great use, 

these methods do not gain insight into the dynamics and processes underpinning GHGs at 

depth (Wang et al., 2018). This is in part due to the difficulty of measuring fluxes in situ and 

the challenge of disentangling physical and biological processes that can occur simultaneously 

(Fig. 1.3; Wen et al., 2016). Other techniques, including the concentration gradient method 

(CGM) and isotope enrichment have allowed progress at different spatial and temporal 

ranges (Clough et al., 2006; Maier and Schack-Kirchner, 2014; von Fischer and Hedin, 2002; 

Yang and Silver, 2016). Yet, further testing and validation of these are necessary to 

understand the limitations and application for accurate GHGs budgeting and ensuring 

successful subsoil C sequestration strategies.  
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1.4 Methodological approaches 

 To investigate scientific questions, different repeatable measurement and analysis 

methods are required. Common methods differ in their application, cost, reliability, and 

scope, among other factors. Therefore, choosing an appropriate method requires 

consideration of their individual advantages and disadvantages.  

1.4.1 Gas flux measurement methods  

 Various methods to quantify the gas exchange between the soil surface and the 

atmosphere exist. The most important field methods in the context of GHG soil-atmosphere 

gas exchange are the chamber, eddy covariance and concentration gradient methods (as 

suggested by Maier and Schack-Kirchner, 2014). The advantages and disadvantages of these 

are summarised in Table 1.2.  

Chamber methods  

 The static (closed, non-flow-through, steady-state) open-bottom chamber method is 

the most common technique for measuring soil-atmosphere fluxes and has been in use for 95 

years (Lundegårdh, 1927). Chambers placed over the soil are temporarily sealed creating a 

closed headspace that is sampled over time by chemically trapping gas or taking gas samples 

(Charteris et al., 2020) or using automated closure and direct measurement of the headspaces 

gas concentration in the field (Grace et al., 2020; Marsden et al., 2019). Another version of 

this method is with dynamic (flow-through, non-steady-state) chambers (Maier et al., 2022). 

These have a known flow of air in and out of a soil chamber headspace, where the flow rate 

and the difference in concentration between the in and out flow of gas is used to calculate 

the flux. These chambers are part of automated systems which can produce higher temporal 

resolution data with less labour, but are more expensive, are limited by number of chambers 

and need skilled operation and maintenance (Yu et al., 2013).  

 The reason for the popularity of the static chamber approach for GHG measurements 

is due to its low cost, ease of use and local and versatile applicability. Due to the prolific use 

of chambers, an extensive database exists that can be used for comparison of various gas 

fluxes in different contexts (e.g. Jian et al., 2021). The greatest consequence of the chamber 

method, however, is that it affects the microclimate (temperature, soil moisture, pressure) 

and physical characteristics (gas transport; rainfall, litter fall and wind exclusion or 

modification) of the chamber environment. This can cause over- and underestimates of soil 
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fluxes (Chaichana et al., 2018; Maier and Schack-Kirchner, 2014; Rochette et al., 1992), 

though reliably validating this is a challenge (Yu et al., 2013). In addition, due to the 

heterogeneity of soil fluxes, extrapolation of gas exchange from a few chambers to greater 

areas can introduce large error and a high number of chambers may be needed to best 

represent the field.  

Eddy covariance method  

 A method that avoids the aforementioned chamber-related problems, is the eddy 

covariance method. This is an atmospheric micrometeorological measurement technique 

which can produce net gas exchange measurements across soil/canopy-atmosphere 

interfaces by interpreting the covariance between wind velocity and scalar concentration 

fluctuations (Baldocchi, 2003). As fluxes are averaged over time, sampling error can be 

relatively low (Baldocchi, 2003). Automated eddy covariance towers are best used for longer-

term ecosystem scale studies (e.g. Cowan et al., 2020), as spatial heterogeneity is integrated. 

However, this method is limited by requiring flat land and no/low wind velocities for best 

results. Nevertheless, agreement between eddy covariance and closed chamber GHG 

measurements has generally been observed to be very good for N2O (Murphy et al., 2022a, 

2022b); good for CO2 (Balogh et al., 2007; Reth et al., 2005; Riederer et al., 2014), and 

adequate for CH4 (Chaichana et al., 2018; Yu et al., 2013). However, the challenging issue of 

knowing which method is more accurate when they do not agree remains (Yu et al., 2013). 

Concentration gradient method  

 The concentration gradient method (CGM) calculates fluxes based on the gradient of 

soil concentrations and the effective gas diffusivity in soil, assuming molecular diffusion is the 

dominant transport of gas in soil (Jong and Schappert, 1972; Maier and Schack-Kirchner, 

2014). Compared to the chamber and eddy covariance methods, which only measure soil-

atmosphere fluxes, the CGM can gain additional information regarding the production and 

consumption of GHGs in the soil profile. In addition, the method avoids chamber-related 

effects by use of various soil profile gas sampling approaches (see examples in Maier and 

Schack-Kirchner, 2014). As a result of this and recent technological advances, this method has 

been gaining attention and been applied in various gas exchange studies (Maier and Schack-

Kirchner, 2014).  

 By extrapolating the fluxes at depths to the soil surface, the CGM can produce good 
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estimates of soil-atmosphere gas exchange, as validated by chamber based measurements (Li 

and Kelliher, 2005; Maier and Schack-Kirchner, 2014; Wang et al., 2018; Xiao et al., 2015). The 

accuracy of the CGM estimates are, however, largely determined by the soil diffusion 

coefficient (Ds), which is often modelled and rarely measured (Li and Kelliher, 2005). In 

general, the CGM is most successful when i) the Ds is measured (methods described by Allaire 

et al. 2008); ii) data input is at high temporal resolution; and iii) it is used for CO2, in particular. 

This is because CO2 uptake processes are negligible, compared to N2O and CH4 where 

consumption and oxidation processes occur heterogeneously throughout the soil profile 

(Maier and Schack-Kirchner, 2014). Continuous assessment of the CGM is important to 

identify its strengths and limitations in different climates, vegetation and soil types and 

depths. 

 

Table 1.1 Summary of the advantages and disadvantages of chamber, eddy covariance and 

concentration gradient methods for soil-atmosphere gas flux calculation. 

Method Advantages Disadvantages 

Chamber • Low cost and easy to use in a 

range of conditions and areas. 

• Lots of studies to compare 

results with. 

• Can be measured continuously 

(i.e. automated system) 

 

• Local chamber effects can bias 

data (e.g. temperature, moisture, 

pressure, air movement) 

• Measurements are localised and 

may not accurately represent the 

fluxes from a larger area.  

• High variation due to spatial 

heterogeneity in soil gas fluxes. 

Eddy 
covariance 

• Range of timescales possible 

(hours to years). 

• Ecosystem scale measurements. 

• Ideal for building long-term 

datasets. 

• Avoids issues of spatial 

heterogeneity and chamber 

effects. 

• Useful for model validation. 

• Low random sampling error. 

 

• Expensive. 

• Exact location of the source of 

fluxes cannot be determined. 

• Measurements yield a mean 

meaning homogeneity is 

assumed. 

• Requires reliable power source. 

• Best results with atmospheric-

steady conditions.  

• Can require gap filling when flux 

measurements drop out. 
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• Most applicable on flat and 

homogenous land.  

• Poor results in low wind. 

Concentration 
gradient 

• Low cost and easy to use in a 

range of conditions and areas. 

• Provides insight into subsurface 

processes and dynamics. 

• Can be measured continuously. 

• Avoids chamber effects. 

• Does not work as well for N2O 

and CH4 due to consumptive 

processes. 

• Dependent on accurate 

measurement or modelling of Ds. 

• Best to validate against surface 

measurements. 

• Can cause soil disturbance at 

depth. 

 

 

 

1.4.2 Isotope tracing 

 Stable and radioactive isotopes are extremely useful tools for tracing the fate of a 

particular compound in a complex system with high degrees of accuracy and specificity. For 

example, using C isotopes can gain valuable insight into C cycling processes and can be used 

as constraints for C models (Torn et al., 2002). Tracing can be done with radioactive or stable 

isotopes; the advantages and disadvantages of which are summarised in Table 1.2. Depending 

on the isotopes, radio and stable isotopes can be used simultaneously.  

Stable isotopes  

 Stable isotopes have been used extensively to trace compounds since first being 

applied in soils around 80 years ago. The most popular stable isotopes for studying C and N 

related soil and greenhouse gases processes are 12C, 13C, 14N, 15N, 16O and 18O (Zhu et al., 

2019), with 15N most popular (International Atomic Energy Agency, 2001). Light element 

stable isotopes (e.g. H, C, N, O, S) are most commonly measured by isotope ratio mass 

spectrometry, which passes a gas containing the isotopes through a strong magnetic field that 

deflects the isotopes depending on their mass and records them (International Atomic Energy 

Agency, 2001). This method is highly precise and so can also be used for natural abundance 
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analysis, but is expensive, requires high operator skill and reliable power source as it runs 

continuously. The advantages and disadvantages of stable isotopes is summarised in table 

1.2.  

 The original assumptions in stable isotope studies were that the isotopic composition 

of an element does not change and that the behaviour of light and heavy isotopes in reactions 

is the same (Xing et al., 1997). However, it was later discovered that these are not true, with 

variation in natural abundance of elemental isotopes and differences in the behaviours of 

light and heavy isotopes in reactions observed (Xing et al., 1997), which resulted in the 

development of different isotope study approaches. The main approaches of stable isotope 

use are natural abundance and enrichment studies.  

 The variation in natural abundance of an isotope relies on isotopic fractionation, which 

is caused by the biological, chemical or physical preference for the light (e.g. 14N) over the 

heavy isotope (15N) in a reaction (Werth and Kuzyakov, 2010). This means that reaction 

products will be enriched in the lighter isotope and the reaction substrate will be enriched in 

the heavy isotope. The deviation of the heavy isotope abundance from that of the respective 

isotope standard is expressed as a ratio using the ∂-notation. The established standards are 

Pee Dee Belemnite for C, atmospheric N2 for N and Standard Mean Ocean Water for O (Zhu 

et al., 2019). Natural abundance studies allow for quantification of C and N balances and 

cycling processes (Werth and Kuzyakov, 2010). For example, due to the differential use of 

isotopes in C3 and C4 photosynthesis, the contribution of plant-derived C to bulk soil C can be 

traced (Rasse et al., 2006).   

 Isotope pool dilution is an isotope enrichment method by which heavy isotope-

enriched compounds are added to a solid, gas or liquid volume and the dilution of the 

enriched isotope pool is measured via the flux of unlabelled compound into the pool. Initially, 

this method was used in solid phases (Davidson et al., 1991), but has since been applied to 

the study of CH4 (von Fischer and Hedin, 2002) and N2O (Wen et al., 2016; Yang et al., 2011) 

gases. The latter being developed to address a need for better N2O consumption 

methodologies (Almaraz et al., 2020; Groffman et al., 2006). Being able to trace different 

molecules, this method is thought to gain more insight into the processes occurring in the soil 

(Yang et al., 2011). However, its accuracy has been questioned, as N2O produced and 

consumed within microsites would not interact with the pool and, therefore, N2O 
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consumption would be underestimated by this method (Well and Butterbach-Bahl, 2013). 

However, as concluded by Almaraz et al. (2020), the 15N-N2O pool dilution method does not 

capture all N2, but is the only method that can measure N2O uptake and emission and be used 

with undisturbed soil that can be applied to the field. 

Radioactive isotopes  

 Radioactive isotopes behave in the same way as their stable counterparts, but have 

certain advantages over stable isotopes (International Atomic Energy Agency, 2001), 

summarised in table 1.2. The practicality and use of individual radioisotopes depend on the 

half-life, mode (α-, β-, γ-decay) and energy of decay. The radioisotope of C, 14C, is the most 

used radioisotope in environmental science due to its study relevance and the safety and 

practicality of its long half-life of 5,730 years. The principle of measurement is the same as for 

the stable isotope  pool dilution method, whereby the radioactively labelled compound that 

is added to a system is the equivalent of the enriched stable isotope. However, radioactive 

isotope analysis is faster. Radioisotope particles are chemically trapped in alkaline solution 

and measured by liquid scintillation counting which quantifies scintillations (emitted light 

flashes) from the reaction of released isotope β-particles and chemiluminescent reactive 

organic solvents. This method has recently been criticised for underestimating 14C 

radioactivity, as the chemically trapped 14C-CO2 was found to be outgassed by the certain 

organic scintillation solvent (Boos et al., 2022). They suggest more efficient solvents (e.g. 

Optiphase HiSafe 3) and recommend molarity, volume and base saturation (1 M, ≥ 1 ml, 50%; 

respectively) of alkaline solution for the best results.   

 Most common radioactive isotope studies in soil involve the addition of 14C-labelled 

compounds and the consequent measurement of 14C-CO2 microbial respiration. This 

approach allows for the measurement and partitioning of microbial metabolism of organic C 

into both growth and respiration pathways (Jones et al., 2019). This is important to 

understand the mechanisms underpinning the fate of C that is added to the soil. Another 

application of radioisotope study is to use the natural decay of the radioactive isotope to 

determine the age of an element, as done for estimating the centurial to millennial age of C 

in the soil by Shi et al. (2020). 
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Table 1.2 Summary of the advantages and disadvantages of radio and stable isotopes for 

tracing studies. 

Isotope Advantages Disadvantages 

Stable • Can be studied without tracer (i.e. 

natural abundance studies). 

• Multiple stable isotopes exist for 

most elements. 

• Can remain in system indefinitely.  

• Expensive, technical, and slow  

analysis. 

• Requires quantification of natural 

abundance and fractionation pools. 

Radio • Easily traced 

• Analysis time is rapid, approximately 

1 min sample-1.  

• Studies can be short (<1 week).  

 

• Exposure to radioisotopes can have 

health risks.  

• Strict guidelines must be observed 

when working with radioisotopes. 

• Many elements of interest* do not 

have practical radioactive isotopes. 

• Purchasing radioisotopes can be 

expensive as they require nuclear 

reactors for production. 

*to common C-related soil studies. 

1.5 Conclusions 

 C and its sequestration in soil has been studied extensively, but focus has 

predominantly been on topsoils. Yet, there is reason to believe that C sequestration efforts 

are better targeted to deeper soil layers. While the importance of studying deeper soil is being 

recognised, knowledge gaps need to be addressed to unlock the potential of subsoil C 

sequestration. In addition, C sequestration studies must consider GHG emissions as these can 

counteract any C gains made. The following experimental work addresses the key knowledge 

gaps identified through this review: 

• Soil C sequestration strategies that target topsoils have been well documented and 

while subsoil specific strategies exist, they have not been evaluated or compared. This 

is needed to determine the methods that have potential and to understand how and 

which soil types they are best applied to for maximum sequestration success. 

Therefore, Chapter 2, aims to assess emerging subsoil-targeted strategies in the 

context of the subsoil C sources, mechanisms of stabilisation and soil via a systematic 

search of the literature.  
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• Many of the subsoil-targeted C sequestration strategies are based on theory, ex situ 

evidence and/or are highly context dependent. Therefore, further insight and 

evidence of their mechanisms and outcomes are needed to build the full picture of 

this approach to C sequestration. Chapters 3 and 4, assess the C sequestration 

potential of 2 emerging subsoil-specific strategies from novel perspectives. 

• The behaviour and fate of GHGs in the soil are not fully understood. In the context of 

deep C sequestration, understanding how disturbance of the subsoil may impact these 

is essential for sequestration success. The CGM is a valuable tool for doing this, which 

also requires further validation. Chapters 4 and 5 aim to test the CGM in a variety of 

contexts and gain insight into the behaviour and dynamics of subsoil GHGs. 

• Understanding the balance between N2O production and consumption in the soil 

profile is important for accurate determination of the soil-atmosphere flux. How this 

varies with depth is difficult to measure and so in Chapter 6 the aim is to apply the 

pool dilution method to study this and improve our understanding of the physical and 

biological factors in soil N2O processes.    

 

1.6 Thesis aims and objectives 

 This thesis has been motivated by the need for further research to address the 

knowledge gaps presented above. This section details the aims and objectives of the thesis, 

followed by a brief description of the relevant chapters and experimental work referring to 

each objective. The thesis is divided into 7 chapters with a meta-analysis and a series of 4 

experimental chapters. A list of the experimental chapter titles is presented in section 1.7. 

Individual hypotheses and objectives are described in detail within each chapter.   

Thesis aims  

The work presented in this PhD thesis primarily aims to evaluate and investigate subsoil-

targeted C sequestration strategies. In addition, the behaviour and fate of soil GHGs in deep 

soil is investigated to understand how these may impact C sequestration success from a 

climate change mitigation perspective. 

Objective 1 – Evaluate the current potential and strategies for sequestering C in agricultural 

subsoils 
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In Chapter 2, the sources and stabilisation mechanisms of C in the subsoil are reviewed to 

understand how and why subsoils can be targeted for C sequestration. A meta-analysis was 

conducted to collect data from the literature to characterise top- and subsoils by important 

biological, chemical, and physical soil properties for C sequestration and to evaluate the 

current evidence of subsoil-targeted C sequestration strategies. 

Objective 2 – Determine whether the addition of iron to agricultural soils is an effective C 

sequestration strategy 

In Chapter 3, a series of laboratory incubations were conducted to determine the potential of 

adding Fe to agricultural soils. Different forms of Fe were added to agricultural top- and 

subsoils with native or 14C-labelled substrates and the impact on soil chemistry and CO2 fluxes 

were determined.  

Objective 3 – Quantify the contribution of deep-rooting grass to deep soil organic carbon 

In Chapter 6, a field trial was set up with deep rooting grass and root-excluding mesh installed 

at different depths to determine whether deep rooting was at the expense of aboveground 

and higher surface-atmosphere fluxes.  

Objective 4 – Investigate the dynamics of soil greenhouse gases at depth 

In Chapter 4, soil GHGs were measured at different depths across multiple growing seasons 

to understand how environmental conditions influence the dynamics of GHGs with depth and 

to further evaluate the concentration gradient method.   

Objective 5 – Disentangle the physical and biological components of N2O mechanisms in 

intact agricultural soil 

In Chapter 5, a series of laboratory incubations with  intact top- and subsoil cores were 

conducted to determine the diffusion coefficient and gross N2O production and consumption 

rates applying the 15N-N2O pool dilution method in a novel way.  

 

1.7 Chapter information 

 The chapters herein have been prepared in the style of journal article manuscripts. 

Each experimental chapter starts with a title page detailing the authors, their contributions 

to the work, and the journal publication status. For consistency and clarity, the experimental 



34 

 

chapters will be referred to as they appear in the thesis. The chapter titles and publication 

statuses are as follows: 

 

 

Chapter Title Status 

1 Introduction.  

2 
Deep-C storage: Biological, chemical and physical strategies 

to enhance carbon stocks in agricultural subsoils. 

Published in Soil 

Biology and 
Biochemistry 

3 
Addition of iron to agricultural topsoil and subsoil is not an 

effective C sequestration strategy. 

Published in 

Geoderma 

4 
Impact of deep-rooting grass root exclusion on aboveground 

biomass and soil greenhouse gas fluxes. 

Not to be 

submitted 

5 
Greenhouse gas production, diffusion and consumption in a 

soil profile under maize and wheat production. 

Under review in 

Geoderma  

6 
Separating production and consumption of N2O in intact 

agricultural soil cores at different depths and moisture 

contents using the 15N-N2O pool dilution method. 

Under review in 

European Journal 
of Soil Science 

7 Discussion and conclusions.  
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Abstract 

Due to their substantial volume, subsoils contain more of the total soil carbon (C) pool than 

topsoils. Much of this C is thousands of years old, suggesting that subsoils offer considerable 

potential for long-term C sequestration. However, knowledge of subsoil C behaviour and 

manageability remains incomplete, and subsoil C storage potential has yet to be realised at a 

large scale, particularly in agricultural systems. A range of biological (e.g. deep-rooting), 

chemical (e.g. biochar burial) and physical (e.g. deep ploughing) C sequestration strategies 

have been proposed, but are yet to be assessed. In this review, we identify the main factors 

that regulate subsoil C cycling and critically evaluate the evidence and mechanistic basis of 

subsoil strategies designed to promote greater C storage, with particular emphasis on 

agroecosystems. We assess the barriers and opportunities for the implementation of 

strategies to enhance subsoil C sequestration and identify 5 key current gaps in scientific 

understanding. We conclude that subsoils, while highly heterogeneous, are in many cases 

more suited to long-term C sequestration than topsoils. The proposed strategies may also 

bring other tangible benefits to cropping systems (e.g. enhanced water holding capacity and 

nutrient use efficiency). Furthermore, while the subsoil C sequestration strategies we 

reviewed have large potential, more long-term studies are needed across a diverse range of 

soils and climates, in conjunction with chronosequence and space-for-time substitutions. 

Also, it is vital that subsoils are more consistently included in modelled estimations of soil C 

stocks and C sequestration potential, and that subsoil-explicit C models are developed to 

specifically reflect subsoil processes. Finally, further mapping of subsoil C is needed in specific 

regions (e.g. in the Middle East, Eastern Europe, South and Central America, South Asia and 

Africa). Conducting both immediate and long-term subsoil C studies will fill the knowledge 

gaps to devise appropriate soil C sequestration strategies and policies to help in the global 

fight against climate change and decline in soil quality. In conclusion, our evidence-based 

analysis reveals that subsoils offer an untapped potential to enhance global C storage in 

terrestrial ecosystems. 

 

 

Keywords: Chemical stabilization; Greenhouse gas emissions; Organic matter priming; 

Physical protection; Regenerative agriculture; subsoil carbon. 
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2.1 Introduction 

 Soil, a global reservoir of 3000 Pg carbon (C) (Köchy et al., 2015) with a mean age of 

3100 years (He et al., 2016), has a significant capacity for long-term C storage. However, the 

extent to which this terrestrial C sink will continue to grow as atmospheric CO2 concentrations 

increase remains unclear. Most C in agricultural soils (cropland and pasture) is held in an 

organic form (soil organic carbon, SOC), which is susceptible to destabilization as a result of 

changes in land use, management practices and environmental conditions (Guo and Gifford, 

2002; Davidson and Janssens, 2006). Due to agriculture alone, 133 Gt of SOC has already been 

lost to the atmosphere in the past two centuries, and the rate of loss is increasing (Sanderman 

et al., 2017). SOC loss severely impacts soil functions, including water infiltration, nutrient 

supply and biodiversity, leading to erosion, a decline in soil fertility and a release of 

greenhouse gases (GHGs - CO2, CH4, N2O) (Don et al., 2011; Tsiafouli et al., 2015). Due to the 

projected growing demand for food production from already degraded land, intensive 

agriculture is putting soils at further risk of SOC loss (Johnson et al., 2014; Sanderman et al., 

2017). Still, enhanced soil C sequestration of ~1000 additional Pg C is thought to be possible 

(Lorenz and Lal, 2005).   

 Sequestering organic C in the soil can have multiple benefits, including i) offsetting of 

anthropogenic C emissions, ii) restoring soil function, iii) improved soil resilience (to erosion, 

pollution, diseases and drought), iv) increased agricultural productivity and sustainability, and 

v) greater food security (Lal et al., 2015). Due to these expected benefits, promoting SOC 

sequestration is of keen interest to both the scientific and policymaking communities. A 

number of recent analyses suggest that ‘natural solutions’ like sequestering C in soil are 

economical and ‘no-regrets options’ that could achieve a substantial portion of the negative 

emissions needed to achieve carbon neutrality (Baker et al., 2020; Sykes et al., 2020). While 

the recent ‘4 per 1000’ soil C sequestration initiative has drawn both support (Minasny et al., 

2017; Rumpel et al., 2020) and criticism (Baveye et al., 2018; de Vries, 2018; Poulton et al., 

2018) from the scientific community, this initiative: i) has been an aspiration and definitive 

step in the direction of direct action to mitigate climate change via soil C sequestration, ii) 

brought soil C sequestration to extensive scientific, public and political attention, and iii) 

considers soil below the topsoil, albeit to a maximum depth of 40 cm, in the context of C 

sequestration.  
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 Currently, the practiced measures to limit C loss and/or maximise C retention in 

agricultural soils are largely targeted to topsoils (Ap horizon; ca. 0-30 cm). This predisposition 

towards topsoils is confirmed by Yost and Hartemink, (2020) who found the mean soil depth 

studied in 4 primary soil science journals to be 24 cm between 2004 and 2019. Topsoil C 

retention strategies include reducing tillage intensity, the addition of organic amendments, 

growing cover crops, using leys with grazing livestock, agroforestry and restoring of natural 

vegetation (Smith, 2008), along with a variety of regenerative agriculture practices still being 

tested.   

 However, topsoil, despite being rich in SOC (per volume of soil), has a relatively low 

potential to sequester further C (Rumpel and Kögel-Knabner, 2011; Hobley et al., 2017). Due 

to favourable soil conditions for decomposition, high microbial activity, aeration, large inputs 

of labile organic matter, and high soil disturbance; topsoils experience high rates of C 

mineralization and short C residence times (Schlesinger and Andrews, 2000; Fontaine et al., 

2007; Salomé et al., 2010). As a result, C retention strategies have had varying results in 

improving soil C stocks and decreasing soil GHG emissions in the long term (Kirkby et al., 2014; 

Smith et al., 2014a). In addition, as topsoil C sequestration is reversible, changes in land use 

and management can lead to rapid C loss (Smith, 2008).     

 While deep soil horizons (ca. ≥ 30 cm) are often considered biologically quiescent, 

deep soil C is responsive to environmental change (Bernal et al., 2016; Hobley et al., 2017; 

Slessarev et al., 2020) and comprises the majority of the global soil C pool (Jobbágy and 

Jackson, 2000). Therefore, to limit C losses and increase C stocks over longer timescales (i.e. 

50-1000 years; Piccolo et al., 2018), approaches targeting deeper, low disturbance soil may 

have the potential to be more successful. The residence time of subsoil (B horizon; ca. ~30-

100+ cm) C increases with depth, with C here commonly attaining millenial age (Torn et al., 

1997, 2002; Rumpel et al., 2002; Schöning and Kögel-Knabner, 2006). This is confirmed by Shi 

et al., (2020) who determined the global mean of deep cropland and grassland soil (30-100 

cm) to be 3700 and 5400 years old by radiocarbon measurements, which is 3.8- and 3.5-fold 

older than measured in the topsoil (0-30 cm), respectively. As awareness of the potential for 

subsoils to promote SOC sequestration grows, interest in C dynamics and strategies of 

sequestration in subsoils have developed (Chabbi et al., 2009; Kautz et al., 2013; Chen et al., 

2018). However, how subsoil C is stabilised, enabling this long-term persistence is still not 
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fully understood (Fontaine et al., 2007; Jones et al., 2018) and specific subsoil C sequestration 

strategies are lacking sufficient evidence and comparative assessment.  

 In this review, we explore the potential of C sequestration in non-waterlogged subsoils 

with a specific focus on agricultural lands (cropland and pasture). Firstly, we explore the 

nature and properties of subsoils and the forms and amounts of C present within them. 

Subsequently, we review the evidence and different approaches of current subsoil C 

sequestration strategies and identify knowledge gaps in the literature. Finally, the challenges 

facing C sequestration in subsoils are addressed, alongside suggestions of how progress can 

be made.  

 

2.2 Subsoil carbon 

2.2.1 Subsoil biological, chemical and physical properties 

 In the past, and in early subsoil C models (e.g. RothPC-1, Jenkinson and Coleman, 

2008), subsoils were essentially thought of and treated as ‘less concentrated’ topsoils, but 

this general assumption has more recently been dismantled (Salome et al., 2010). Indeed, the 

differences between the environmental, physico-chemical and biological characteristics of 

topsoils and subsoils (Rumpel and Koegel-Knabner, 2011) are such that a sound 

understanding of subsoil processes cannot be directly inferred from our current 

understanding of topsoils.   

 Because of their high spatial variability at a range of scales (i.e. field, landscape, 

regional), driven in part by pedology, environment and climate, subsoils are difficult to 

generalise (Chabbi et al., 2009). To better characterise the diversity, similarities, and 

differences of top and subsoil horizons, we collected soil profile data of 203 studies across 

different climates and soil types around the world (Fig. 2.1, Fig. 2.2). Details on the search 

term strategy, selection criteria and spread of soil orders and study locations are presented 

in the Appendix 1 (Table S1-S2, Fig. S1-S2). We used a topsoil-subsoil boundary of 30 cm when 

categorising the measurements. A numerical boundary was used because studies 

predominantly sample soil by soil depth intervals (Yost and Hartemink, 2020). This particular 

depth was chosen as it is commonly the boundary of soil disturbance (reflecting a historical 

12-inch plough; Davis et al., 2018) in ploughed soils, which was a key criterion in the definition 

of subsoils in this review. However, this boundary does not well represent all soils. For 
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example, in lower production rain-limited environments where no-tillage practices are often 

used, the topsoil may be functionally defined as <10 cm deep (Hoyle et al., 2013). To avoid 

falsely categorising soil horizons and better determine whether measurements belonged to 

the A or B horizon, we used the authors defined boundaries within the individual studies (see 

Appendix 1 for more detail).   

 As is evident from Figure 2.1, subsoil (ca. 30-100+ cm) physical, chemical and biological 

properties significantly differ to those of topsoils. Physical soil properties, bulk density and 

clay content, were on average 10 and 22% higher in B horizons, while most biochemical 

properties were greater in the A horizon. Overall, SOC, Total N and MBC were 64, 58 and 48% 

lower in the B horizon. Importantly, how much properties differ between depths changes 

when these are split into some of the most agriculturally important soil orders (Fig. 2.2). The 

Inceptisol, Alfisol and Mollisol A and B horizons soil property measurements are relatively 

consistent with each other, apart from a lack of difference in Inceptisol clay content with 

depth. Ultisol and Oxisols profiles, on the other hand, are more distinct. Bulk density did not 

differ between soil horizons and CEC was significantly lower in the B horizon of Ultisol and 

Oxisols.  

 While the search term strategy was not exhaustive (Appendix 1, Table S1), Figure 2.1 

shows that although several key soil properties involved in C stabilization in subsoils are 

frequently reported (e.g. pH, SOC, texture, bulk density), other important properties are not 

(e.g. MBC, CEC, Fe and Al oxyhydroxide content). This lack of reporting of soil quality 

indicators for subsoils limits our ability to determine the key regulators of deep C storage. 

Generally, the rates of C input to the subsoil are much lower than topsoils, and rates of release 

back to the atmosphere are also slow, as evidenced by the older age of C at depth (Shi et al., 

2020). Why C turnover is slower in the subsoil, then, is likely due to: i) low disturbance from 

agricultural practices (Lal et al., 2015); ii) proportionally lower SOC and microbial biomass 

(Fontaine et al., 2007; Salome et al., 2010; Liu et al., 2018b), iii) the physical (in)accessibility 

of microbes to C substrates outside of hotspots (Heitkötter and Marschner, 2018; Dove et al., 

2020; Salomé et al., 2010); iv) high abundance of available mineral surfaces (e.g. clay and 

Fe/Al in the Bw horizon) and Ca2+ for adsorption and chemical stabilization of C (Mikutta et 

al., 2006; Rumpel and Kögel-Knabner, 2011); and, v) the prevailing oligotrophic conditions 

(i.e. low O2, N availability, pH etc.) which limit enzyme synthesis (e.g. O2-dependent phenol 
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Fig. 2.1 Measured soil properties of A (ca. 0-30 cm) and B (ca. 30-100+ cm) horizons of agricultural soil profiles. Data was collected from studies 
(n = 203) via a systematic literature search conducted in October 2020. The n in the plots refers to the number of soil profile measurements 
included in the boxplot. Significance at p< 0.05 (*); 0.01 (**); and 0.001 (***). BD is dry bulk density; SOC is soil organic carbon; MBC is microbial 
biomass-C; CEC is cation exchange capacity; and Fe and Al are oxalate-extractable. See Apendix 1 for the search term strategy, selection criteria, 
data exclusion and conversion and PRISMA diagram. 

 

 

 

 

 

 

 

 



54 

 

Fig. 2.2  Measured soil properties of A (ca. 0-30 cm) and B (ca. 30-100+ cm) horizons of agricultural (Inceptisol, Alfisol, Mollisol, Ultisol and Oxisol) 
soil profiles, ordered by least to most weathered. Data was collected from studies (N = 188) via a systematic literature search conducted in 
October 2020. See the Appendix 1 for the search term strategy, selection criteria, data exclusion and conversion and PRISMA diagram. The n in 
the plots refers to the number of soil profile measurements included in the boxplot. Significance at p> 0.05 (n.s.); p< 0.05 (*); 0.01 (**); and 
0.001 (***). Where there is no sign the sample size was too small to perform a test. For more information see Appendix 1. BD is dry bulk density; 
SOC is soil organic carbon; MBC is microbial biomass-C; CEC is cation exchange capacity; and Fe and Al are oxalate-extractable. 
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oxidases) and activity (Xiang et al., 2008; Salomé et al., 2010; Shahzad et al., 2018a; Dove et 

al. 2020) and so microbial activity.These mechanisms underpin the mean residence times of 

SOC in subsoils, which are typically on the scale of millennia as compared to centuries in 

topsoils (Shi et al., 2020).  

 At the field scale, subsoils can be characterised by a high degree of spatial 

heterogeneity due to the presence of larger aggregate structures (e.g. prisms), preferential 

water flow pathways and root proliferation (White and Kirkegaard, 2010). This can lead to the 

creation of biological hotspots in subsoils (e.g. biopores; Chabbi et al., 2009; Kautz et al., 2013; 

Kuzyakov and Blagodatskaya, 2015). These hotspots of degradable substrates and associated 

microbial activity play an important role in C, N and P transformations in the subsoil (Hoang 

et al., 2016). Outside of these microsites, the inactivity of microbes may explain the measured 

long-term stability of SOC (Heitkötter and Marschner, 2018).   

 Understanding the influence of microorganisms on deep soil C is crucial because 

microbial products – including exo-enzymes, extracellular polymeric substances (EPS), and 

cell wall materials – contribute increasingly to long-lived soil organic matter in deeper soil 

horizons (Dove et al., 2020; Peixoto et al., 2020; Dwivedi et al., 2017; Sher et al., 2020). 

Recently, the number of soil microbiology studies focused on subsoils has expanded (e.g. 

Eilers et al., 2012; Kramer et al., 2013; Li et al., 2014; Brewer et al., 2019; Diamond et al., 2019; 

Polain et al., 2020). Microbial community composition, biosynthetic potential and metabolic 

pathways change significantly with depth, with relatively more copiotrophs present in the 

topsoil and oligotrophs in the subsoil (Fierer et al., 2003; Uksa et al., 2015; Jones et al., 2018; 

Brewer et al., 2019; Sharrar et al., 2020). The vertical distribution of these microbial groups 

has been found to be predominantly determined by the availability and forms of C (Fierer et 

al., 2003; Stone et al., 2014; Fanin et al., 2019). Deep soils are enriched in autotrophic archaea 

implicated in ammonia oxidation (Brewer et al., 2019) and symbiotrophic fungi (Schlatter et 

al., 2018) with enzymatic capacities that are distinct from their saprotrophic counterparts. 

Indications of methylotrophy and “dark autotrophy” (CO2 fixation) have also been uncovered 

in subsoil bacterial genomes (particularly in Chloroflexi) (Brewer et el., 2019; Butterfield et 

al., 2016). Shifts from protozoa, fungi and Gram-negative bacteria in the topsoil to Gram-

positive bacteria (and actinomycetes) with greater depth (Fierer et al., 2003; Stone et al., 
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2014; Fanin et al., 2019) reflect the required adaptations for survival in deeper soil. Gram-

positive bacteria, for instance, are well adapted to subsoils by their ability to sporulate, 

resilience to harsh environments (i.e. water limited) and preference for older more complex 

C derived from soil organic matter (SOM; Setlow, 2007; Kramer and Gleixner, 2008). Other 

strategies, such as storage of internal resources, dormancy and trophic flexibility, found in 

Dormibacteraeota which are particularly abundant in subsoils across the US (Brewer et al., 

2019; Lennon, 2020), highlight the range of strategies used by microbial groups to overcome 

the limitations of subsoils.   

 Agricultural practices have been shown to strongly affect the size, structure and 

activity of microbial communities in topsoil, however, they appear to have less effect in 

subsoils where disturbance is lower, and communities seems more resilient. For example, 

crop type (cotton vs. maize and wheat vs. maize) and time in the cropping cycle has been 

shown to have relatively little impact on subsoil communities (Polain et al., 2020; Kramer et 

al., 2013). Inorganic fertilisation, however, can change the microbial community structure 

throughout the soil profile by topsoil -derived leachates altering the availability of C in the 

subsoil (Li et al., 2014).  

 Despite clear differences in microbial communities, microbial competition for C and N 

can be as intense in the subsoil as in the topsoil (Jones et al., 2018; Diamond et al., 2019). 

Findings by Jones et al. (2018) suggest that subsoil microbes are more C limited but can rapidly 

become active and grow upon organic C addition. This is supported by the short lag phase in 

CO2 production after the addition of C substrates to subsoils particularly when high amounts 

of labile C are added (Cressey et al., 2018; de Sosa et al., 2018). Soil N supply also typically 

decreases with depth (Murphy et al., 1998; Ekelund et al., 2001; Kemmitt et al., 2008; Uksa 

et al., 2014; Banning et al., 2015) and inorganic N is heterogeneously distributed in the subsoil 

compared to the topsoil (Taylor et al., 2002; Kuzyakov and Blagodatskaya, 2015). Therefore, 

limited microbial access to spatially distributed substrates in the subsoil is likely an important 

factor for SOC accumulation and stabilization (Preusser et al., 2019).  

 

2.2.2 Subsoil priming of SOM  

 Soil priming, the short-term mineralization of SOC through the introduction of labile C 

(Kuzyakov et al., 2000), has different controls in topsoils versus subsoils. These are driven by 
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differences in labile C availability (De Graaff et al., 2014), co-location of decomposers and 

substrates (Salomé et al., 2010), microbial responses to C inputs (Sanaullah et al., 2011), and 

the frequency of the inputs. However, the occurrence of priming does not mean there is no 

net SOC storage — in most cases where C is inputted, the resulting net C stock is higher even 

if some is lost to priming. In addition, due to stimulated microbial growth from priming, 

microbial products and necromass may accumulate and stabilise in the longer term 

(‘entombing effect’; Liang et al., 2017) reducing the extent of C loss from priming.   

 Higher priming C losses have been measured in subsoil compared to topsoil (relative 

to native soil C content) (Salomé et al., 2010; Hoang et al., 2017; Jia et al., 2017; Meyer et al., 

2018), but the opposite response has also been reported (De Graaff et al., 2014). When OM 

is added to the subsoil, the strength of priming is likely to be dependent on the C:N ratio of 

the OM being introduced and the intrinsic nutrient status of the soil (e.g. N and P status; 

Kuzyakov et al., 2000). If a high C:N material is incorporated, this may temporarily satisfy 

short-term C demand causing reduced C respiration, however, it is also likely to stimulate 

microbial growth and induce N mining from native SOM (Jones et al., 2018; Meyer et al., 

2018).   

 A concern for many subsoil priming studies is that experiments are commonly 

conducted in laboratory conditions that poorly mimic those in the field (e.g. on sieved soil at 

ambient O2 concentration) and are known to often overestimate net losses. Physical subsoil 

disturbance can increase C mineralization by up to 75%, as found in a laboratory incubation 

study by Salomé et al. (2010). This increase in SOM turnover has been ascribed to (i) improved 

aeration, (ii) greater physical access to C substrates previously inaccessible or held within 

aggregates, and (iii) the mining of nutrients from SOM. Many studies also use highly labile C 

substrates (e.g. glucose) at high dose rates that can drive excessive nutrient limitation. 

Consequently, the net C loss (priming effects) can be overestimated. Overall, our 

understanding of the mechanisms and factors involved in subsoil priming remains poor. It is 

likely that the relative balance between net C losses versus gains may vary on seasonal versus 

decadal timescales and in response to agronomic management regimes (e.g. subsoil C input, 

crop nutrient and water use) (Wang et al., 2016). To gain further insight into subsoil C 

dynamics, the different sources of C that reach the subsoil, mechanisms by which they are 

stabilised, and realistic in situ tests need to be considered in future studies. This will allow 
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interventions to enhance C sequestration in subsoils to be more effectively designed (e.g. 

timing, placement in the subsoil, frequency of intervention, links to root architecture). 

 

2.2.3 Subsoil gas emissions  

 The behaviour and fate of GHGs in subsoils play an important role in subsoil C 

sequestration (Blagodatsky and Smith, 2012), and overall system C balance. Here we focus on 

C containing gases, CH4  CO2, in the context of C sequestration, although we note that N2O 

fluxes (reviewed by Clough et al. (2005)) should also be considered in a holistic analysis of 

deep soil C sequestration strategies.  

 Soil CO2 concentrations are known to increase with depth, despite fluxes decreasing 

with depth and not contributing substantially to surface fluxes (Davidson et al. 2004; Xiao et 

al. 2015; Wang et al. 2019). This suggests that CO2 in the subsoil does not move rapidly to the 

soil surface and if undisturbed may be entrapped in soil pores and solution or used by subsoil 

autotrophs. However, this ‘trapped’ CO2 is vulnerable; along a subsoil-to-surface CO2 gradient 

of >10,000 ppm to atmospheric concentrations, it may only take a few hours to days for CO2 

to diffuse to the atmosphere (e.g. when CO2 is produced near subsoil macropores or when 

the water-filled pore space is low; Mencuccini and Hölttä, 2010). Thus, subsoil disturbance 

could disturb the deep dynamic reservoir of subsoil CO2.   

 Wang et al. (2019) found that while CO2 concentrations increased with depth following 

a full inversion of forest subsoil to 60 cm, the soil surface CO2 flux remained largely unaffected 

by the highly invasive subsoil disturbances. In the case of enhanced subsoil rooting for C 

sequestration, plant root uptake of water from the subsoil can lead to increased aeration, 

greater gas diffusivity, soil shrinkage and the formation of macropores which facilitate 

migration to the surface (Shaw et al., 2014). Roots can also take up dissolved inorganic C (CO2, 

HCO3-) from soil and rapidly transport it through the xylem to the leaves where it can be 

refixed or released back to the atmosphere (Bloemen et al., 2016). Although the uptake rate 

of HCO3- from soil is generally low, the direct recycling of HCO3- produced inside the roots (i.e. 

from respiration) back to the shoots via the xylem may be significant in reducing CO2 

concentration in soil (Rao et al., 2019). Still, these CO2 loss effects maybe counterbalanced by 

the accrual of deep root C inputs; studies of deep-rooted perennial grasses planted in low C 

soils found no effect of these crops on surface CO2 fluxes and increases in total soil profile C 
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stocks in some soil types (Bates et al., 2021; Slessarev et al., 2020). Therefore, it is important 

to consider that different sequestration strategies, such as deep tillage and planting of deeper 

rooting varieties, may influence the soil-atmosphere flux and the soil CO2 budget in different 

ways.   

 Over a recent decade (2008-2017), global CH4 emissions from agricultural systems 

were estimated at 206 Tg y-1; this represented 56% of the total anthropogenic emissions 

(Saunois et al., 2020; Jackson et al., 2020). To our knowledge, the fraction of this total 

contributed by agricultural subsoils has not been estimated. In many well-drained systems, 

CH4 produced by methanogens in anaerobic microsites can be consumed by methanotrophs 

in oxic regions during transit to the surface (Le Mer and Roger, 2001; Wang et al., 2018), 

suggesting CH4 dynamics in the soil have limited bearing on any C sequestration outcome.

  

 Very little is known about microbial volatile organic compound (VOC) production and 

consumption rates in subsoils. VOCs have low-molecular-weights (typically <250 MW) with 

high vapor pressures. They can be produced in soil by both microorganisms and plant roots 

(Peneulas et al., 2014). Like CH4, VOCs are both produced and consumed in situ (Tassi et al., 

2009), suggesting they are unlikely to be relevant to C sequestration.  

 

2.2.4 Subsoil carbon sources and stabilization  

 The primary inputs of C to subsoils include: i) root-derived C (both dead roots and 

living root rhizodeposition); ii) leaching of dissolved organic C (DOC) from the topsoil; iii) 

delivery of particulate organic matter via bioturbation or leaching, and iv) microbially-derived 

C (immobilization of CH4 or volatile organic-C, dark fixation of CO2). The primary C sources and 

their stabilization mechanisms in the top- and subsoil are presented in figure 3. Roots in the 

subsoil decompose relatively slowly, whereas topsoil and detritusphere leachates and root 

exudates with high C:N ratios and C availability are more easily mineralised. Subsoil microbial 

biomass has a slower turnover time (Spohn et al., 2016). The C:N ratio declines with soil depth 

in most agricultural soils (Rumpel and Kögel-Knabner, 2011; Lou et al., 2012), demonstrating 

that C in the subsoil cycles slower compared to soil nearer the surface.  

 

2.2.4.1 Root-derived carbon  
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 Plants may direct up to half of photosynthetically fixed C to roots (Jones et al., 2009) 

and most subsoil organic carbon (OC) is plant root-derived (Rasse et al., 2005; Suseela et al., 

2017). For plants with deep rooting architecture, roots and their products (i.e. exudates and 

cell sloughing) have substantial potential to enter stabilised subsoil OC pools (Rasse et al., 

2006; Kätterer et al., 2011; Suseela et al., 2017), and root litter decomposes more slowly in 

deep soils (Pries et al., 2018). While this stabilization depends on the soil environment and 

root physiology (Farrar et al., 2003), three primary root-derived C sources are thought to 

contribute to stable OC by different mechanisms (Fig. 2.3): aggregation, root biochemistry 

and association.  

 Due to the major role of biotic processes in soil aggregation, it is often thought less 

relevant as a C stabilization mechanism in subsoils (Lorenz and Lal, 2005). However, recent 

studies have revealed aggregation may be as important in the subsoil as it is at the surface 

(Moni et al., 2010; Sanaullah et al., 2011; Baumert et al., 2018). For example, Moni et al. 

(2010), found up to 40% of SOC was occluded within aggregates throughout the whole soil 

profile (>100 cm depth). Sher et al. (2020) found enhanced microbial production of soil-

binding extracellular polysaccharides throughout a 1 m soil profile following conversion from 

annuals to deeper-rooting perennials, and suggest that aggregation is likely an important 

mechanism in subsoil C protection.   

 The biochemical composition of primary roots can contribute to their stabilization in 

soil, particularly those with significant amounts of lignin, tannin or suberin (Rasse et al., 2005). 

The decomposition of lignin may be slowed through protection via mineral association 

(Rumpel et al., 2015; Hall et al., 2016; Huang et al., 2019), accelerated by short-term 

fluctuations in redox states, or gut processing within earthworms (Le Mer et al., 2020). In 

addition, extracellular enzymes (e.g. those that decompose lignin - phenol oxidase) have been 

found to largely be stabilised via sorption onto mineral surfaces in subsoils (Dove et al., 2020). 

While tannin residence time in soil is similar to non-associated lignin (Meier et al., 2008), 

suberin is a major contributor to SOC with a high potential for long-term stabilization (Rasse 

et al., 2005; Suseela et al., 2017). In subsoils, Rumpel et al. (2004) found suberin-derived 

hydroxyalkanoic acids to be preferentially preserved (over lignin) in clay particle fractions. 

However, despite its important role in root chemistry and SOC stabilization (Suseela et al., 

2017), the behaviour and persistence of suberin in subsoils remains poorly understood 
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(McCormack et al., 2015).   

 

Fig. 2.3 Conceptual diagram of the top- and sub-soil C cycles, demonstrating the major SOM 
(soil organic matter) inputs (in green boxes); the primary components determining soil OM 
persistence (in cyan); agricultural management (in grey box); and losses (in orange boxes and 
teal arrows) in an arable system. POM is particulate organic matter and DOM is dissolved 
organic matter. Dashed arrows represent mechanisms that depend on certain soil 
characteristics to occur or that they occur at very low rates.  
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*The specific balance between physical disturbance and OM inputs from agricultural 
management determines the impact on topsoil OM.  

 

 Root exudates, organic compounds passively released from roots, can have a 

multitude of interactions with soil minerals (Farrar et al., 2003). For example, Keiluweit et al. 

(2015) showed that oxalic acid (a common root exudate) liberates C previously protected by 

minerals, thus promoting C loss via increased microbial availability. Although exudation varies 

with plant age and species, measurements of exudation and rhizodeposition suggest up to 7% 

of net fixed C can be deposited in croplands and 11% in grasslands (Pausch and Kuzyakov, 

2018; Jones et al., 2009). Exudates contain sugars, organic acids, amino acids, fatty acids and 

plant hormones; these are primarily C sources that can be mineralised within hours by the 

soil microbial community (Rasse et al., 2005; Salomé et al., 2010, Zhalnina et al., 2018). Yet, 

negatively charged organic acid anions can become fixed on the surface of positively charged 

Fe and Al (hydr)oxides, protecting them from short-term mineralization (Jones and Edwards, 

1998; Oburger et al., 2011). Other root deposits, such as mucilage and EPS, also play an 

important role as binding agents for aggregate formation (Baumert et al., 2018, Sher et al. 

2020). Mucilage is reactive and high in hydroxy groups and can adsorb to clay particles and 

organic molecules (Gaume et al., 2000).   

 Physical separation of decomposers from exudates in subsoils may be one of the key 

drivers of exudate-C stabilization (Salomé et al., 2010), although very little is known about 

rhizosphere and root detritusphere microbial communities in subsoils. It is possible that roots 

also deliver C into subsoils via arbuscular mycorrhizal associations (Sosa-Hernandez et al., 

2019). Subsoil arbuscular mycorrhizas are different taxonomically from those in topsoils 

(Sosa-Hernandez et al., 2018); however, whether they differ functionally requires further 

research (Wang et al., 2017).   

 

2.2.4.2 Leaching of dissolved organic C from the topsoil   

 Dissolved organic carbon (DOC) represents another primary C input to subsoils. During 

the decomposition of SOM and plant litter, microbes produce nanoparticulate C (nPOC) and 

DOC) (Solinger et al., 2000; van den Berg et al., 2012). DOC consists of a complex array of 

organic compounds, each with distinct properties, structures, sizes, and sorptive 

characteristics, and play a significant role in C dynamics, soil formation and pollutant 
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transport (Kaiser and Guggenberger, 2000; Kothawala et al., 2012; Jagadamma et al., 2014). 

Organic molecules can—depending on the soil hydrology, texture and structure—enter the 

subsoil and become stabilised in organo-mineral complexes, mineralised, or leached into 

groundwater or aquatic systems (Fig. 2.3; Whitmore et al., 2015). Because DOC can be 

leached to great soil depths and become sorbed to form organo-mineral complexes, DOC is 

an important source of stabilised C in subsoils (Mikutta et al., 2006; Kramer et al., 2012); 

multiple studies have observed greater adsorption with increased depth, possibly due to a 

greater amount of unfilled sorption sites or clay in some soil types (Kaiser and Zech, 2000; 

Solinger et al., 2000; Jastrow et al., 2007; Moni et al., 2010).  

 Various stabilization reactions bind DOC to the solid phase (Solinger et al., 2000; 

Dignac et al., 2017), including van der Waals forces, anion exchange, cation bridging, ligand 

exchange, hydrogen bonding and physical adsorption, which vary in their importance 

depending on the functional groups of DOC and the sorbent. Clay particles and Fe and Al 

(hydr)oxides in the fine fraction (<53 µm) of subsoils are the primary substrates for DOC 

sorption (Torn et al., 1997; Jobbágy and Jackson 2000; Kaiser and Zech 2000), protecting C for 

thousands of years (Schöning and Kögel-Knabner, 2006; Shi et al., 2020). Some of these 

sorption sites can bind C very strongly (through bi- or tri-dentate ligand binding), while others 

are much weaker (mono-dentate binding or cation bridging). More recent microscopy studies 

(Müller et al., 2013; Schweizer et al., 2017) reveal that the majority of mineral particles are 

not colonised by microbes and are largely devoid of OC, which contrasts with older refuted 

studies (e.g. Guggenberger and Kaiser (2003)).   

 

2.2.4.3 Delivery of particulate organic matter via faunal bioturbation and leaching  

 Faunal bioturbation may be an important aspect of subsoil C dynamics  (Fig. 2.3; 

Wilkinson et al., 2009; Rumpel and Kögel-Knabner, 2011). Soil macro-organisms, such as 

earthworms, ground-dwelling rodents and termites, directly and indirectly drive both C inputs 

into and outputs from the top- and subsoil (Bossuyt et al., 2005; Wilkinson et al., 2009; 

Rumpel and Kögel-Knabner, 2011). By moving, burying and mixing vast quantities of soil and 

fresh OM, bioturbators have an important role in soil formation, C and N dynamics and 

shaping the soil environment (Wilkinson et al., 2009).  

 Anecic earthworms can burrow to soil depths of 1-2 m, occasionally reaching up to 5 
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m (Lee, 1985). By transporting fresh particulate OM into the subsoil and mixing it with mineral 

soil, earthworms can contribute to the heterogeneous distribution of subsoil SOC (Don et al., 

2008; Rumpel and Kögel-Knabner, 2011), and mediate soil aggregate formation which is 

associated with SOC stabilization (Six et al., 2004). However, field and lab studies frequently 

find anecic earthworms induce SOM loss from increased respiration. This is likely due to 

stimulation of microbial activity within biopores (Banfield et al., 2017) with C-rich labile 

earthworm mucus and higher O2 levels (Hoang et al., 2016, 2017). Earthworms and their casts 

are known to be hotpsots of N2O emission, as they also contain high mineral N concentrations 

(Elliott et al. 1991; Lubbers et al 2013; Nieminen et al., 2015). Finally, Lubbers et al. (2017) 

found that the topsoil (0 - 25 cm) SOC content was lower after 2 years in the presence of 

epigeic and endogeic earthworms, suggesting faunal bioturbation diluted SOC in the topsoil 

by mixing it with C depleted subsoil. Termites and ants may also increase C transfer to depth 

either through deposition of necromass, food stores and exudates but also indirectly by 

creating  channels in the soil that fill with water and thus move DOC and POM to depth 

(Jouquet et al., 2011). These channels may also stimulate aeration and rooting at depth 

(Banfield et al., 2018) leading to crop yield increases and thus greater C inputs (Kautz et al., 

2013).  

 In addition to faunal bioturbation, particulate organic C (POC) can also be transported 

downwards in the soil profile by water. In the case of large fragments of SOM, this can occur 

via macropores while smaller nanoparticulate fragments can be transported through the soil 

matrix (Li et al., 2019). For example, viruses (ca. 20-100 nm in size) and bacteria (ca. 1-3 µm 

in size) applied to the soil surface in livestock manure have been measured in subsoils (Krog 

et al., 2017) and similarly, particles of black C have been shown to move downward in soil 

profiles (Leifeld et al., 2007; Major et al., 2010).   

 

2.2.4.4 Microbially derived C  

 Soil microbial community structure, genomic capacity, and ecophysiology are strongly 

depth-dependent (Brewer et al., 2019). Understanding the influence of depth on microbial 

traits is crucial because microbial products – including exo-enzymes, EPS, and cell wall 

materials – may contribute increasingly to long-lived SOM in deeper soil horizons (Dove et al., 

2020; Peizoto et al., 2020; Dwivedi et al., 2017; Sher et al., 2020). While we do not currently 
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have enough data to speculate too much on the persistence of root-derived vs microbe-

derived SOM in deep soils, recent evidence suggests that microbially derived necromass is a 

major contributor to SOC (Zhang et al., 2020; Wang et al., 2021). Wang et al. (2021) estimated 

that half of SOC under cropland and grasslands is derived from microbial necromass and that 

it predominantly originates from fungi. In addition, they found that the contribution of 

microbial necromass to SOC increased with depth in grasslands while the opposite was true 

in croplands. Overall, the organisms, biosynthetic potential and metabolic pathways of deep 

soils differ from better-studied shallow soils (Butterfield et al., 2016; Sharrar et al., 2020; 

Diamond et al., 2019). For example, deep soils are enriched in autotrophic archaea implicated 

in ammonia oxidation (Brewer et al., 2019) and symbiotrophic fungi (Schlatter et al., 2018) 

with distinct enzymatic capacities from their saprotrophic counterparts (Miyauchi et al., 

2020). In addition, deep soil microbes may play a particularly unique role in subsoil C 

accumulation through immobilization of methane (CH4) and volatile organic carbon (VOC) or 

via dark autotrophy (CO2 fixation).  

 Apart from surface photosynthetic CO2 fixation and chemoautotrophic fixation, dark 

anaplerotic (i.e. non-photosynthetic) heterotrophic fixation of CO2 occurs in a wide range of 

soils and is linked to the provision of C-skeletons for amino acid synthesis (Yang et al., 2017; 

Nel and Cramer, 2019). A wide range of soil archaea and bacteria are capable of dark 

anaplerotic CO2 fixation in both aerobic and anaerobic conditions (Saini et al., 2011), and 

produce organic acids. Although the overall contribution of dark fixation is extremely small in 

topsoils (Ge et al., 2013), dark fixation may be proportionally more important in subsoils, 

presumably due to C limitations with depth (Šantrůčková et al., 2018), and higher CO2 

concentrations. As yet, there are no in situ studies of dark CO2 fixation in agricultural subsoils 

and it is difficult to critically assess the significance of this process in the overall net C balance 

of subsoils. In arctic soils, Šantrůčková et al. (2018) found that long term microbial dark 

fixation of CO2 corresponded to between 0.016 and 38% of plant C fixation, highlighting the 

uncertainties regarding the importance of CO2 fixation in the net soil C balance. The preferred 

microhabitats and edaphic conditions of microorganisms responsible for dark CO2 fixation in 

subsoils are also unknown.  

 While chemoautotrophy (i.e. C fixation from the oxidation of reduced forms of 

inorganic N and S; NH4+, S2-) can be very important in extreme ecosystems (e.g. hydrothermal 



66 

 

vents), it is thought to be a relatively minor C fixation process in soil due to the relatively low 

growth yields of chemoautotrophic organisms and their inability to compete against 

heterotrophic bacteria. Despite this, chemoautotrophic ammonia-oxidizers and nitrite-

oxidizers can be abundant in subsoils (105-108 g-1) suggesting that their role in C fixation 

should not be discounted (Jones et al., 2018; Tao et al., 2018).  

 

2.3 Enhancing C sequestration in subsoils 

 Capturing CO2 from the atmosphere and submitting this to long-term storage in the 

subsoil as organic C has potential to offset substantial anthropogenic CO2 emissions and bring 

a range of other ecosystem service co-benefits. Various approaches to increasing SOC in soils 

exist, but here we discuss strategies that aim to: i) increase C inputs; ii) reduce C losses; and/or 

iii) increase C residence time in soil. However, we agree with Olson et al. (2014) that ‘true’ 

sequestration is not a transfer of C, but increased C fixation from the atmosphere. The 

depth of the subsoil that is considered in this review for strategies to have the greatest effect 

is the soil to approximately 1 meter depth (i.e. an 'impressionable zone'). The volume of this 

zone is different at each site due to the depth of the B and C horizons, the watertable and 

presence/absence of a hardpan.  

 

2.3.1 Deeper-rooting phenotypes and perennials   

 Use of plants with deep rooting systems, particularly perennials, has been proposed 

as a method to increase SOC stocks, particularly in subsoils (Paustian et al., 2016). A common 

concern is that increasing plant C allocation to roots decreases harvestable aboveground 

biomass (Powlson et al., 2011), however, a review by Kell (2012) concluded that deep roots 

are unlikely to limit, but may instead promote harvestable biomass. Breeding deeper rooting 

grass and crop varieties is a less invasive strategy (compared to those discussed above) that 

has substantial potential in sequestring C in the subsoil of some soil types (Smith, 2004; Kell, 

2011, 2012). Deeper roots can yield co-benefits for plant productivity and drought tolerance, 

including improved plant capture of nutrients (e.g. N, P) and water (Kell, 2012; Lynch and 

Wojciechowski, 2015; Pierret et al., 2016), as well as higher crop yields (Lilley and Kirkegaard, 

2011) and greater resistance to, for example, slope erosion (Dignac et al., 2017). The use of 

deep-rooting crops can also be readily combined with mechanical interventions to promote 
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access to previously compacted subsoil layers (He et al., 2019) or to the deep placement of 

fetilisers to promote root proliferation at depth (McEwan and Johnston, 1979).   

 By adopting crops that grow an extra 100 cm in depth, Kell (2012) calculates an 

additional 100 t C ha-1 could be sequestered, corresponding to a 118 ppmv reduction in 

atmospheric CO2. Whether these values are accurate is difficult to determine, yet, deeper-

rooting undoubtedly increases C entering the subsoil (Liebig, 2005; Omonode and Vyn, 2006; 

Follett et al., 2012; Ledo et al., 2020), but the benefits thereof may only be apparent in the 

longer-term (7-10 years), as found by Ma et al. (2000) and Carter and Gregorich (2010). This 

is because net SOC stock increase is a balance between enhanced root C supply to the subsoil 

and greater soil respiration (Schmidt et al., 2011; Shahzad et al., 2018b). This is exemplified 

by the relatively low increase in C in the soil profile (0.07 ± 0.02 g C kg-1 y1) with time (Fig. 2.4). 

Figure 2.4 also demonstrates that higher C gains are more likely in the topsoil (0.13 ± 0.06 g C 

kg-1 y1) where root density is greater, and the volume of soil is lower relative to many subsoils 

(0.04 ± 0.02 g C kg-1 y1).   

 Perennialisation of annual crops and conversion of annual to perennial crops can 

enhance rooting depth and architecture, which increases C input into the subsoil (Liebig et 

al., 2005; Kell, 2011; Powlson et al., 2011). In addition, perennialization means less tillage and 

the associated C losses, allowing for more C accrual. Slessarev et al. (2020) showed that the 

increased rooting depths offered by perennial grasses added appreciable soil carbon in sandy 

and loam soil (although no SOC increase was measurable in clay-rich sites), and deep roots 

may also lead to changes in site hydrology and the responsiveness of deep soil microbes 

(Oerter et al., 2021; Min et al.,  2021). Aggregation may also increase as a result of greater 

root biomass found by Sher et al. (2020). A meta-analysis by Ledo (2020) found an 11% 

increase in the 0-100 cm soil depth following conversion to perennial crops from annuals over 

a 20-year period. Similarly, Follett et al., (2012) found a 2 t C y-1 increase in the 0-150 cm depth 

following 9 years of maize cultivation, where the majority of the increase was below 30 cm. 

These results are echoed by other studies (Liebig, 2005; Omonode and Vyn, 2006) that found 

SOC stock gains in the whole soil profile following conversion of annual crops to perennial 

grasses. However, as Johnston et al. (2016) found, N2O emissions can increase with perennials 

and SOC increases in the subsoil can be limited (Ma et al., 2000; Chimento et al., 2014).  

 Apart from breeding deeper rooting varieties, there are several potential avenues for 
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breeding C sequestration desirable traits in crops. For example, enhancing the root release of 

low molecular weight exudates and extracellular polymeric substances may promote C 

retention when they become sorbed to mineral surfaces or physically protected (Salomé et 

al., 2010; Sher et al., 2019). Furthermore, fungi, such as arbuscular mycorrhizal fungi (AMF), 

can reduce C mineralization by i) their complex C-containing mycelium being less 

mineralisable, ii) improving root lifespan, iii) enhancing root-derived C protection  

Fig. 2.4 Means (±SEM) of the carbon storage rate in the A and B horizons and the combined 
A and B horizons (A+B) following different subsoil-targeted C sequestration strategies. The 
number of studies included (N) is shown in the individual plots and the number of 
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measurements included are in parentheses. Different letters correspond to significant 
differences between means (p < 0.05, Tukey). See Appendix 1 (S2 and Table S4)  for the search 
term strategy and specific inclusion criteria. *Transfer of  exogenous C is not the same as C 
sequestration in terms of C removal from the atmosphere. **Infrequent deep ploughing 
(every >10 years).  
 

in aggregates, and iv) outcompeting microbes (mostly bacteria) for N (De Deyn et al., 2008; 

Bardgett et al., 2014). While AMF colonisation typically decreases with depth (Bardgett et al., 

2014; Lynch and Wojciechowski, 2015), it can be promoted by decreasing the N and increasing 

the suberin contents in roots (Bardgett et al., 2014). Increasing fine root density promotes 

the physical occlusion of root C within aggregates (Lynch and Wojciechowski, 2015; Dignac et 

al., 2017). Also, including traits associated with overcoming subsoil limitations, such as acidity 

(by e.g. organic acid release) would prove useful in highly weathered tropical soils. While of 

substantial potential, these breeding avenues are based on theory and are currently 

experimentally untested.  

 

2.3.2 Organic matter burial in the subsoil  

 Burial of OM, such as straw, in the subsoil by deep ripping or DP (see 2.3.6) is a strategy 

used primarily for ameiloration of subsoil compaction, yet it can increase the subsoil C stock. 

This is supported by data collected from 10 studies (Fig. 2.4), which show large C gains in both 

topsoil (0.5 ± 0.1 g C kg-1 y1) and subsoil horizons (4.1 ± 2.5 g C kg-1 y1). Burial of large amounts 

of plant residue or animal waste adds large amount of C to the soil stock (2.0 ± 1.1 g C kg-1 y1 

across the soil profile). While these are remarkable numbers, it is important to remember 

that a transfer of  exogenous C is not the same as C sequestration in terms of C removal from 

the atmosphere (as defined by Olson et al., 2014). Therefore, amending the soil with large 

amounts of C will lead to greater C stock. Yet, it is both unlikely that all of the introduced C 

will remain (Leskiw et al., 2012; Liu et al., 2018b) or that it increases C fixation of atmospheric 

C, meaning the gains in figure 4 are not ‘true’ C sequestration. In addition, the physical 

disturbance required to input labile OM at depth may promote access to previously 

unavailable C (Salomé et al., 2010). This response is confirmed by Shahzad et al. (2018a) who 

observed increased respiration rates of buried C4 maize litter in C3 subsoil (55-75 cm) 

compared to the topsoil (0-15 cm). This was attributed to a i) growth in the biomass of subsoil 
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microbes which are more limited by the availability of labile C than in the topsoil; ii) improved 

co-location of decomposers and substrate, and finally; iii) microbial N mining, as the litter 

introduced is nutrient-poor (C:N of 21:1) compared to native subsoil OM (C:N of 8.5:1). 

Therefore, if this is to be pursued as a C sequestration strategy, it is important to ensure 

additions are driving ‘true’ accrual of C.   

 

2.3.3 Biochar burial  

 Due to its aromatic structure, biochar is extremely resistant to breakdown (Farrell et 

al., 2013; Naisse et al., 2015), with commonly <3% of biochar-C decomposing in the first 1-2 

years (Major et al., 2010; Jones et al., 2011; Naisse et al., 2015; Wang et al., 2016). This 

recalcitrance has stimulated interest in its use to store C for climate change mitigation (Das 

et al., 2014; Smith, 2016). The application of biochar to topsoils has been extensively 

researched (Song et al., 2016) and surface-applied biochar has limited downward movement 

potential (Major et al., 2010) To date, there have been relatively few studies on biochar burial 

in subsoils, particularly at the field scale, however, the limited evidence suggests that it can 

have positive agronomic benefits when buried at or below 30 cm (Bruun et al., 2014; Iijima et 

al., 2015). In many cases, however, its C sequestration potential and practicality have been 

exaggerated. Similar to OM burial, it typically does not cause a truly ‘additive’ C effect, nor 

net removal of CO2 from the atmosphere (Chenu et al., 2019) at the landscape scale, and the 

negative impacts have often been ignored (Jones et al., 2011; Hilber et al., 2017; Baveye et 

al., 2018). Further agronomic trials are therefore required to critically evaluate subsoil biochar 

burial as a mechanism to promote long-term C storage. 

 

2.3.4 Iron (hydr)oxide additions  

 The most important control of C persistence in the soil is believed to be its association 

with minerals via sorption (Torn et al., 1997; Lehmann and Kleber, 2015). Of these minerals, 

Fe and Al (hydr)oxides are widespread in most soils at varying concentrations and have been 

consistently found to adsorb SOC and increase in concentration with weathering (Kaiser and 

Guggenberger, 2000; Mikutta et al., 2006; Lalonde et al., 2012). In this review, we focus on Fe 

(hydr)oxides, due to the large production of iron-containing sludge from the wastewater 

treatment process (Chen et al., 2015), which could be used for the chemical modification of 
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subsoils.   

 Lab-based experiments investigating the association of OC with Fe (hydr)oxides report 

substantially decreased decomposition from Fe-associated SOC (Jones and Edwards, 1998; 

Mikutta et al., 2007; Wen et al., 2019a). In forest soils, a high proportion of stable OC is bound 

to iron (Mikutta et al., 2006; Zhao et al., 2016). Furthermore, Porras et al. (2018), found that 

<0.5% of Fe-associated glucose added to a subsoil decomposed compared to non-associated 

glucose, with the effect strongest at 50-60 cm depth. As glucose is neutrally charged and does 

not associate with sorption surfaces, it suggests that an indirect mechanism is involved in 

suppressing C turnover (e.g. availability of nutrients such P, or mobility of microbes and 

exoenzymes). Also, this Fe-associated SOC was found to be more resistant than native SOC to 

increased temperatures (Porras et al., 2018). These promising results, albeit from a handful 

of lab-based studies, suggest that adding iron or iron-associated OM into subsoils may be an 

effective strategy for stabilising and sequestering subsoil SOC, respectively. However, a 

limited evidence base (especially at the field scale) means further research is needed before 

this strategy can be meaningfully evaluated.  

 The degree of soil C that is saved from mineralization from Fe addition in the field is 

likely to be dependent on several factors, including the method of subsoil application, the 

mineral makeup of the soil, the native subsoil C content, soil pH as well as texture and parent 

material (Button et al., 2022). This method may be particularly relevant in sandy soils where 

little chemical protection potential exists in the subsoil but of limited relevance to highly 

weathered soils already rich in Fe. Building a greater evidence base, especially with field 

studies, will allow for better evaluation of the potential of this strategy.   

 

2.3.5 Clay addition to subsoil  

 Similar to the discussion above for Fe, clay addition also has the potential to bind large 

amounts of SOC. While clay addition has been used to improve SOM and nutrient retention 

in sandy topsoils (Cann, 2000; Shapel et al., 2019), its addition to sandy subsoils has received 

less attention. In this scenario, the clay would be added to the soil surface and then 

incorporated by mechanical soil inversion. While this approach shows promise (Hall et al., 

2010; Churchman et al., 2014; Fig. 2.4), evidence is limited and the practicality and long-term 

impacts on C storage are not yet known.  
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2.3.6 Deep ploughing   

 Natural instances of soil burial demonstrate that SOC can be stabilised for millennia 

(Chaopricha and Marín-Spiotta, 2014; Wang et al., 2014a). Mechanical soil inversion 

techniques, such as deep ploughing (DP), rotary hoe or spading of agricultural land (i.e. 

mechanical inversion of the soil >30 cm depth), buries more C-rich topsoil and plant residues 

at depth allowing C accumulation in a ‘new’ unsaturated C-poor topsoil (Nieder et al., 1995; 

Alcántara et al., 2017, 2016). However, many disregard DP as a soil management option and 

suggest that any C input from DP is outweighed by the C lost to respiration (Freibauer et al., 

2004; Fontaine et al., 2007; Powlson et al., 2011). Studies that claim this, however, rarely 

match the timescales at which DP is deemed effective (>10 years), do not fully balance C 

inputs and CO2 lost by respiration, lack experimental evidence, or often focus only on CO2 

fluxes and not changes in the C stock.  

 Alcántara et al. (2017) found that 36-48 years after DP (to a depth of 55-90 cm) arable 

land, SOC stocks increased by 67% compared to a reference subsoil and resulted in 

substantially lower GHG emissions compared to conventional and zero-tillage management. 

The specific mechanisms driving the stabilization of the buried topsoil are untested, but lower 

microbial activity, a physical disconnect between decomposer and substrate and access to 

unsaturated mineral surfaces deeper in the soil are likely primary drivers (Salomé et al., 2010; 

Schiedung et al., 2019). More recently, Schiedung et al. (2019) found that 20 years after DP 

(100-300 cm) total SOC stocks (0-150 cm) increased by 69%, a marked annual C sequestration 

rate of almost 9 t C ha-1 y-1, but interestingly the ‘new’ topsoil had 36% less SOC than the 

original topsoil, possibly due to a lower C sequestration capacity. This is supported by 

Alcantara et al. (2016), who found that ‘new’ topsoils contained 15% less SOC even 3-5 

decades after DP, suggesting that the capacity of the ‘new’ topsoils to sequester C was low in 

their study; we expect this is highly context dependent.  

 The results from 6 studies of different soils where SOC was measured in the A and B 

horizons before DP and 12-48 years after are presented in figure 2.4 (methods in Appendix 

1). These results demonstrate that i) buried topsoil drives a C increase in the subsoil (0.09 ± 

0.2 g C kg-1 y1); and ii) DP had an overall limited effect on the net C stock (0.004 ± 0.05 g C kg-

1 y1). Based solely on this data, DP is the least effective of the strategies for which sufficient 
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data was available. However, 2 important factors were determined for the success of DP. 

Firstly, the timespan between DP and SOC stock measurement is important (i.e. more time 

allows for greater accumulation of C in the ‘new’ topsoil). Secondly, the location and soil type 

are crucial to the DP sequestration outcome. DP should not be done when i) soil has high 

contents of very old SOC, ii) the topsoil is low in C, iii) the soil has a high stone content, iii) 

steep slopes are present where erosion will be high, or v) subsoils are unfavourable for plant 

growth (e.g. Al3+ and Mn2+ toxicity at low pH or Na+ toxicity in alkaline soils). Subsoils with 

<70% silt content that restrict root growth could benefit from DP (Schneider et al., 2017) and 

sequester SOC (FAO, 2017). Duplex soils (sand over clay; often with a perched water table at 

the interface) could also benefit from DP where the new surface soil layer has increased clay 

content while the subsoil has better drainage. Increased plant production and deeper rooting 

depth on such soils could lead to greater C sequestration.  

 Mapping the areas with potential for soil inversion and establishing longer-term field 

studies will be essential to underpin any widespread DP implementation as a management 

practice for C sequestration. While DP is an expensive process if only used to change SOC 

profiles, the machinery and additional fuel costs could be offset through increased plant yield 

in soils where ameliorating subsoil constraints can occur at the same time (e.g. mixing with 

lime; uplift of subsoil CaCO3; improved aeration, compaction alleviation), or where existing 

surface soil problems (e.g. herbicide-resistant weed seeds) become buried at sufficient depth 

to remove this constraint to crop production.  

 

2.3.7 Subsoil water table management  

 In most cropping soils, a low water table depth is desirable to promote effective 

rooting. If the field is not free draining, then subsoil artificial drainage is installed to lower the 

water table and improve aeration. From a limited number of studies, this physical disturbance 

and change in conditions has not been shown to have a major effect on GHG emissions 

(Dobbie and Smith, 2006; Valbuena-Parralejo et al., 2019) and C storage in mineral soils 

(Mayer et al., 2018). This suggests that artificial drainage may indirectly provide an effective 

way to deliver C deeper into the soil profile.  

In contrast to mineral soils, the drainage of agricultural peatlands has resulted in very large 

net SOM loss rates (equivalent to 12 t C ha-1 y-1; Taft et al., 2017). This breakdown of SOM 
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also leads to the release of plant-available nutrients making these soils some of the most 

productive in the world. In many cases these C stores have taken tens of thousands of years 

to accumulate, however, they are being lost within decades in some cases. This rapid loss of 

natural capital is fuelled by the removal of anoxic constraints on native SOM decomposition 

by microbes and mesofauna (Wu et al., 2017). However, at soil loss rates of 1-2 cm y-1, this 

practice is clearly unsustainable and mitigation strategies are required to preserve the 

remaining SOM. Raising the water table, therefore, offers an opportunity in these peat soils 

to re-establish anoxic conditions and prevent SOM loss from deeper peat layers. If the water 

table is raised, however, care must be taken not to negatively affect root growth (and thus 

yields) and also not to create conditions that would be conducive to N2O and CH4 release. An 

experiment where the water table was raised to 30 cm of the soil surface was found to reduce 

total GHG emissions from 80 to 25 kg CO2-e ha-1 d-1 (Taft et al., 2018). Wen et al (2019b) 

showed the importance of the C/N ratio of cover crop residues on total GHG emissions when 

raising the water table from 50 to 30cm; with vetch (low C/N ratio) resulting increased N2O 

and total GHG emissions, and rye (high C/N ratio) resulting in reduced N2O and total GHG 

emissions. While proving effective at reducing C losses, raising the water table makes the soil 

physically unstable, unsuitable for vehicle trafficking and also prone to flooding. This 

highlights the trade-offs between the effectiveness and practicality of C mitigation options. 

 

2.4 Challenges and opportunities – looking to the future 

2.4.1 Genetic engineering - can we modify subsoil rooting? 

The demand for food to feed an increasing world population, in a future of climate 

instability, limited supply of P-rich ore (van Vuuren et al., 2010), and a global imbalance of N 

fertilizer availability (Springmann et al., 2018), will place additional pressure on agricultural 

land, with new land clearings causing further SOC loss. At the same time, climate change is 

affecting food staples variably (Peñuelas et al., 2017, Ray et al., 2019). Accelerated 

improvement to crops to tackle food security is possible with technologies such as gene 

editing (e.g. CRISPR cas9; Chen et al., 2019) being applied to improve traits, such as yield, 

disease and salt tolerance, and plant architecture (Energy Futures Initiative, 2020; Lian et al., 

2020). The advantage of gene editing is that the genome of a species can be targeted to 

suppress undesirable traits or turn on and over-express desirable traits (there is no foreign 
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DNA added). This technology is now permitted for application within the agricultural sector 

in some countries (e.g. USA, Australia) with others still debating its use. In the context of this 

review, we foresee an opportunity for gene editing to alter root systems (e.g. targeted root 

exudates) and to change the lignin lattice (composition and structure) to form a less 

biodegradable plant residue. This potential has already been highlighted in rice and tomato 

plants using CRIPR cas9 where the production and exudation of strigolactones has been 

successfully modified to promote plant growth (Butt et al., 2018; Lian et al., 2020). It has also 

been used as gene editing tool to alter root branching frequency and branching angle in 

tobacco and rice (Bettembourg et al., 2017; Gao et al., 2018; Kitomi et al., 2020). Lignin is a 

major component of plant cell walls accounting for 30% of the organic C in the biosphere 

(Ralph et al., 2004). Its metabolic pathways and function in plants are well characterised; Liu 

et al. (2018a) review the basis for genetic improvement of lignin. Xu et al. (2019) have also 

demonstrated how CRISPR cas9 can be used to change the secondary metabolite composition 

in roots while Gasparis et al. (2019) have shown how it can be used to alter a range of root 

morphology traits. As yet, these technologies have not been harnessed to alter rhizosphere C 

flow or promote C storage in soil (Energy Futures Initiative, 2020).  

 

2.4.2 Climate change - what are the consequences for subsoil SOC stocks?  

 Rising atmospheric CO2 can increase the growth and grain production of C3 crops and 

benefit C4 crops experiencing drought stress (Fig. 2.5). Kimball (2016) reviewed 27 years of 

free -air CO2 enrichment experiments and found biomass and yield were increased by eCO2 

in all C3 crop species by 19%, but not in C4 species except when water was limiting (30%). 

Conversely, drought stress and rising atmospheric O3 cause negative impacts on plant 

production. How climate change will impact subsoil SOC stocks and microbial C utilisation 

rates is less clear. Elevated atmospheric CO2 is projected to increase the quantity of C flow to 

root exudates (Phillips et al., 2011; Fig. 2.5); however, this may not necessarily translate into 

an increase in SOC due to a concomitant increase in microbial activity (Keiluweit et al., 2015; 

Kuzyakov et al., 2019). Pries et al., (2017) found that warming forest soil to 100 cm by 4°C 

increased respiration of the whole soil profile by 34-37%. Subsoils contributed the majority 

to this (20-25%) with millennial old C respired. This is echoed by a recent meta-analysis of 

over 100 eCO2 studies suggesting soil carbon storage declines when plant biomass is strongly 
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stimulated by eCO2 in forests, however, grassland soils have a large capacity to drawdown 

CO2 and have increased SOC stocks (Terrer et al. 2021). As well, Baumert et al. (2018) found 

that increased subsoil exudation caused a 10% increase in SOC, due to a stimulation of fungi. 

Research is currently lacking to answer the key question - are subsoil SOC stocks in mineral 

and organic soils secure from climate change?  

 

 Fig. 2.5 Schematic representation of how mineral subsoils (i.e. Mollisol, Alfisol) will likely 
change in response to different climate change scenarios with potential feedbacks in the C 
and N cycles. Elevated CO2 will induce plant growth, deeper rooting and more rhizodeposition 
in the subsoil. This will promote enhanced subsoil microbial activity and may induce subsoil 
priming of old SOM. The drying in combination with more microbial activity will stimulate 
more mesofaunal activity and bioturbation at depth. The greater formation of macropores 
(represented by the white vertical lines extending from the soil surface into the soil) due to 
greater topsoil drying will promote greater gas exchange and aeration of the subsoil. This will 
reduce the plant available water wet zone in the soil. Elevated CO2 in combination with 
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freshwater waterlogging will decrease C turnover and force mesofauna closer to the soil 
surface. The dashed lines are dependent on water availability, which are in low supply during 
droughts. This model assumes there are no constraints to deep rooting (e.g. due to excess 
acidity, salinity or compaction). 

 

Extremes in climate events will increase with global warming causing increased frequency of 

wet-dry cycles (Meehl et al., 2007; Fig. 2.5). To some extent, subsoils will be buffered from 

extremes in temperature and moisture due to the overlying topsoil (Wordell-Dietrich et al., 

2017; Qin et al., 2019). Gobel et al. (2011) proposed that the soil C balance is sensitive to 

climate extremes that decrease the wettability of soil and thus increase water repellence. This 

would increase surface water run-off and cause heterogeneous preferential flow pathways 

through the subsoil (Fig. 2.5); causing potentially less plant growth and more spatially variable 

root growth leading to less subsoil plant root C inputs. Water repellence in both surface and 

subsoils will also cause the water inside soil pores to form as droplets instead of continuous 

water films (Goebel et al., 2007). Disconnect in water films, as a consequence of water 

repellence, will restrict the diffusion of DOC (Or et al., 2007) and nutrients which will limit 

microbial uptake. This disconnect in water films is likely to also increase the stability of 

existing SOM against biological enzymatic decomposition thus increasing SOC residence time 

(Goebel et al., 2007). Water repellence is already widespread globally (Goebel et al., 2011) 

and is expected to become more frequent. How this alters the SOC balance is uncertain and 

highlights the need for SOC models to take account of differences in SOM turnover rates in 

water repellent soils. 

 

2.4.3 Microbial survival in subsoils - are there unknown metabolic pathways?  

Microbial cells exist in both metabolically active and dormant states. Jones and 

Lennon (2010) proposed that dormancy contributes to the maintenance of microbial 

diversity; fast-growing species use energy sources to grow competitively, whereas slow-

growing species use greatly reduced metabolism (i.e. anabiosis) to outcompete other species 

during periods of energy starvation. This enables slower-growing organisms to exist without 

direct competition with fast-growing species. It is expected that in C-limited subsoils microbial 

competition for SOC sources required for energy-generation (i.e. electron donors) will be 
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intense. This poses the question - Do we fully understand microbial metabolic pathways in 

slow-growing (oligotrophic) species within subsoils and does this impact on C storage?  

The discovery of alternative microbial energy pathways in surface soils suggests more 

understanding is needed. Research by Greening et al. (2015) highlights that an aerobic 

heterotrophic acidobacterium uses H2 oxidation from atmospheric scavenging when organic 

electron donors are scarce. Hydrogenase-encoding genes were subsequently identified in 51 

bacterial and archaeal phyla (Greening et al., 2016). Furthermore, Ji et al. (2017) found 

atmospheric H2, CO2 and CO gases to be energy sources for Antarctic surface soil 

communities. Atmospheric CO oxidation enables the survival of aerobic heterotrophic 

bacteria in energy-limited environments and has been found in many species of soil bacteria 

and archaea (Cordero et al., 2019). These findings highlight that trace gas oxidation may be a 

general mechanism for microbial persistence in topsoils (Greening et al., 2016). Such 

exploratory genomic studies warrant investigation in both oxic and anoxic subsoil layers. 

 

2.4.4 What are the key challenges in studying subsoils and can they be overcome?  

 Soil sampling depth has largely been driven by interest, practicality, and cost. This is 

reflected by a majority of C studies focusing on shallow soil layers (<30 cm; Yost and 

Hartemink, 2020). However, sampling below this in agricultural systems is not that difficult 

with use of sharpshooter, hammer and semi-mechanical soil corers, while hydraulic probes 

can be rented cost-effectively for deeper sampling. Indeed, deeper sampling used to be more 

common (Yost and Hartemink, 2020), so why is sampling becoming shallower? Although there 

is no current explanation, it could simply be because sampling deeper creates more samples 

to collect, process and analyse. We would like to argue that sampling deeper is worthwhile 

and to urge the soil science community not to stop sampling deeper. This is especially 

important as subsoils are different (Fig. 2.1 and 2.2) and changes in SOC stock may be vary 

through the soil profile (e.g. Tautges et al., 2019) which topsoil sampling would miss, resulting 

in potentially misleading results and interpretation.  In the case of in situ studies, there are 

different ways to take samples actively or passively (e.g. subsoil gas sampling systems; see 

Maier and Shack-Kirchner, 2014), with relative ease and limited soil disturbance which can 

greatly improve our understanding of the deep soil environment. Nevertheless, ex situ studies 

remain the more common practice (Rumpel and Kögel-Knabner, 2011), however, adequately 
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simulating subsoil environmental conditions (e.g. lack of disturbance, lower O2 

concentrations, different temperature and moisture contents, etc.) is difficult, making these 

more variable and less appropriate for extrapolation to field conditions. 

Both SOC content and bulk density variability contribute to C stock uncertainty, in turn 

affecting how large a change in stock can be observed through time or space. In the Western 

Australian SOC Audit, for example, Holmes et al. (2012) determined that variability in  SOC 

(%) contributed to 84-99% of the uncertainty in C stocks compared to <5% from bulk density. 

They illustrated that the rapid indirect measurement of bulk density using a gamma-neutron 

density meter could be used in place of labour-intensive traditional volumetric rings or clod 

measurements. Scanlan et al. (2018) have since developed a hand-held 3-dimensional 

scanning system based on a time-of-flight camera to measure the volume of the void created 

when using any excavation method (ring, auger, or shovel). This system was shown to 

measure bulk density accurately and rapidly in soils tested (35-71% gravel content; 0-40 cm 

depth).  

Both near- and mid-infra-red (NIR, MIR) scanning of soil has been shown to provide 

accurate estimates of SOC content (%) once properly calibrated (Hutengs et al., 2019). In-field 

scanning of intact soil cores collected to depth provides a rapid means of determining SOC 

content with the added advantage of also having IR predict SOM fractions required for SOC 

model initialisation as well as a range of soil properties (e.g. clay %) which are required for C 

models. These soil layers can then be recovered for additional chemical and biological 

analysis.  

 

2.4.5 What is the size of the subsoil C reservoir and how much more can be stored?  

To determine how much additional C can be sequestered globally requires that we 

know how much C is currently present in the soil (Smith et al., 2020). A consensus on the size 

of the global SOC stock, however, is lacking, with estimates ranging from 500 to 3000 Gt C 

(Todd-Brown et al., 2013; Scharlemann et al., 2014). This variation in estimates occurs due to 

variations in model parameters and different soil depths considered in each study (Harrison 

et al., 2011; James et al., 2014). The alternative, mapping of soils by extensive geochemical 

sampling projects, has covered the majority of Europe (FOREGS; Salminen et al., 2005), the 

USA (NASGLP; Smith et al., 2014b), China (GCB; Wang et al., 2014b) and Australia (NGSA; 
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Caritat and Cooper, 2011), often also including deep soil samples. While time and resource 

intensive, this is the best way to get high quality fine-scale data to quantify the global C stock 

and identify areas where sequestration can be most successful. We encourage colleagues 

from the Middle East, Eastern Europe, South and Central America, South Asia and Africa to 

pursue extensive mapping programs. 

 Smith et al. (2020) argue that to implement C sequestration initiatives, we need more 

reliable SOC change monitoring, reporting and verification platforms for policymaker support 

and gaining investments. Similar to the uncertainties of the soil C stock, consensus on how 

much more C can be sequestered in soil has not been achieved (Minasny et al., 2017; Zomer 

et al., 2017). This is due to the mentioned issues with stock estimates and differences in the 

sequestration strategies, land type and how SOC change is measured (Smith et al., 2020). 

Frequently, the depth of soil C estimation is not stated. As a result, over- or underestimation 

of the sequestration potential may occur. Current evidence for topsoils suggests that the soil 

C sink will eventually reach saturation (Solinger et al., 2000; Hoyle et al., 2013; Smith, 2016; 

Wiesmeier et al., 2015) after approximately 20 to 80 y of positive C sequestration 

management (Lal and Bruce, 1999; Minasny et al., 2017; Poulton et al., 2018). As the rate of 

accumulation is non-linear and decreases soon after it begins, estimated annual C 

sequestration rates can only realistically be achieved within the short-term. Many studies do 

not indicate a time within which this rate can be achieved, so their accuracy remains 

unknown. Furthermore, when management practices targeting greater C accrual in subsoils 

are discontinued, it is important to consider whether the C sequestered will be susceptible to 

being lost, and if so at what rate. The recent UN FAO program for the global assessment of C 

sequestration potential (GSOCseq; FAO, 2019) is a promising new vision that aims to build the 

international capacity of SOC change monitoring, reporting and verifying which will be 

essential in moving C sequestration forwards. 

 

2.4.6 What are the limitations of existing subsoil C simulation models?  

Soil C models are essential for predicting SOC sequestration over long timescales (> 50 

years; Chenu et al., 2018), however, they are only useful if parameterised properly (Dignac et 

al., 2017). Currently, the majority of C models (e.g. RothC, Century) are only designed to 

describe topsoil C dynamics (Smith et al., 1997; Stockmann et al., 2013). Also, the depth of 



81 

 

soil that the C stock is estimated to is often not reported in these models, making comparisons 

between the results of models challenging (Stockmann et al., 2013; Todd-Brown et al., 2013). 

As surface and subsoil C characteristics and dynamics are substantially different (as 

demonstrated by Salomé et al., 2010; Sanaullah et al., 2011; Hoyle et al., 2013; Zieger et al., 

2018; Qin et al., 2019), model parameterisation must be different for subsoils. While subsoil 

models exist (Table 1), they are relatively recently developed, vary in their description of C, 

their accuracy and the depth of C they measure. This is mostly because (reliable) estimates 

for C supply and subsequent transformation rates do not exist for multiple soil layers 

(Keyvanshokouhi et al., 2019) or are not linked with other factors that affect subsoil C storage 

(e.g. N availability, carbonate content). While progress in subsoil C models has been made, a 

greater mechanistic understanding of the specific subsoil C inputs as well as more extensive 

field-derived data will be required to further optimise existing models (Taghizadeh-Toosi et 

al., 2014) and be able to reflect potential strategies to increase subsoil C content.  

Another aspect that needs consideration in soil C forecasting models is better climate 

projections for agricultural subsoils (i.e. frequency of wettability). For example, in regions that 

receive less rainfall, subsoils will become progressively drier, microbial activity will slow and 

more C may accumulate. This drying may promote feedbacks such as deeper rooting, leading 

to greater removal of water, changes in nutrient availability which will affect subsoil C 

dynamics (Fig. 4). In contrast, saturated subsoils may dry out and shift from being anoxic to 

oxic and thus SOM may decompose faster. As for topsoils (Jiang et al., 2014), there is a clear 

need to link climate forecast models to C models, preferably with climate models that also 

incorporate extreme weather events.  
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Table 2.1 Models that address different C-related processes in topsoils and subsoils. 

 

2.4.7 What factors will affect the likely success of subsoil interventions? 

The overall success of different interventions to promote subsoil C storage depends 

on (i) their effectiveness to store C in the long term and the evidence to support this, (ii) their 

impact on other ecosystem services (including agricultural productivity), (iii) cost of 

implementation, (iv) practicality, (v) social acceptability, (vi) legislative barriers, and (vii) 

overall C cost of interventions (i.e. is more C stored than released in the process?). The 

importance of these is likely to be highly context-specific varying from farm-to-farm and 

country-to-country. For example, mechanical interventions may not be cost-effective or 

feasible by smallholder farms, whereas plant-based solutions may be implemented by all 

landowners. Strategies promoting higher subsoil C storage (e.g. DP, OM burial, deep rooting 

Model name  Function Additional Information Reference 

- C estimation Non-linear mixed effect model for 
estimation of forest soil (to 2.5 m) 
C. 

James et al. (2014) 

- C estimation Linear function for topsoil and 
power function for subsoil (to 0.75 
m). 

Beem-Miller and 
Lehmann (2017) 

RothPC-1 
 

C turnover 
estimation 

Subsoil (to 1 m) version of topsoil 
RothC model with 2 new 
parameters. 

Jenkinson and 
Coleman (2008) 

ECOSSE C turnover 
estimation 

Evaluation of model in predicting 
SOC dynamics (to 1 m). 

Dondini et al. 
(2016) 

ECOSSE C 
sequestration 

estimation 

8 year simulation of C and N 
dynamics (to 0.3 m). 

Khalil et al. (2013) 

DailyDayCent C 
sequestration 

estimation 

Simulation of long-term C storage 
(to 0.2 m) in agricultural soils with 
different additions. 

Begum et al. 
(2017) 

C-Tool C 
sequestration 

estimation 

Simulation of medium - long-term 
C storage (to 1 m) in agricultural 
soils. 

Taghizadeh-Toosi 
et al. (2014) 

OC-VGEN C 
sequestration 

estimation 

Simulation of long-term C storage 
(to 1.2 m) in agricultural soils with 
different management scenarios. 

Keyvanshokouhi et 
al. (2019) 
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crops) are likely to improve nutrient cycling and water-holding capacities, leading to increases 

in crop yield (Gregorich et al., 1994). These win-win-win scenarios (i.e. more C, greater water 

use efficiency, higher yields) should help promote the adoption of subsoil technologies by 

farmers. In the case of OM, biochar and Fe additions to the subsoil, mechanical intervention 

is required. Although not mainstream, most of this equipment is commercially available to 

allow wide-scale adoption of subsoil technologies should these options gain support. One 

barrier to overcome in some countries is the legalities surrounding the addition of C-rich 

wastes to agricultural land. This will need a strong scientific evidence base and may take a 

long time for legislation to be passed. Lastly, it is known that some farmers can be resistant 

to change (cultural inertia; Hyland et al., 2016) and that there is resistance to geoengineering 

approaches to tackle climate change in both the public and scientific community (Robock et 

al., 2015). In addition, costs, practicalities and training needs may need addressing.  

Realistically, financial incentives for farmers (e.g. via the carbon market or agri-environment 

schemes) could be used to promote subsoil C technologies (Siedenburg et al., 2012). There is 

also a need for policymakers and extension agencies to focus on knowledge exchange and 

awareness programs, making use of the multiple co-benefits related to adopting pro-subsoil 

C behaviour (van de Ven et al., 2018). 

 

2.5 Concluding remarks 

Due to their favourable characteristics and conditions, subsoils have a large potential to 

offset CO2 emissions by sequestering C. A growing body of evidence suggests that, due to 

their large volume, less disturbance and more static nature, subsoils have the potential to 

sequester more C than topsoils, highlighting the importance of undertaking further studies 

on deep soils. Nevertheless, based on the evidence herein we suggest the best current 

strategies for enhancing full profile C sequestration success are: 

• Use of deeper rooting varieties is a cheap and easy way to enhance the C supply to the 

subsoil. While tangible benefits may take years to establish, it is likely to be more 

effective in lighter soils and those not with old C-rich subsoils. 

• While additions of OM and biochar to subsoils increase the C stock and can be 

beneficial, these are unlikely to lead to ‘true’ C sequestration.    
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• Addition of iron and clay to subsoils may be effective in very specific soils, but current 

evidence is not sufficient to recommend their widespread adoption.  

• Deep ploughing (DP) can be effective when >10 years apart and in soil that does not 

have high contents of very old SOC; C-poor topsoil; a high stone content; steep slopes; 

or unfavourable subsoils for plant growth. Silty and Duplex soils could particularly 

benefit from DP.   

• Water table management can be highly effective in enhancing C sequestration. In 

mineral soils lowering the water table can allow for greater C delivery in the subsoil, 

while in organic soils raising it is beneficial to C sequestration – but not for agricultural 

capability.   

  

Based on the evidence presented, we have also identified 5 key knowledge gaps and 

priority areas for future research: 

1. Improve our understanding of the mechanisms that regulate C stabilization in subsoils 

and the factors driving long C residence times (e.g. rates of subsoil C supply and loss; 

stabilization mechanisms of suberin and DOC; sorption of SOC to minerals; role of Ca2+ 

and CaCO3 in C stabilization, role of microbes in SOC residence time; persistence of 

microbial necromass; spatial organisation of roots, microbial communities and SOC).  

2. Undertake studies that take advantage of space-for-time substitutions, long-term field 

and chronosequence studies of subsoil sequestration technologies (in isolation or 

combination). These studies also need to consider the trade-offs between different 

ecosystem services and the overall effects on soil health as well as their practicality 

and economic viability.  

3. Perennialisation and improvement of deep-rooting traits in crops and grasses that 

promote greater subsoil C storage (e.g. by harnessing gene-editing technologies; 

better selection of rhizosphere communities; better in situ techniques for studying 

subsoil root dynamics). 

4. Investigations into how climate change, especially changes in moisture status and 

extreme weather events, will affect subsoil C storage. 

5. Use the information gathered above to improve the parameterization of soil profile- 

and landscape-level models of subsoil C dynamics that allow us to simulate the impact 
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of different land management and future climate scenarios on subsoil C, but also 

improve global climate models. 
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Abstract  
 

The interaction of soil organic matter (SOM) with Fe-containing minerals represents a key 

mechanism that promotes carbon (C) stabilisation in soil. The addition of Fe-rich industrial by-

products to soil may therefore help accelerate C storage. Our understanding of the effects of 

exogenous Fe addition (Fe  (oxy)hydroxide vs. Fe chloride) on SOM dynamics and C dynamics 

in agricultural soils, especially in subsoils, however, remains poor. Here, we simulate the 

addition of Fe in an arable soil context and assess its effectiveness based on CO2 emissions 

and soil chemistry. We hypothesised that insoluble and soluble Fe would reduce the 

mineralization of newly added unprotected organic materials more than native SOM and that 

soluble Fe would cause mineralisation of native SOM. To investigate this, insoluble Fe(OH)3 or 

soluble FeCl2 (0-5 g kg-1) were added to arable top- (0-10 cm) or subsoils (50-60 cm) and CO2 

emissions, pH and nutrient dynamics (e.g. P, N) measured in a laboratory incubation over a 

45 d period. We also compared the effect of Fe on the turnover of native SOM and newly 

added C (i.e. 14C-labelled glucose, citrate and crop residues) which was pre-mixed with 

exogenous Fe. We found that: (1) despite a reduction in P and DOC, Fe(OH)3 did not suppress 

total CO2 efflux; (2) high FeCl2 rates induced a rapid and significant release of CO2, which we 

attribute almost entirely due to FeCl2-induced soil acidification increasing DOC availability and 

carbonate dissolution; (3) 14C-substrate mineralisation was weakly suppressed by Fe(OH)3 but 

strongly by FeCl2 following the series: citrate < glucose < crop residues; and (4) Fe addition to 

subsoils induced a stronger C mineralisation response but weaker effect on soil solution 

chemistry compared to topsoil, possibly due to subsoils having a lower buffering ability and 

less microbial biomass. We conclude that addition of extra Fe was not effective in promoting 

greater C sequestration in the arable soil we tested. 

 

Keywords: acidification, carbon cycling, enzyme-latch, ferric-ferrous, iron-gate mechanism.  
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3.1 Introduction 

Increasing carbon (C) sequestration in soils has the potential to reduce the continued rise of 

atmospheric CO2 concentrations (Lal, 2004; Minasny et al., 2017). Considering the size of the 

soil C stock (Jobbágy and Jackson, 2000) and that it is in constant balance between fluxes of 

C entering and leaving the soil, even a small increase in soil C persistence can ultimately 

impact the global climate (Minasny et al., 2017). Of the mechanisms controlling C persistence 

in soil, associations of soil organic matter (SOM) with minerals is thought to be one of the 

most important (Lehmann and Kleber, 2015). In particular, iron (Fe), which is ubiquitous and 

can form complexes with C, nitrogen (N), oxygen (O2), sulphur (S) and phosphorus (P), is one 

of the most important elements for living organisms but also for regulating C dynamics in soils 

(Li et al., 2012; Melton et al., 2014; Wu et al., 2018).  

 It is well established that Fe oxides, in particular non-crystalline forms, are important 

in the stabilisation of SOM (Giannetta et al., 2020; Kaiser and Guggenberger, 2007, 2000; Li 

et al., 2012; Mikutta et al., 2006; Zhao et al., 2016). Many compounds within soil organic 

carbon (SOC) carry a negative charge, while most metal oxides, such as Fe hydroxide, have a 

positive charge and a high capacity to sorb SOC at relevant pH values (Kaiser and 

Guggenberger, 2007). Low molecular weight organic acids and microbial biopolymers in soil 

solution can be rapidly adsorbed by Fe, almost completely supressing their biodegradation 

(Jones and Brassington, 1998; Jones and Edwards, 1998; Porras et al., 2018; Solomon et al., 

2012). In addition, Fe oxides can suppress C mineralisation by immobilising inorganic N and P 

through sorption and complexation reactions, making substrates required for enzyme 

synthesis less available to decomposers (Lalonde et al., 2012; Riedel et al., 2013). We 

therefore hypothesise that addition of exogenous Fe-rich materials to temperate soils with 

relatively low Fe contents may promote greater C storage.   

 In contrast to crystalline Fe, the oxidation of Fe(II) has the potential to stimulate the 

decomposition of SOM via the production of strong SOC-oxidising OH- radicals (i.e. ‘Fenton 

reaction’; Hall and Silver, 2013; Melton et al., 2014; Van Bodegom et al., 2005), and stimulate 

decomposition due to increases of easily-mineralised DOC made available by acidification of 

the soil (Hall and Silver, 2013). However, oxidation of Fe(II) to short-range-ordered Fe 

precipitates can preserve SOC from mineralisation (Chen et al., 2020; Wen et al., 2019) via 

specific C compound stabilisation (e.g. lignin; Hall et al., 2016), or via direct toxicity to the 
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microbial community (Hall et al., 2016). As SOC may be both stabilised and mineralised by the 

addition of soluble Fe, the net stabilised C is likely to be dependent on soil type, forms of C 

and the prevailing conditions. 

 At the field scale, Silva et al. (2015) found substantial sequestration (ca. 140 Mg C ha-

1 y-1) of C following the application of highly reactive amorphous Fe-rich biosolids to a mine 

remediation site. The driver of this C accumulation was largely attributed to the complexation 

of Fe with organic compounds which promoted aggregation and further C accrual. However, 

it is also possible that indirect effects of nutrient enrichment may also have promoted the 

accumulation of SOM. Whether Fe amendment can be used in intensively managed 

agricultural soils to promote greater C stabilization remains untested. However, 

approximately 100 million tonnes of low economic value Fe-rich sludge are produced globally 

as a by-product of water treatment and mining (Chen et al., 2015). The optimal application of 

this resource to agricultural land to improve soil quality and improve waste valorisation is 

therefore desirable (Collivignarelli et al., 2020). 

 Iron addition to topsoils may be problematic for plant development, as roots release 

organic acids and require nutrients, such as N and P, which may become immobilised by 

association with Fe. However, subsoils, which are recognised as being far from reaching C 

saturation and having a high sequestration potential (Kell, 2012; Schiedung et al., 2019), may 

be a more successful target. In addition, while the study of Fe-driven C stabilisation has 

increased, the  focus has been almost exclusively on topsoils, when subsoils may respond 

differently to Fe addition (Porras et al., 2018). Furthermore, most focus has been on 

environments where changes in redox states occur due to regular fluctuations in O2 and soil 

water, such as wetlands (van Bodegom et al., 2005; Wang et al., 2017); peatlands (Riedel et 

al., 2013; Wen et al., 2019); paddy soils (Sodano et al., 2017); and Fe-rich tropical soils 

(Coward et al., 2017; Hall and Silver, 2013). Finally, the majority of such studies often focus 

on a single Fe form. How the redox state of Fe differentially affect preservation of different 

forms of C in different depths of a more stable soil environment (i.e. freely draining temperate 

arable soils) has not been tested. In this laboratory study, we explored how Fe additions 

influence the capacity for soil C sequestration potential of arable land.   

  To assess what exogenous Fe forms, Fe rates, soil depths and C forms result in the best 

C preservation, a series of laboratory incubation studies were conducted. We investigated the 
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effect of different rates of insoluble and soluble Fe additions to an arable topsoil and subsoil, 

focusing on the turnover of native SOM and different C amendments. We hypothesised that 

1) C preservation would be greatest with addition of newly added unprotected organic 

materials compared to native SOM in incubations with both Fe forms. We expect this because 

the C in native SOM may already be protected. Next, we hypothesised that 2) Fe(OH)3 would 

sorb to and immobilise DOC and P and so limit the growth and respiration of the soil microbial 

community. Further,  we hypothesised that 3) addition of FeCl2 would induce CO2 release via 

acidification driving DOC release and respiration ; finally, iv) we expect trends to be strongest 

in the subsoil, due to a lower SOM content possibly lowering the buffering capacity.  

 

3.2 Materials and methods  

3.2.1 Soil collection and characterisation 

 A sandy clay loam textured freely draining arable soil was collected from 

Abergwyngregyn, North Wales (53°14’29”N, 4°01’15”W) during the fallow period in October 

2018 and again in March 2019 for the Fe(OH)3 (insoluble Fe(III)) and FeCl2 (soluble Fe(II)) 

incubations, respectively. Sampling occurred on 2 separate occasions to prevent the negative 

effects of soil storage influencing the results over successive experiments. As the soil for each 

incubation was collected and incubated at different times, the results from the Fe(OH)3 and 

FeCl2 incubations are not compared directly (statistically), except for in the 14C study where 

soil was collected and incubated at the same time (March 2019).   

 The soil is classified as a Eutric Cambisol (WRB) or Typic Hapludalf (US Soil Taxonomy). 

Prior to collection, the field had been used for forage maize (Zea mays L.) production. Each 

time soil was collected, samples were taken from 4 randomly selected locations at 2 different 

depths; topsoil (Ah horizon; 0-10 cm) and subsoil (Bh horizon; 50-60 cm) and sieved (5 mm 

mesh) prior to use. These depths were chosen for studying the effects of Fe addition as 

contrasting representatives of the Ah and Bh horizons. A 5 mm sieve size was used as it 

creates minimal disturbance to the microbial community in this crumb (ca. 2 mm dia.) 

structured soil (Jones and Willett, 2006). Soil was stored at 4oC prior to the incubations and 

used within 18 d of collection. The independent samples were used as replicates (n = 4) for 

each sampling occasion (n = 2) in the experiments detailed below.  
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 To determine gravimetric moisture content and water filled pore space (WFPS), 

samples of known volume were oven-dried (105 °C, 24 h). Soil volume was determined by 

repacking the soil to a known volume. Dry bulk density was determined by dividing the dry 

weight by the soil volume. Soil CaCO3 content was determined with a FOGL Digital Soil 

Calcimeter (BD Inventions, Thassaloniki, Greece). Further samples of dried soil were analysed 

for total C and N using a TruSpec C/N analyser (Leco Corp., St Joseph, MI). Microbial biomass 

was determined with the CHCl3 fumigation-K2SO4 extraction procedure of Vance et al. (1987). 

Briefly, field-moist soil (5 g) was fumigated with chloroform for 4 d and then extracted using 

25 ml of 0.5 M K2SO4. Non-fumigated samples were extracted in the same way. Dissolved 

organic C in the extracts was determined using a Multi N/C 2100/2100 analyser (AnalytikJena 

AG, Jena, Germany). Total soil metal content was determined by total X-ray fluorescence 

(TXRF) using a S2-Picofox spectrometer (Bruker Inc., Billerica, MA). Clay and cation exchange 

capacity were measured using a laser diffraction particle size analyser (Beckman-Coulter Inc., 

Indianapolis, IN) and the sodium acetate method of Summer and Miller (1996), respectively. 

A summary of the initial soil properties is presented in Table 3.1.  

 

3.2.2 Iron mineral synthesis  

 Our experiments investigated the effects of a common solid mineral form of Fe, 

namely Fe(OH)3, and a soluble form of Fe, namely FeCl2 on soil C dynamics. The ferric 

hydroxide (Fe(OH)3) gel suspension was freshly prepared as described in Jones et al. (1996). 

Briefly, FeCl3.7H2O (400 g) was added to 1 l of deionised water and stirred until dissolved. 

Concentrated NaOH was then added to the solution to raise the pH to 7.0 and induce 

precipitation of amorphous Fe(OH)3 (i.e. poorly ordered ferrihydrite). The mineral precipitate 

was allowed to settle, and the supernatant removed. The remaining mineral suspension was 

desalted by pouring into dialysis tubing (≥12 kDa cut-off; Sigma-Aldrich, Poole, UK) and 

submersing in a large volume of distilled water. The distilled water was repeatedly changed 

until the electrical conductivity (EC) of the suspension inside the tubing was < 100 µS cm-1 (EC; 

Jenway 4520 conductivity meter; Cole-Parmer Ltd, Stone, UK). The Fe content (110 mg ml-1) 

of the suspension was determined  using a 700 Series ICP-OES (Agilent Technologies Inc., 

Santa Clara,CA). The pH of the final solution was 9.21 and the EC was 42 µS cm-1.   
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Table 3.1 Properties of the topsoil and subsoil used for the study. Values are means (± SEM) 
and different letters indicate significant differences (P < 0.05) between soil depths. For all soil 
solution analyses and soil analyses n = 4, excluding moisture content, bulk density and total 
organic C and N, where n = 8. Where appropriate, values are expressed on a dry weight basis.  

*measured by X-ray fluorescence   
**measured by dithionite-citrate-bicarbonate extractable Fe.   
†data from Sanchez-Rodriguez et al. (in prep), n = 4. 
 

 Ferrous chloride (FeCl2.4H2O) was added to distilled water at the required rate and 

stirred to allow it to dissolve entirely in aerobic conditions immediately prior to addition to 

  Topsoil 

0 – 10 cm 

Subsoil 

50 – 60 cm 

Soil Clay (g kg-1)† 209 ± 1 179 ± 0 

Moisture content (g kg-1) 192 ± 4a 164 ± 8b 

Dry bulk density (g cm-3) 0.9 ± 0.03a 1.1 ± 0.04b 

CEC (cmol+  kg-1)† 14.8 ± 0.2 10.3 ± 1 

Total Fe* (g kg-1) 46.8 ± 2.6a 49.2 ± 1.0a 

Total Al* (g kg-1) 89.7 ± 3.6a 101.9 ± 2.0b 

Total Fe oxides** (g kg-1) 1.2 ± 0.05a 0.9 ± 0.1a 

Organic C (g C kg-1) 27.8 ± 1.3a 7.4 ± 1.0b 

Total N (g N kg-1)   3.4 ± 0.1a 1.5 ± 0.1b 

C:N ratio 8.1 ± 0.1a 4.8 ± 0.3b 

CaCO3 (g kg-1) 4.7 ± 2.0 0.0 ± 0 

Soil microbial biomass (mg C kg-1) 74.0 ± 3.7a 42.9 ± 1.4b 

Soil 

solution 

 

 

 

 

 

 

pH 6.8 ± 0.06a 6.8 ± 0.03a 

EC (µS cm-1) 1198 ± 126a 657 ± 102b 

NH4+ (mg N l-1)  0.08 ± 0.02a 0.09 ± 0.03a 

NO3- (mg N l-1) 41.1 ± 6.0a 22.4 ± 5.2a 

Molybdate reactive P  (mg P l-1) 0.2 ± 0.03a 0.02 ± 0.01b 

DOC (mg C l-1) 12.6 ± 1.3a 4.3 ± 1.8b 

DON (mg N l-1) 4.9 ± 2.1a 0.6 ± 0.4b 
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the soil. The pH at the Fe addition rates of 1, 10, 100, 1000 and 5000 mg Fe kg-1 was 5.2, 4.5, 

3.8, 2.9 and 2.0, respectively; while the EC was 0.04, 0.26, 1.9, 13.9 and 55.5 mS cm-1. 

Preliminary experiments were undertaken with pH neutralised FeCl2 [which led to Fe(OH)2(s) 

production], however, the chemical instability of this product [rapid transformation to 

Fe(OH)3(s)] was deemed unsuitable for use in an agricultural setting and was not pursued.

  

3.2.3 Effect of Fe addition on soil chemistry and CO2 efflux 

Field-moist top- or subsoil (400 g) was placed into replicate (n = 4) transparent 

polypropylene containers (10.1 × 10.1 cm base, 11.8 cm high; Lock and Lock Ltd., Seoul, 

Republic of Korea) fitted with Suba-Seal (Sigma-Aldrich, Poole, UK) rubber septa fitted in the 

lids (see Appendix 2, Fig. S1). These were incubated at 21.7 ± 0.02 °C (monitored using an 

iButton Thermochron Data Logger; Measurement Systems Ltd., Newbury, UK) in the dark for 

45 d. The incubated soil was dosed with Fe(OH)3 or FeCl2 at addition rates of 0, 1, 10, 100, 

1000 and 5000 mg Fe kg-1 of soil. These rates corresponded to increases to the soil Fe oxide 

content (Table 3.1) by approximately 0.1, 1, 10, 100 and 500%, respectively, and were chosen 

to represent a range for identifying the most effective rate. While the higher rates (1000 and 

5000 mg Fe kg-1) are unrealistic as an agricultural addition, they were chosen to aid the 

mechanistic understanding in the case that the lower rates did not induce a measurable 

effect. They were also chosen to reflect Fe addition patches in soil (i.e. mechanical injection 

hotspots). The Fe(OH)3 and FeCl2 were suspended in distilled water and added to the soil to 

attain a final WFPS of 60%. To maximise coverage and mimic potential field application , the 

Fe solutions were injected at multiple points in the soil using a pipette. The WFPS of 60% was 

maintained by weighing the containers weekly and adding any water lost (ca. 1-2 ml week-1) 

with a pipette. Rhizon soil water samplers (Rhizosphere Research Products, Wageningen, The 

Netherlands), inserted at an angle of approximately 45° and a depth of ca. 5 cm in each 

container, were used to extract weekly soil solution samples (1-2 ml required for soil water 

chemical analyses). Soil CO2 efflux was measured according to Tagesson (2006) using an EGM 

5 soil respirometer (PP Systems, Amesbury, USA) 3 times a week initially, and then weekly.
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3.2.4 Effect of Fe addition on 14C-glucose, citrate and plant material mineralisation 

 Field-moist samples of topsoil or subsoil (10 g) were placed in sterile 50 ml 

polypropylene centrifuge tubes. The soils were dosed with a moderate (100 mg Fe kg-1) and 

a high (5000 mg Fe kg-1) dose, corresponding to a ca. 10 and 500% increase in soil Fe oxides, 

respectively, of Fe(OH)3 or FeCl2  or distilled water (control) in the same experiment and 

incubated overnight. The Fe added was the same as described in 2.2. Subsequently, 14C-

labelled glucose (65 mg C kg-1; 1.7 kBq sample-1), citrate (65 mg C kg-1; 1.3 kBq sample-1) or 

plant matter (dried and ground Zea mays L. shoots; crop residue; 1600 mg C kg-1; 1.6 kBq 

sample-1) was added to the soil. The concentrations of the substrates were chosen to reflect 

the inputs of C if a root cell lysed and the contents were released into soil (glucose and citrate) 

and sufficient to induce a response in the soil microbial community (Jones et al., 2003). 

Glucose was chosen as a C substrate as it is ubiquitously used by soil heterotrophic 

microorganisms. Citrate was chosen due to its common use by soil microorganisms and its 

known strong interaction with Fe-containing mineral surfaces. After 14C addition, a vial 

containing 1 M NaOH (1 ml) was placed inside the tube to trap any 14CO2 evolved and the 

tubes sealed. The NaOH traps were exchanged after 0.5, 1, 2, 4, 6, 24, 48 and 72 h. For the 

more complex plant matter substrate, trap changes continued after 72 h at 120, 168, 264 and 

336 h. This was to allow microbial decomposition of approximately 25% of 14C added to occur, 

which took longer due to the complexity and high C:N ratio (ca. 40) of the maize shoots. At 

the final time point, the glucose-incubated soil was extracted with 1 M NaCl (Darrah, 1991a); 

the citrate-incubated soil with 0.5 M phosphate buffer (pH 6.5) (Darrah, 1991b); and the plant 

matter-incubated soil extracted with 0.5 M K2SO4 (Badalucco et al., 1992); in a 1:4 (w/v) ratio 

for 20 min at 200 rev min-1. NaCl was used for glucose as this is not sorbed to the solid phase, 

K2SO4 was used to recover soil solution and easily exchangeable C, while phosphate buffer 

was used to desorb the citrate held on the solid phase. Subsequently, 1.5 ml of the extract 

was removed, placed into a microfuge tube and centrifuged (14,500 g, 5 min). An aliquot of 

the supernatant (1 ml) was retained for 14C determination. These extracts were used to 

determine the amount of free and exchangeable substrate remaining (glucose, citrate) or 

soluble plant C (maize residues). 14CO2 in the NaOH traps and extracts was measured via liquid 

scintillation counting with automated quench correction (Wallac 1404 Scintillation Counter; 
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PerkinElmer Life Sciences, Boston, MA) with 4 ml of Optiphase HiSafe 3 scintillation fluid 

(Fisher Scientific, Loughborough, UK). 

 

3.2.5 Soil solution analyses  

Soil solution ammonium (NH4+), nitrate (NO3-), molybdate reactive phosphorus (MRP) 

and soil dithionite-citrate-bicarbonate Fe contents were determined colorimetrically 

according to Mulvaney (1996), Miranda et al. (2001), Murphy and Riley (1962) and Loeppert 

and Inskeep (1996), respectively, with a PowerWave XS Microplate Spectrophotometer 

(BioTek Instruments Inc., Winooski, VT). Total dissolved N and organic C and were analysed 

using a Multi N/C 2100/2100 analyser. Due to chemical interference, the inorganic N data had 

to be excluded and so the NO3-, NH4+ and dissolved organic N of the soil solution are not 

reported. Soil water EC was measured using a Jenway 4520 conductivity meter and pH with a 

Hanna 209 pH meter (Hanna Instruments Ltd., Leighton Buzzard, UK).  

 

3.2.6 Statistical analysis 

 All data analysis was done using R (version 1.1.463; R Core Team, 2017), with figures 

made using the R package ‘ggplot2’ (Wickham, 2016). Data was assessed for test 

assumptions by using the Shapiro-Wilk test (p > 0.05) for normality, and Levene’s test for 

homoscedasticity (p > 0.05) as well as assessing the qqplots and the residual versus fitted 

plots. If the assumptions were not met, the data were either log10, square root or cube 

transformed. In the Fe(OH)3 DOC and Fe(OH)3 and FeCl2 MRP datasets; 2, 3 and 2 outliers 

were removed, respectively, due to heavily skewing the distributions, as identified by 

qqplots. Kruskal-Wallis tests (p < 0.05) were used to test each factor if the assumptions were 

not met after transformation. The final cumulative CO2 efflux and 14C substrate 

mineralisation values were compared between soil depths and applied iron rates (and in the 

latter case, between iron forms) by 2-way ANOVAs (p < 0.05). All soil solution data were 

analysed for the effect of soil depth, time and applied iron rates with 2-way ANOVAs (p < 

0.05). Multiple comparisons were done using the Tukey test (p < 0.05). The data in Table 3.1 

were tested for assumptions as above, then a 2-sample unpaired Student’s t-test (p < 0.05) 

was performed on topsoil versus subsoil means. In the case of failed assumptions, the 

Wilcoxon signed-rank test (p < 0.05) was used. As the assumptions for the parametric 
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correlation test failed, the Kendall’s tau (τ) correlation test (p < 0.05) was performed 

between untransformed Fe(OH)3 and FeCl2 measured properties and the Fe rates applied, 

shown in Table 3.2. 

 

3.3 Results 

Means and standard errors for each iron rate at top- and subsoil depth in the Fe(OH)3 and 

FeCl2 incubations are summarised in Appendix 2 (Table S1).  

 

3.3.1 Effect of Fe on cumulative CO2 efflux from native SOM turnover  

 As expected, CO2 efflux was highest in the topsoil (Fig. 3.1), with 359 and 180% greater 

final cumulative CO2 efflux compared to the subsoil in both Fe(OH)3 (p < 0.001) and FeCl2 

incubations (p < 0.001), respectively. While Fe(OH)3 had no significant effect on the final 

cumulative CO2 efflux (p = 0.99), there was a weak significant negative association between 

the rate of iron added and the CO2 efflux from the subsoil (Table 2). In contrast, FeCl2 addition 

induced a large increase in CO2 efflux (p = 0.013), with the maximum rate (5,000 mg kg-1) 

stimulating a 39 and 200% increase in topsoil and subsoil cumulative CO2 efflux compared to 

the control, respectively. In the second highest FeCl2 rate (1,000 mg kg-1), the cumulative 

efflux was 133% higher in the subsoil, but interestingly, 10% lower in the topsoil compared to 

the control. 
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Fig. 3.1 Cumulative soil CO2 efflux from top- and subsoil (mean ± SEM) incubations (n = 4) 
over 45 days with the addition of different rates of Fe(III) or Fe(II). Values correspond to the 
g dry weight equivalent. Note different y-axis range for Fe(III) and Fe(II). 

 

Table 3.2 Kendall tau (τ) correlations (p < 0.05) of measured properties with the Fe(OH)3 and 
FeCl2 rates applied across the entire incubation. Numbers in bold indicate significant 
relationships (p < 0.05). 

 

3.3.2 Soil solution chemistry with soil depth and in response to iron addition  

 In the Fe(OH)3 incubation, all soil properties apart from MRP differed across the 6-

week period (p < 0.001) although these differences were greater week-to-week compared to 

the beginning versus the end of the incubation (Fig. 3.2). Incubated topsoil had 178% more 

DOC (p < 0.001; Fig. 3.2a); a higher pH (p < 0.001; Fig. 3.2b); 128% greater EC (p < 0.001; Fig. 

 Fe(OH)3  FeCl2 

 Topsoil Subsoil  Topsoil Subsoil 

 τ p τ P  τ p τ p 

CO2 efflux -0.022 0.61 -0.098 0.022  >-0.01 0.93 0.08 0.06 

DOC 0.22 <0.001 -0.10 0.088  0.017 0.78 0.14 0.024 

pH 0.055 0.38 0.02 0.81  -0.67 <0.001 -0.74 <0.001 

EC -0.05 0.43 <0.01 0.89  0.82 <0.001 0.81 <0.001 

MRP -0.20 <0.001 -0.17 0.007  -0.42 <0.001 0.072 0.31 
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3.2c); and 250% greater MRP levels (p < 0.001; Fig. 3.2d) than the subsoil. The rate of Fe(OH)3 

addition only influenced DOC and MRP. Both top- and subsoil DOC was reduced by Fe(OH)3, 

with the highest rate driving a 24 and 40% decrease in top- and subsoil DOC compared to the 

control (p < 0.001; Fig. 3.2a) and a strong positive association between Fe(OH)3 rates and DOC 

in the topsoil (Table 3.2). The 5,000 mg kg-1  Fe(OH)3 rate decreased MRP in the top- and 

subsoil by 48 and 35% compared to the control, respectively (p < 0.001) and MRP was 

negatively associated with Fe(OH)3 rates in both the topsoil and subsoil (Table 3.2). 

 In the incubation with FeCl2, only DOC (p = 0.02; Fig. 3.2a) differed over the 6-week 

period. The topsoil had 129% more DOC (p < 0.001; Fig. 3.2a); a higher pH (p = 0.007; Fig. 

3.2b); and 225% more MRP (p < 0.001; Fig. 3.2d), compared to the subsoil. DOC was positively 

associated with Fe(II) rates (Table 3.2) and FeCl2 induced a 303 and 344% increase in top- and 

subsoil DOC (p < 0.001; Fig. 3.2a), respectively. However, this trend was not consistent in the 

1,000 mg kg-1 Fe(II) rate, which increased DOC in the subsoil but decreased in the topsoil. pH 

decreased with increasing FeCl2 rate regardless of soil depth, with 97% of the variation in pH 

explained by the rate of FeCl2 iron added (Fig. 3.2b) and strong negative associations between 

Fe and pH in both top- and subsoil (Table 3.2). At the highest FeCl2 rate, this corresponded to 

a soil solution pH of 2.5 ± 0.03 and 2.3 ± 0.02 in the top- and subsoil, respectively. Similarly, 

EC was also strongly associated with  FeCl2 addition (Table 3.2) and the rate of  FeCl2 explained 

98% of the variation in EC. This translated to a 74, 19 and 3-fold increase in soil water EC with 

the 3 highest rates compared to the control (p < 0.001; Fig. 3.2c), respectively.  
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Fig. 3.2 Effect of the addition of different rates of Fe(III) or Fe(II) on soil water chemistry: (a) 
dissolved organic carbon (DOC), (b) soil pH, and (c) electrical conductivity (EC) and molybdate 
reactive phosphorus (MRP) from top- and subsoil over 45 days (mean ± SEM, n = 4). The 
highest Fe(II) rate is not displayed in panel (d) as the concentrations exceeded detectable 
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limits of the methodology used. Values correspond to the g dry weight equivalent. Note 
different y-axis range for Fe(III) and Fe(II). 

 

3.3.3 14C-substrate mineralisation   

 Following the addition of the 14C-labelled substrates to the topsoil, a rapid initial phase 

of 14CO2 evolution was followed by a slower phase of 14CO2 production (Fig. 3.3). This initial 

rapid phase was delayed in the corresponding subsoil incubations with glucose and citrate 

(Fig. 3.3a and b), but not in the plant matter incubation (Fig. 3.3c). Overall, both Fe forms 

produced similar trends of lower 14CO2 evolution with higher iron concentration. In addition, 

the  FeCl2 treatments evolved less 14CO2 than those incubated with Fe(OH)3 [14C-glucose (p = 

0.044), citrate (p < 0.001)  and plant matter (p < 0.001)].  

 Of the total 14C-glucose  added to the soil 18-23 and 1-22% was recovered as 14CO2 in 

the Fe(OH)3 and  FeCl2 incubations after 72 h, respectively (Appendix 2, Table S2). Only ca. 3% 

of the 14C could be recovered from the soil water after 72 h, with the remainder assumed to 

remain in the soil and be immobilised in the microbial biomass. The final cumulative 14CO2 

evolution was 11 and 6% lower in the 5,000 mg kg-1 Fe(OH)3 treatment in the topsoil and 

subsoil compared to the control (p = 0.047), but 38 and 91% lower in the FeCl2 incubation (p 

< 0.001), respectively (Fig. 3.3a). The final cumulative 14CO2 evolved was 87 and 138% higher 

in the topsoil of the Fe(OH)3 (p = 0.045) and Fe(II) (p < 0.001) incubations compared to the 

subsoil, respectively.  

 Of the 14C-citrate  added to the soil, between 36-52 and 1-52% was respired in the 

Fe(OH)3 and FeCl2 treatments, respectively after 72 h (Appendix 2, Table S2). On average, 10% 

of the added 14C was recoverable at the end of the incubation period using a phosphate buffer 

extractant. Final cumulative 14C-citrate mineralisation was 21 and 5% lower in soil with 5,000 

mg kg-1 of Fe(OH)3 in the topsoil and subsoil compared to the control (p = 0.02), but 98 and 

96% lower with FeCl2 addition (p < 0.001), respectively (Fig. 3.3b). The final cumulative 14CO2 

evolved was 63 and 82% higher in the topsoil of the Fe(OH)3 (p = 0.045) and FeCl2 (p < 0.001) 

incubations compared to the subsoil, respectively. Despite a longer incubation period, the 

proportion of 14C evolved from the plant matter was similar to that for glucose and citrate 

(Fig. 3.3c, Appendix 2, Table S2).   
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Fig. 3.3 Cumulative 14C-CO2 evolved after the addition of 14C-labelled a) glucose, b) citrate, 
and c) Zea mays shoot residues incubated in top- and subsoil with different added rates of 
Fe(III) or Fe(II). Value are mean ± SEM (n = 4). Incubations were 72 h for a) and b), while c) 
was incubated for 336 h, before the soil was extracted. 

 

 Of the total 14C-plant matter  added to the soil, 19-25% and 13-25% was mineralised 

after 14 d in the Fe(OH)3 and FeCl2 incubations, respectively, with between 72 and 85% 

remaining in the soil (Appendix 2, Table S2). Similar to 14C-glucose, the extractant at the end 

of the incubation period only recovered ca. 3% of the 14C-plant matter. 14C-plant matter 
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mineralisation was 6 and 16% lower in soil with 5,000 mg kg-1 of Fe(OH)3 in the topsoil and 

subsoil compared to the control (p = 0.015), but 58 and 63% lower with FeCl2 addition (p < 

0.001), respectively. The final cumulative 14CO2 evolved was 24% higher in the topsoil of the 

Fe(OH)3 (p = 0.002) incubation compared to the subsoil, while there was no difference 

between depths in the FeCl2 (p = 0.065) incubated soil.  

 

3.4 Discussion 
3.4.1 Effect of Fe(OH)3 addition on CO2 production  

 Although the addition of Fe(OH)3 to our agricultural top- and subsoil did not result in 

a major reduction in CO2 efflux, the Kendall’s tau coefficients (Table 3.2) indicated that 

increasing rates of Fe(OH)3 induced a small reduction in CO2 efflux (albeit weakly in topsoil). 

There was a significant reduction in DOC and MRP with increasing Fe(OH)3 addition rate (Fig. 

3.2a and d), which supports our hypothesis that insoluble Fe would decrease overall CO2 

release due to DOC and P immobilisation. We attribute this to the ability of DOC to be 

adsorbed to Fe(OH)3, which by immobilizing labile substrates can limit decomposer activity 

(Riedel et al., 2013). The reduction in MRP would suggest an increase in the formation of 

insoluble Fe-P complexes making P less available, likely causing a reduction in P for microbial 

growth and metabolism (e.g. ATP production) (Jones and Brassington, 1998; Li et al., 2012; 

Wen et al., 2019).  

 The hypothesis that more C would be preserved with the addition of newly added C 

compared to native C was confirmed in the Fe(OH)3 incubation (Fig. 3.3), yet the  

mineralisation suppression effect was not as strong as expected with 13 and 15% less 14C 

glucose and citrate being mineralised after 72 h at high Fe addition rates (5,000 mg kg-1; 

Appendix 2, Table S2) compared to the control. This contrasts with Jones and Edwards (1998) 

who observed a 33 and 98% suppression of mineralisation of the same substrates after just 

22 h following the addition of only ca. 150 mg kg-1 of Fe(OH)3 to soil from the same field site. 

This stronger effect observed by Jones and Edwards (1998) may be due to two important 

differences between their study and ours: i) they used much lower concentrations of 14C 

substrates so the binding strength to the solid surface would be much greater; and ii) they 

added Fe(OH)3, mixed it and allowed it to equilibrate with the 14C substrates prior to addition 

to the soil (i.e. they were exactly co-located). Importantly, the pre- addition mixing would 
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allow the substrates to adsorb onto the Fe(OH)3 surface and become immobilized before 

addition to soil, while the mixing of this solution with the soil will have allowed maximum 

distribution of Fe in the soil. In contrast, we applied Fe in our experiments to mimic a way in 

which Fe-rich materials could be applied in the field (e.g. injection), resulting in a less effective 

soil coverage of the soil by the added Fe. Similar to Jones and Edwards (1998), Porras et al. 

(2018) found a 99.5% mineralisation suppression of 13C-glucose pre-sorbed with Fe(OH)3 after 

72 h following addition to soil. This strong suppression may be due to physical protection 

driven by the Fe or hydrophobic interactions or adsorption of degradation products (Kögel-

Knabner et al., 2008), as glucose is not predicted to sorb directly to Fe(OH)3 (Jones and 

Edwards, 1998). When Porras et al. (2018) added glucose-free Fe(OH)3, as we did in Figure 

3.1, there was virtually no difference with the controls in top- or subsoil. We conclude that 

our method of application may have resulted in a non-uniform distribution of Fe(OH)3 in the 

soil, limiting the impact on soil C dynamics. This heterogeneity, is however, likely to reflect 

real-world conditions when substances (e.g. slurry, liquid waste) are mechanically injected 

into the soil.   

 

3.4.2 The effect of FeCl2 on CO2 production  

 The results confirmed our hypothesis that addition of soluble Fe(II) (i.e. FeCl2) would 

induce greater CO2 release compared to the control. The FeCl2 added to the soil  rapidly 

oxidised to form Fe oxyhydroxide. This Fe(II) oxidation to Fe(III) in the presence of O2 drove 

the strong decrease in pH and increase in EC observed in this study (Fig. 3.2). At the high 

application rates, both the pH and EC would be toxic to some of the microbial community and 

plants growing in the soil (Jones et al., 2019; Kaya et al., 2003). The adding of this low pH 

solution is likely also the main driver of DOC solubilisation, as found by Hall and Silver (2013), 

who partly attributed a 270% increase in CO2 after 24 h following FeCl2 addition to tropical 

soil to increased DOC availability. An increase in easily-mineralisable DOC is likely to also 

contribute to the high cumulative CO2 efflux observed in the high FeCl2 addition rates (Fig. 

3.1) in the temperate soil studied here. However, when comparing the CO2 efflux with the 

results of easily-mineralised 14C substrates (Fig. 3.3), this trend was not observed. While an 

increase in non-labelled DOC mineralisation would not be captured by our 14C studies, the 

lack of a decrease in DOC (Fig. 3.2a) and associated increase in CO2 efflux in the higher FeCl2 
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addition rates throughout the 6 weeks suggests that increased DOC availability was not the 

primary source of the higher cumulative CO2 evolution rates. In addition, citrate which is easily 

mineralised in soil, had up to 52 and 39% of the added labelled substrate mineralised in 72 h 

in both the top- and subsoil free from added FeCl2  (Fig. 3.3; Appendix 2, Table S2). Addition 

of high rates of FeCl2, however, reduced substrate mineralisation rather than stimulating it, 

confirming the hypothesis that newly added C would be preserved to a greater extent than 

native soil C by addition of soluble Fe. This further suggests that the higher cumulative efflux 

observed in Figure 3.1 is not primarily a microbial response to increased DOC availability.

  Despite the higher total cumulative CO2 efflux of the high FeCl2 rates reported in the 

results, the difference in efflux between FeCl2 rates is entirely explained by the efflux at the 

first sampling time-point (Appendix 2, Fig. S2), with both topsoil and subsoil contributing more 

to overall CO2 efflux with increasing FeCl2 at the first sampling time-point. In addition, if the 

efflux data from day 0 (i.e. 0-1 h after iron addition – first sampling time point) are excluded 

and CO2 efflux is only considered from day 1 (Appendix 2, Fig. S4), the differences between 

FeCl2 rates are lost, confirming that the increase in CO2 production primarily occurred 

immediately (< 24 h) following iron addition.   

 As observed by Jones et al. (2011), the short-term increase in CO2 production following 

biochar addition to soil was both biotically determined by positive priming, and abiotically 

driven by stimulating the dissolution of inorganic carbonates and degassing as CO2. The strong 

FeCl2-induced acidification of the soil (pH ≥2.3) observed here (Fig. 3.2) would convert any 

HCO3- present in the soil to CO2, a reaction driven completely by pH and not Fe (Hall and Silver, 

2013). To test whether this occurred, distilled water and HCl-amended distilled water of the 

same pH as the high FeCl2 rates (5,000 and 1,000 mg kg-1) were added to the soil and the CO2 

efflux was measured (Appendix 2). The results confirm that pH was a significant driver in the 

short-term (i.e. first hour following addition) production of CO2 observed in the 5,000 mg kg-

1 FeCl2 rate (Appendix 2, Fig. S3). With small amounts of CaCO3 present in the topsoil (Table 

3.1), we speculate that this is potentially a source of HCO3- and the immediate spike in CO2 

measured in Figure 3.1.   

 Another mechanism that may have contributed to the intense short term CO2 

production is an increase in phenol-oxidative activity, which Hall and Silver (2013) found to 

increase linearly with FeCl2 concentration both with and without (aerobic) tropical soil. This 
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enzyme activity is a product of the ‘Fenton reaction’, where H2O2 (produced by FeCl2 

oxidation) and FeCl2 react to produce the strong SOC-oxidising hydroxyl radical (•OH). The 

•OH then oxidises phenolics which stimulates phenol-oxidative activity. This is likely another 

reaction that contributed to the short-term CO2 production in Figure 3.1, though the low soil 

solution pH in this study will likely have limited phenol oxidase activity for which neutral 

conditions are typically optimal (Sinsabaugh, 2010). In addition, this mechanism is not as 

important a driver as pH which accounts for the majority of the Fe-induced increase in CO2 in 

the first sampling time point (Appendix 2, Fig. S3) and reduces microbial C use efficiency at 

low pH (Jones et al., 2019). However, it may be a more important mechanism over longer 

timescales (Sinsabaugh, 2010).  

 Hall et al. (2016) found that despite a 21% reduction in lignin decomposition with the 

addition of FeCl2, there was no effect on overall CO2 production. This implies that FeCl2-

induced C stabilisation is specific to certain forms of C rather than bulk SOC, which, when 

measuring CO2 efflux, cannot be distinguished, as we (Fig. 3.1) and Hall et al. (2016) found. 

This is also consistent with the 14C results of this study that show different rates of 

mineralisation suppression depending on the form of C added (Fig. 3.3).   

 Co-precipitation of new DOC/Fe(III) phases following Fe(II) oxidation is an important 

mechanism of C preservation in soils experiencing frequent redox fluctuations (e.g. paddy 

soils; Sodano et al., 2017). This may have been an important mechanism suppressing CO2 

production in the Fe(II) glucose and citrate incubations (Eusterhues et al., 2011), as the 

suppression effect was much lower in the Fe(OH)3 incubation where adsorption of DOC on 

added Fe(III) would be more dominant.  

 In this study, the addition of  FeCl2 to the soil drove an immediate intense CO2 

response. We ascribe this response to i) soil acidification which promoted the abiotic 

conversion of DIC to CO2, ii) an increase in DOC availability and biotic respiration, (iii) a 

reduction in microbial C use efficiency; and to a lesser extent, iv) SOC oxidation, from 

increased phenol-oxidative activity resulting from the ‘Fenton reaction’. However, buffering 

the FeCl2 solution to typical soil pH values (i.e. >5.5; Jones et al., 2019) is likely to induce the 

rapid precipitation of Fe(OH)2 which will then oxidise rapidly to Fe(OH)3. This is expected to 

vastly reduce the intense short-term CO2 response observed, as found by Hall and Silver 
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(2013), and may induce a net decrease in CO2 production (Hall and Silver, 2013; Wen et al., 

2019) and would improve microbial C use efficiency (Jones et al., 2019) .  

 

3.4.3 CO2 efflux and soil chemistry differences by depth  

 The hypothesis that the greatest reduction in C turnover would be seen in subsoil was 

met in the Fe(OH)3 incubation, where less 14C was mineralised in the subsoil compared to the 

topsoil. Differences in soil chemistry were primarily driven by the depth of soil rather than 

the rate of Fe added. In contrast, soil depth was a poorer predictor of soil properties in the 

FeCl2 incubation. The differences between the top- and subsoil properties measured in the 

FeCl2 incubation were smaller than those in the Fe(OH)3 and, in the case of EC, there was no 

difference between either depth. This latter trend is attributable to the Cl- ions produced by 

the oxidation of the added FeCl2, which explained 98% of the variation in EC, rather than any 

physical, chemical or biological differences between the soil depths. Despite the FeCl2 rate 

also being a strong predictor for pH, the lower pH in the subsoil demonstrates that its ability 

to buffer acidity is lower than that of topsoil – considering they started at almost identical soil 

solution pH levels (Table 3.1).   

 The 14CO2 responses were different in the top and subsoil (Fig. 3.3) with a lag phase in 
14CO2 production present in subsoil incubations, which is consistent with Jones et al. (2018). 

The lack of difference in lag phases with the addition of Fe(OH)3 suggest that C is not limiting 

microbial growth, while FeCl2 addition is.   

 

3.4.4 Opportunities and limitations  

 The results of this study demonstrate that while there is potential for C to be 

preserved by the addition of Fe-rich material to agricultural soil, the quantity, form and 

method of application are critical to its success. In addition, as soil texture plays an important 

role in the Fe and C cycles (Saidy et al., 2013), targeting sandy soils where little chemical C 

protection potential exists (i.e. limited clay and metal content) could prove more successful 

than the sandy clay loam used in this study. While surface application or conventional 

injection could be a viable and cheap method for shallow application, to reach the subsoil a 

different method of application would be needed. Injection via a deep ripper (the same way 

liquid manure is agriculturally injected) or surface application followed by deep soil inversion 
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could be a potential to increase the Fe content deep in the soil, which in the latter case could 

also have concomitant C sequestration benefits (Alcántara et al., 2016; Feng et al., 2020). 

However, this method may be less cost-effective and more difficult to convince land users to 

implement. Large amounts of Fe(OH)3 and Fe(OH)2 containing sludge can efficiently be 

recovered from wastewater treatment to be reused (Chen et al., 2015). In addition, large 

quantities of ‘red mud’ high in iron oxide are produced (175 M t in 2020; World Aluminium, 

2021) from industry and only a small proportion is reused. Addition to soil has been studied 

for improved P cycling and acidity amelioration but its use for accelerated soil C sequestration 

has yet to be fully explored. Mixed with OM, such as slurry, these Fe sources have potential 

to be effective C sequestration strategies. However, as no in situ experiments testing Fe on 

agricultural soil C sequestration exist, this is yet to be determined. The net CO2 budget as well 

as the cost of the strategy would need to be determined to understand if this is an effective 

C sequestration strategy. 

 

3.5 Conclusions 
 To the best of our knowledge, this is the first experiment to test Fe application to 

agricultural soils specifically to promote C sequestration. The greatest preservation of C was 

achieved with introduced 14C substrates rather than with native SOM. The decomposition 

suppression effect was greatest in the subsoil, indicating that the subsoil may be the most 

effective target for future Fe addition studies. However, Fe(OH)3 had only weak C 

preservation effects overall, whilst FeCl2 induced strong C preservation of the added 

substrate, but equally a strong short-term CO2 response with native SOM. This latter CO2 

response was predominantly due to acidification-driven abiotic (loss of carbonates) and biotic 

(greater DOC availability and respiration) responses and is likely to outweigh any C 

preservation gains. Our results suggest that the addition of Fe(OH)3 or FeCl2 (unless buffered) 

to agricultural top- or subsoil at any rate up to 5 g kg-1 would unlikely protect a substantial 

amount of SOC. Therefore, from our results, we conclude that this strategy is not effective. 

We suggest targeting low-Fe sandy soil and adding OM  pre-associated with soluble Fe for 

more success, as it maximises C preservation and co-location of Fe and C in the soil. Finally, 

repeating these experiments in situ and with available Fe sources (e.g. wastewater sludge, 
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red mud) will increase our understanding of the full potential of this strategy for C 

sequestration.   
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Abstract 

Roots are a major source of carbon (C) to the soil, especially in deep soil layers. Use of deeper 

rooting crops is thought to have substantial potential to increase the amount of C entering 

and staying in the soil, thus removing C from the atmosphere. For their widespread adoption 

evidence is needed to understand 2 major areas of concerns with promoting deeper rooting; 

i) that an increase in resource allocation to belowground biomass does not negatively impact 

the harvestable aboveground biomass, and ii) that deep rooting may not be C negative as 

they may stimulate the mineralisation of old and stable deep C by supplying microbial 

communities in deep soil with easily-mineralisable substrates. To address these areas of 

concern, we set up a field study with deep-rooting grass (Festulolium hybrid) grown on plots 

with or without root-excluding nylon mesh buried at 20, 40 and 60 cm for a growing season. 

CO2 and N2O was measured from surface chambers and gas pipes installed above and below 

the mesh. Fresh aboveground biomass was measured throughout a growing season and 

subsurface fluxes were determined using the concentration gradient method (CGM). The 

results from this study suggest that establishment of grass roots to >30 cm can take more 

than a year for meaningful differences to be measured. Exclusion of grass roots from >20 cm 

depth reduced the aboveground biomass indicating that access to deeper soil layers is 

important for grass growth. The performance of the CGM in accurately estimating surface 

fluxes was good for CO2 but, likely due to simultaneously and spatially heterogeneously 

occurring production and consumption processes, poor for N2O. Plots with root access to 30 

cm depth had 106-fold higher soil CO2 fluxes than without root access, but this only accounted 

for 0.5% of surface CO2 fluxes. These results improve our understanding of the mechanisms 

of deep rooting and suggest deeper rooting increases soil C without increasing net CO2 

emissions. 

 

Keywords: subsoil; sequestration; perennialisation; rhizosphere; priming. 
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4.1 Introduction 

 Grasses cover almost half of the world’s land area and the majority of agricultural land 

and represent important carbon (C) sinks, estimated to store more than 10% of the global 

terrestrial C (Jones and Donnelly, 2004). The turnover of above and belowground plant 

biomass are major sources of C to the soils within these ecosystems (Dodd et al., 2015; Rasse 

et al., 2005). In the subsoil (B horizon), roots and their products are especially important 

sources of C where rates of C input are lower than in surface soil (Button et al., 2022; Suseela 

et al., 2017). A deep rooting phenotype can have co-benefits of improved plant uptake of 

nutrients and water (Kell, 2012; Lynch and Wojciechowski, 2015; Pierret et al., 2016), and 

greater resistance to slope erosion (Dignac et al., 2017) and drought (Kell, 2011). The use of 

deep-rooting crops can also be readily combined with mechanical interventions to promote 

access to previously compacted subsoil layers (He et al., 2019) or to the deep placement of 

fertilisers to promote root proliferation at depth (McEwan and Johnston, 1979). Therefore, 

there is growing interest in understanding how deep rooting interacts with subsoils to 

evaluate the potential of increasing long-term deep soil C stores via deep-rooting crops and 

grasses (Paustian et al., 2016).   

 In deep soil (30-100 cm), where disturbance is limited and oligotrophic conditions 

prevail, C is able to reside for thousands of years (Shi et al., 2020). Mineralisation of this 

intrinsic C by stimulating the microbial community with a fresh supply of easily accessible C 

from deep roots (i.e. priming; Salomé et al., 2010) is an undesirable outcome. Shahzad et al. 

(2018) observed mineralisation of ~15,000-year-old C from root penetration to 80 cm, though 

they were not able to determine whether this had an impact on the net soil profile C stock. In 

general, substantial increases in C stocks have been observed when annual crops were 

changed for more extensively rooting perennials over multiple year/decade timescales (Dodd 

et al., 2015; Ledo et al., 2020; Omonode and Vyn, 2006; Slessarev et al., 2020). It should be 

noted, however, that limited or no net change in C stock have also been observed from 

conversion to perennials (Chimento et al., 2016; Ma et al., 2000). There is a lack of 

experimental field studies that quantify the contribution of deep roots to soil organic C and 

soil respiration at depth to understand the trade-off between increased ‘new’ C input and 

‘old’ C loss.  

  As plants can allocate up to 50% of their photosynthetically fixed C to roots (Jones et 
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al., 2009), there is a common concern that increasing plant C allocation to roots decreases 

harvestable aboveground biomass (Kell, 2012; Powlson et al., 2011), which would significantly 

limit the application of deep-rooting in agriculture due to lower yields. A review by Kell (2012) 

concluded that deeper roots are unlikely to limit - but may instead promote - harvestable 

biomass (e.g. Lilley and Kirkegaard, 2011). Therefore, it is important to both confirm that 

deeper rooting traits do not negatively impact aboveground biomass and to understand 

where or how it may be enhanced for greater political and stakeholder support.   

 While studying and quantifying deep roots is recognised as being important, it is not 

commonly undertaken due to the often laborious and costly methods required to study them 

in situ (Mooney et al., 2012; Maeght et al., 2013). In fact, since 1989, there is strong evidence 

that studies are generally sampling shallower soil (Yost and Hartemink, 2020). As a result, root 

studies (e.g. Shahzad et al., 2018) are often undertaken in soil columns or mesocosms that do 

not represent field conditions very well. A ‘whole plant in whole soil’ perspective is needed 

for best understanding the potential of deep rooting advancements (Lynch et al., 2022). In 

situ studies on conversion of annual cropped fields to perennials (Ledo et al., 2020), for 

example, have improved our understanding of deep rooting but lack mechanistic insight into 

root-soil-microbial functioning. Exclusion of roots in situ (e.g. using mesh cages) provides a 

direct measure of how roots influence soil functioning, yet this is uncommon, possibly due to 

the challenge of non-destructive sampling. This can be overcome by gas sampling at depth 

and use of the concentration gradient method (CGM) for estimating soil fluxes with or without 

the presence of roots to quantify root-derived fluxes (Maier and Schack-Kirchner, 2014). To 

our knowledge, this approach has not been used to study deep roots in the context of C 

dynamics. To address the areas of uncertainties and advance this field, we established deep-

rooting grass plots with or without root-excluding mesh buried at either 20, 40 or 60 cm. CO2 

and N2O was measured from surface chambers and gas pipes installed above and below the 

mesh. Fresh aboveground biomass was measured throughout the growing season and 

subsurface fluxes were determined using the concentration gradient method. We 

hypothesised that, i) deeper rooting will not limit aboveground biomass, ii) deeper rooting 

will increase the net CO2 and N2O fluxes from the soil surface due to greater root access and 

respiration at depth, and; iii) the CGM will produce good estimates of soil fluxes as validated 

by the surface chamber measurements. 
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4.2 Materials and methods 

4.2.1 Experimental site and soil characterisation   

 The field trial was located at the Henfaes Research Centre, Abergwyngregyn, North 

Wales (53°14’29”N, 4°01’15”W). The freely draining sandy clay loam textured soil is classified 

as a Eutric Cambisol (WRB) or Typic Hapludalf (US Soil Taxonomy). An area of ca. 100 m2 

previously grazed grass ley was applied with SAMURAI® glyphosate (6 l ha-1; Monsanto UK 

Ltd., Cambridge, UK) on the 11th August 2020 and then scarified to remove dead grass, 

cultivated with a rigged tine harrow before a power harrow was used to create a level area 

two weeks later.   

 In 2018, soil from the same field was characterised extensively for chemical, biological 

and physical properties (mean values presented in Table 4.1). Soil samples were taken from 

4 independent soil pits located ca. 50 m apart at 10 cm depth intervals to a depth of 100 cm 

and sieved to 5 mm. Soil texture was measured with a LS 13320 laser diffraction particle size 

analyser (Beckman-Coulter Inc., Indianapolis, IN). Soil pH and electrical conductivity (EC) were 

measured in a fresh soil 1:2.5 (w/v) distilled water suspension with a Model 209 pH meter 

(Hanna Instruments Ltd., Leighton Buzzard, UK) and a Jenway 4520 conductivity meter (Cole-

Palmer Ltd., Stone, UK), respectively. Cation exchange capacity (CEC) was determined using 

the sodium acetate method of Sumner and Miller (1996). Total soil C and N were determined 

with a TruSpec® CN analyser (Leco Corp., St Joseph, MI). Soil subsamples (5 g) were extracted 

with 0.5 M K2SO4 (1:5 w/v; 150 rev min−1, 30 min) and the supernatant recovered after 

centrifugation (14,000 g, 10 min). NH4+ and NO3− were determined colorimetrically according 

to Mulvaney (1996) and Miranda et al. (2001), respectively, on a PowerWave XS Microplate 

Spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA). Immediately after soil 

collection, field-moist soil samples (25 g) were sieved (2 mm), frozen (-20 °C), freeze-dried 

and phospholipid-derived fatty acids (PLFA) were determined according to Bartelt-Ryser et al. 

(2005).   

 

4.2.2 Experimental design   

 The field trial consisted of 16 plots (4.3 ± 0.1 m2) separated by ≥1 m wide borders; see 

Appendix 3, Fig. S1 for plot layout). These plots were split into 4 treatments (n = 4) based on 

the presence and depth of a 4 m2 nylon root excluding mesh (40 µm; Anping County Comesh 
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Filter Co. Ltd., Hengshui City, China). The mesh size was chosen to allow hyphae, water and 

gases to penetrate freely but to exclude plant roots (Paymaneh et al., 2018). See Figure 4.1 

for a schematic diagram of an example plot. The location of the treatments, no mesh (i.e. 

control) and mesh at 20, 40 and 60 cm, were randomly allocated to the plots in the field 

(Appendix 3, Fig. S1). The plots were all excavated using a mechanical excavator on the 16-

17th September 2020. Soil was excavated in layers (0-20, 20-40 and 40-60 cm) and put in 

separate piles before refilling in the original order. All plots were excavated and thus 

disturbed equally regardless of treatment. When excavated, the mesh and gas sampling pipes 

(see 4.2.3) were installed and 8m long strips of heavy-duty polythene sheets were lined along 

the walls of the excavated plots to exclude any root-soil interference from outside of the plots 

(Fig. 4.1). The height of the liners was equal to the depth of the buried mesh and 60 cm in the 

no mesh (control) plots. During excavation, all stones encountered greater than ca. 150 cm3 

were removed. On 21st September 2020 the plots were raked level and hand seeded at an  

Fig. 4.1 Schematic 3D diagram of an example root exclusion plot used in this study (40 cm 
depth mesh shown as the exemplar). Plots had a buried mesh at either 20, 40 or 60 cm with 
gas sampling pipes positioned 10 cm above and below the mesh depth. The control plots (no 
mesh) had gas pipes at all depths (i.e. 10, 30, 50 and 70 cm). The terminal end 50 cm of the 
gas pipes had holes in them to enable soil air sampling at the centre of the plot. All plots had 
surface gas sampling chambers positioned on the top of plots and plastic liners on the walls 
surrounding the plots to prevent root ingress from the surrounding area. The dimensions of 
the plots were ca. 2 m x 2 m.  
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Table 4.1. Physical, chemical and biological soil properties at different depths from the field used in the study. Values (n = 4) are means ± SEM. 

Properties Soil depth (cm) 

 0 - 10 10 - 20 20 - 30 30 - 40 40 - 50 50 - 60 60-70 

Sand (%) 62.9 ± 0.7 62.0 ± 1.3 60.3 ± 2.3 60.3 ± 3.3 62.4 ± 4.4 67.2 ± 6.5 71.9 ± 4.5 

Silt (%) 16.2 ± 1.3 17.8 ± 0.6 17.8 ± 1.2 17.5 ± 1.5 17.1 ± 1.8 14.9 ± 3.1 12.1 ± 1.5 

Clay (%) 20.9 ± 1.0 20.2 ± 0.9 21.9 ± 1.5 22.2 ± 2.3 20.6 ± 2.6 17.9 ± 4.1 16.0 ± 3.3 

Dry bulk density (g cm-3) 1.4 ± 0.03 1.4 ± 0.07 1.7 ± 0.1 1.7 ± 0.2 1.8 ± 0.1 2.0 ± 0.3 1.7 ± 0.2 

pH (1:2.5) 6.0 ± 0.1 6.2 ± 0.1 6.5 ± 0.1 6.6 ± 0.1 6.7 ± 0.1 6.7 ± 0.1 6.8 ± 0.1 

EC (1:2.5 µS cm-1) 33 ± 4 32 ± 2 24 ± 1 25 ± 3 19 ± 1 23 ± 5 21 ± 2 

CEC (cmol+ kg-1) 14.8 ± 0.2 15.6 ± 0.4 12.7 ± 1.0 12.7 ± 0.5 11.1 ± 1.7 10.3 ± 1.0 9.6 ± 1.3 

Soil C:N 9.7 ± 0.2 9.7 ± 0.5 8.8 ± 0.7 6.4 ± 0.4 4.9 ± 0.5 5.0 ± 0.8 4.5 ± 0.7 

NH4+ (mg kg-1)  2.4 ± 0.1 1.9 ± 0.2 1.7 ± 0.1 1.6 ± 0.1 1.6 ± 0.2 1.4 ± 0.2 1.8 ± 0.2 

NO3- (mg kg-1) 10.8 ± 0.7 11.6 ± 2 4.9 ± 0.4 3.3 ± 0.2 2.0 ± 0.1 2.5 ± 0.7 2.4 ± 0.3 

Total PLFA biomass (nmol g-1) 134.2 ± 8.9 116.3 ± 4.1 57.7 ± 4.9 33.5 ± 2.5 22.9 ± 1.8 26.9 ± 8.4  14.3 ± 3.0 
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equivalent rate of 35 kg ha-1 (as per supplier recommendation) with a deep-rooting 

Festulolium variety (AberNiche; Cotswolds Seeds Ltd., Moreton-in Marsh, UK). Festulolium is 

a cross between meadow fescue (Festuca pratensis L.) and Italian ryegrass (Lolium 

multiflorum L.) and was developed for drought tolerance, with potential for deep-rooting 

(Carswell et al., 2022).  A 1-2 cm layer of topsoil removed previously was placed over the 

seeds to facilitate germination. The plots were reseeded at the same rate the 4th March due 

to poor initial establishment of the grass over the winter of 2020. The plots were fertilized by 

hand on the 13th July 2021 with 75 kg N ha-1 as NH₄NO₃, 25 kg P ha-1 and 100 kg K ha-1 after 

the 2nd silage cut, according to the Nutrient Management Guide (AHDB, 2017).  

  

4.2.3 Environmental and vegetation measurements   

 Rainfall, atmospheric pressure, soil moisture and air and soil temperature were 

recorded hourly at a weather station located adjacent to the research site. Due to an 

operational error, no data was available between Jan and 23rd of March 2021. The grass on 

the plots were cut by hand to 3-4 cm from the base in May, June, July, and August 2021 and 

again in May 2022. The fresh weight of the inside 1.8 m2 were weighed in the field, to avoid 

any edge-related effects.   

 

4.2.3 Gas measurement systems  

 PVC pipes (32 mm diameter) were cut to 100 and 75 cm lengths and connected by a 

90° bend using solvent cement to create L-shaped pipes (Fig. 1). The 100 cm pipe buried 

horizontally in the soil was pre-drilled randomly with 3 mm diameter holes (n = ~50) at the 

terminal end 50 cm opposite to the connecting bend and the end was sealed with electrical 

tape (Fig. 4.1). The end of the vertical 75 cm pipe was sealed with a cemented end cap that 

was then drilled (14 mm diameter) and 16 mm Suba-Seal® gas sampling ports (Sigma-Aldrich 

Ltd., Poole, UK) were fitted. All PVC connections were further sealed with PTFE and duct tape 

to ensure no leaks were present or could develop with time. In total, 40 identical gas sampling 

pipes were made for burial at 10, 30, 50 and 70 cm. Mesh buried at 20 cm had pipes installed 

at 10 and 30 cm; mesh buried at 40 cm had pipes installed at 30 and 50 cm and mesh buried 

at 60 cm had pipes installed at 50 and 70 cm. The control (no mesh) plots had gas pipes 

installed at 10, 30, 50 and 70 cm. For surface-atmosphere GHG flux measurement, 16 plastic 
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chambers (42 cm x 42 cm x 25 cm) were installed approx. 40 cm from the edge of the plots 

(Fig. 1) in February 2021. These have removable lids with Suba-Seal® gas sampling ports 

(Sigma-Aldrich Ltd., Poole, UK) fitted in their centre for sampling via syringe.   

 

4.2.4 Gas sampling and analysis  

 Gas samples were taken between 1000 and 1300 h fortnightly between April and 

September 2021. Using a gas-tight polypropylene syringe, air in the pipes and surface 

chambers was mixed by filling and emptying the syringe 3 times before a ca. 25 ml gas sample 

was taken and over-filled (to prevent loss of sample during storage) into a pre-evacuated 20 

ml glass vial (QUMA Elektronik and Analytik GmbH, Wuppertal, Germany). For the surface 

chambers, this was done at t = 30 and 60 mins after chamber closure with 8 replicates of 

ambient air taken from random locations within the field site for t = 0. Before analysis, gas 

samples were brought to ambient air pressure by inserting a needle into the vials and 

releasing the pressure. These were then analysed for CO2 and N2O concentrations using a 

Perkin Elmer 580 Gas Chromatograph (GC), served with a Turbo Matrix 110 auto sampler 

(Perkin Elmer Inc., Waltham, MA). Gas samples passed through two Elite-Q mega bore 

columns via a split injector, with one connected to an electron capture detector (ECD) for N2O 

determination, and the other to a flame ionisation detector (FID) for CO2 determination. Gas 

fluxes were calculated as per the method described in Scheer et al., (2014) adjusted for 

differences in timepoints.  

 

4.2.5 Concentration gradient methodology  

 To estimate the fluxes of gases in the soil profile and at the soil surface, the 

concentration gradient method (CGM) was used (Maier and Schack-Kirchner, 2014). The 

details of this method are presented in detail in Chapter 5. Briefly, the transport of gas 

through porous media in one dimension was approximated using Fick’s first law, for which 

the concentration gradient was calculated according to Jong and Schappert (1972); and the 

effective diffusion coefficient of CO2 and N2O in the soil were calculated as described in 

Chapter 5. This was done by calculating the diffusion coefficient of SF6 depletion from vessels 

using the Currie (1960) method. Air-filled pore space (ε) related diffusion coefficient (Ds) was 

calculated with the power function, Ds = 0.0907(ε)3.1848 (R2 = 0.99; Chapter 6). Then the 
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effective diffusion coefficient for CO2 and N2O was calculated using the free air diffusion 

coefficients of SF6 and CO2 or N2O (0.0335, 0.0529 and 0.0515 m2 h-1, respectively; Pritchard 

and Currie, 1982; Rudolph et al., 1996). The surface soil-atmosphere flux was then estimated 

by extrapolating the fluxes from the 10 and 70 cm depths to the surface. To validate the 

accuracy of these, the CGM modelled fluxes were plotted against the chamber measured soil-

atmosphere fluxes. The strength and gradient of the relationship was assessed to determine 

the reliability of the estimates at depth.   

 Soil temperature and moisture data was available from the weather station at 10 and 

20 cm. For more accurate flux calculation below this, the data from the 10 and 20 cm depth 

were used to estimate the conditions at 30, 50 and 70 cm using best fits. Data from 10, 20 

and 30 cm depths from 5 equivalent months in 2019 (Chapter 5) were used to determine the 

best fits for temperature and moisture with depth (Appendix 3, Table S1, S2). As the most 

variation in the 2019 temperature (R2 = 0.84; Appendix 3, Table S1) and moisture data (R2 = 

0.66; Appendix 3, Table S2) was explained by power functions, these were used to estimate 

the temperature and moisture at 30, 50 and 70 cm for the CGM calculation.   

 

4.2.6 Data and statistical analysis  

 All data analysis was done using R (R Core Team, 2017), with figures made using the R 

package ‘ggplot2’(Wickham, 2016). Data was assessed for test assumptions by using the 

Shapiro-Wilk test (p <0.05) for normality, and Levene’s test for homoscedasticity (p <0.05) as 

well as assessing the qqplots and the residual versus fitted plots. Fresh aboveground biomass 

was measured by a two-way ANOVA after the data was log-transformed to meet assumptions. 

CO2 and N2O concentrations were compared with Kruskal-Wallis rank sum tests at each 

individual soil depth. Differences between soil CO2 fluxes were tested individually with the 

Kruskal-Wallis rank sum test by root access and depth and then by root access within each 

depth.  

 

4.3 Results 

4.3.1 Environmental conditions and grass biomass  

 The hottest month was Jul with an average monthly air temperature of 17 °C, followed 

by Sep > Aug > Jun > Oct > May > Nov > Apr > Dec. The average monthly air temperatures in 
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Apr and Dec were 8 °C, suggesting unseasonal cold weather in Apr. The monthly soil 

temperatures were consistently higher than in the air (Fig. 4.2a), but otherwise followed very 

a similar pattern. Monthly average atmospheric barometric pressure was highest in Apr (1022 

mbar) followed by Jun > Nov > Sep > Aug > Jul > Oct > Dec and May (1007 mbar) (Fig. 4.2b). 

The low pressures experienced are partly in synchronism with the rainfall patterns, where  

Fig. 4.2 a) Daily average air and soil temperature, b) hourly barometric pressure, and  c) 

average volumetric soil water content (θ) and total daily rainfall for the experimental period 

1st Jan – 31st Dec 2021. N.B the weather station was not operational from the 1st Jan – 23rd 

March due to a technical issue. 

Weather station 

not operational 

Weather station 

not operational 

Weather station 

not operational 

a 

b 

c 
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monthly total rainfall was highest in December with 174 mm, followed by May (166 mm), Jul 

(70 mm), Aug (65 mm), Sep (54 mm), Jun (36 mm), Nov (33 mm), Apr (17 mm) and Oct with 

just 1 mm of rainfall. This is also partially reflected in the soil volumetric water content (θ) at 

different soil depths (Fig. 4.2c). The monthly θ was highest in Dec  (0.33 and 0.27 cm3 cm-3) 

for the 10 and 20 cm soil depths, respectively. Despite the low rainfall, Oct did not have the 

lowest θ. This was experienced by Jun, Jul and Aug for both depths.   

 The overall aboveground biomass differed between all sampling times except 

between May and June 2021 (p <0.001; Fig. 4.3), with Aug 2021 > June 2022 > May 2021 > 

June 2021 > July 2021. All treatments had higher grass biomasses than the plots with mesh 

installed at 20 cm (p = 0.003). The 20 cm plots had 30, 11 and 12% less biomass than the 40, 

60 cm and no mesh plots, respectively, which did not differ from each other. 

 

Fig. 4.3 Mean (± SEM) aboveground fresh biomass in plots (n = 4) with root-excluding mesh 

installed at 20, 40, 60 cm or without mesh (No mesh) at different harvesting times in 2021 

and 2022. N.B. the grass was wet in the August harvest resulting in higher biomass.  
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4.3.3 Cumulative surface fluxes  

 The cumulative surface CO2 fluxes were 9, 13 and 12% lower in the plots with root-

excluding mesh at 20 cm compared to the 40 cm, 60 cm and no mesh plots (Fig. 4.4a), 

respectively. Despite this, mesh depth or absence did not impact cumulative soil CO2 surface 

fluxes (p = 0.5). There were negative surface N2O fluxes in all plots, but the mean cumulative 

flux was negative in the plots with mesh at 20 and 60 cm (Fig. 4.4b). Surface fluxes were 

highest in the plots absent of mesh. Yet overall, the depth or absence of root-excluding mesh 

had no impact on the cumulative flux of N2O (p = 0.60). 

Fig. 4.4 Mean (± SEM) cumulative surface a) CO2 and b) N2O fluxes from deep rooting grass 

plots (n = 4) with or without root-excluding mesh buried at 20, 40, 60 cm depths.  

 

4.3.4 Concentration profiles   

 The concentrations of CO2 and N2O increased exponentially and linearly with soil 

depth (p <0.001, p <0.001, respectively; Fig. 4.5), respectively. Differences between plots with 

or without root-excluding mesh at different depths were only measured at 10 and 30 cm for 

CO2 concentrations. At 10 and 30 cm, the concentration of CO2 was lower in the plots with 

root-excluding mesh at 20 cm than in the no mesh plots (p = 0.01; Fig. 4.5a). There were no 

differences in N2O concentrations at each soil depth with plot mesh type (p >0.05; Fig. 4.5b). 

b a 
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Fig. 4.5 Depth profiles of mean (± SEM) gas concentrations of a) CO2 and b) N2O from biweekly 

sampling of gas collectors installed at different soil depths (n = 4) between April and 

September 2021. Colours reflect the depth or absence of a buried root-excluding mesh. 

 

4.3.5 CGM modelled fluxes  

 The fit of CGM modelled versus the chamber measured surface flux demonstrated a 

strong positive linear relationship for CO2 (Fig. 4.6a). However, the fit suggests that CO2 fluxes 

were overestimated by the CGM at lower measured surface fluxes and underestimates them 

at higher fluxes, with the intercept between the x = y and the fitted line at ca. 1.6 g C m-2 h-1. 

In contrast, there was no meaningful relationship between the CGM modelled and the 

measured fluxes of N2O (Fig. 4.6b). Due to the poor fit we did not believe the N2O modelled 

fluxes at depth would be reflective of in situ fluxes and so did not include them.  

 Soil CO2 fluxes modelled by the CGM show a decrease with increasing soil depth (p 

<0.001; Fig. 4.7). While there was no overall impact of root access on soil CO2 flux (p = 0.06), 

at 30 cm root access produced a 10.6-fold greater flux (p <0.001). The root-derived CO2 flux 

(i.e. flux with no mesh ‘+Roots’ subtracted by flux below mesh ‘-Roots’; Fig. 4.7) at 30 cm was 

0.58 mg C m-2 h-1. This corresponds to 91% of the CO2 flux at 30 cm being root-derived, which 

is equivalent of 0.48 and 0.53% of the mean CGM estimated and chamber measured surface 

CO2 fluxes, respectively. 

a b 
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Fig. 4.6 The CGM modelled versus the chamber measured surface a) CO2 and b) N2O flux 

between April and September 2021. The straight lines are the x = y and the dashed lines are 

the linear fit of the data. The equation, R2 and p values correspond to the fitted line of the 

data. Negative N2O fluxes indicate consumption by the soil. 

 Fig. 4.7 Soil CO2 fluxes modelled by the CGM from soil at 30, 50 and 70 cm with or without 

root access. In plots with no root access (‘-Roots’), the gas sampling pipes were 10 cm below 

a root-excluding mesh installed at either 20, 40 or 60 cm. There was no mesh present in the 

‘+Roots’ plots that could limit rooting access. Asterisks represent statistical difference 

between soil CO2 with root access status at p <0.001 (***); p <0.01 (**); p <0.05 (*) and p 

>0.05 (-) 

a b 

30 cm 50 cm 70 cm 

*** - - 
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4.4 Discussion 

4.4.1 Grass rooting and aboveground biomass   

 Significantly less aboveground biomass was produced in the plots with root-excluding 

mesh at 20 cm (Fig. 4.3). This suggest that the grass roots are reaching a depth >20 cm and 

the presence of the mesh is affecting aboveground biomass by limiting water and nutrient 

uptake, for which deep roots are grown to overcome (Kell, 2011; Maeght et al., 2013). This 

result contrasts with the statement from Powlson et al. (2011) that suggests increasing 

belowground input decreases aboveground growth. However, this idea has been refuted by 

Kell (2012), where they argue it is implausible as below- and aboveground biomass are likely 

to match each other. Applying this to the results from this study would suggest that root 

biomass in the plots with mesh at 20 cm is lower than the other treatments and that there is 

no difference in rooting biomass between the plots with and without mesh at 40 or 60 cm. 

This is supported by a 2-year study at the same field site with the same festulolium grass 

variety which found rooting to significantly decrease in mass with every 10 cm increase in 

depth (Carswell et al., 2022). At depths >50 cm they found rooting mass to be between 0.4 

and 0.01% of the mass measured at the 0-10 cm soil depth. Therefore, the plots with mesh at 

40 and 60 cm are unlikely to cause sufficient impacts on the overall rooting mass of the grass 

for differences in the aboveground biomass to be measured. Therefore, these results confirm 

the hypothesis that deeper rooting does not limit aboveground biomass, though this only 

applies to rooting to or beyond 20 cm due to unconfirmed establishment of rooting at >30 cm 

soil depths.   

 Deep roots of >60 cm have been observed to establish rapidly (ca. 1 month) in tropical 

forage grass species grown in repacked soil columns (Huot et al., 2020). However, root growth 

is slower in temperate conditions and homogenous sieved and repacked soil is less limiting 

for root growth than more heterogenous in situ soil. However, excavating the plots and 

removing large stones during set up would have loosened and homogenised the soil to an 

extent allowing greater ease of root penetration. Yet, the poor initial surface establishment 

of grass and the need for reseeding in March 2021 suggests that establishment of substantial 

roots at depth (>30 cm) is unlikely to have occurred over the measurement period. This is 

supported by a lack of differences in the soil CO2 fluxes at 50 and 70 cm between plots with 

or without root access (Fig. 4.7), surface CO2 fluxes and CO2 concentrations (Fig. 4.3, 4.4a, 
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4.5a) between the plots with no mesh or mesh at 40 or 60 cm. However, considering the low 

root mass at depth (>50 cm) even under conditions promoting deep rooting (i.e. drought; 

Carswell et al., 2022), maximum rooting depth potential may have been reached in this study 

but not captured by the measures mentioned above. Yet, it is likely that several years are 

required for greater establishment of roots at depth and the associated implications of these, 

as suggested by Carter and Gregorich (2010) and Ma et al. (2000) who found that tangible 

differences (i.e. SOC) due to deep rooting may only be apparent in the long term (5+ years).

  

4.4.2 Surface fluxes and root respiration  

 The increase in the aboveground biomass and surface CO2 flux from the 20 cm mesh 

to the no mesh plots was <0.5% different, suggesting that the aboveground biomass (and the 

belowground biomass, assuming an equal root-shoot ratio) was relative to the surface CO2 

flux. The cumulative surface CO2 fluxes, while not statistically different, did indicate that 

limiting root growth to a soil depth of 20 cm decreased surface fluxes (Fig. 4.4a). This result is 

consistent with Li et al. (2004), who found lower CO2 fluxes and microbial biomass with tree 

root exclusion. This suggests that a lower total root biomass results in a lower relative 

respiration rate. This is confirmed by i) lower CO2 concentrations at 30 cm in the plots with 

mesh at 20 cm (Fig. 4.5a); and, ii) lower soil CO2 fluxes at 30 cm in the plots with no root access 

(Fig. 4.7). There was no difference between the surface N2O fluxes or N2O concentrations with 

or without root excluding mesh, suggesting rooting has limited impact on N2O fluxes which is 

consistent with the results from Kusa et al. (2008). N2O concentrations increased linearly with 

depth (Fig. 4.5b), as the gas produced in the soil accumulates near the point of production 

due to restriction of diffusion to the soil surface (Shcherbak and Robertson, 2019).  

 Root-derived (i.e. rhizosphere) CO2 fluxes are thought to be 40% from root respiration 

and 60% from microbial respiration of root exudates and arbuscular mycorrhizal associations 

(Kuzyakov and Larionova, 2006). The fluxes at 30 cm demonstrate that the presence of roots 

increased soil fluxes by 106-fold (Fig. 4.7), suggesting both an increase in root respiration and 

microbial respiration of root exudates. However, it is likely that this large increase in CO2 

production was also stimulated by the microbial mineralisation of native soil C (Kuzyakov et 

al., 2000; Shahzad et al., 2018). Despite 91% of the flux at 30 cm being entirely due to the 

presence of roots, this corresponded to only 0.5% of the surface flux. Therefore, it is possible 
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that the increase in C from deeper rooting is not overshadowed by higher respiration, as 

supported by a lack of statistical difference between cumulative surface CO2 fluxes (Fig. 4.4). 

Therefore, we reject the hypothesis that deeper rooting would increase surface fluxes.  

 

4.4.3 CGM performance   

 The use of the CGM for flux estimation has been demonstrated in many pervious 

studies (Kusa et al., 2008; Luther-Mosebach et al., 2018; Maier and Schack-Kirchner, 2014; 

Wang et al., 2018; Xiao et al., 2015). In our study, the estimation of surface fluxes by the CGM 

compared to the chamber method was good for CO2 with a strong positive linear relationship 

that explained the majority of the variation in the data (Fig. 4.6a). In addition, the results are 

within the range of relative accuracy (slope and R2) of several other studies estimating CO2 

using the CGM, as summarised by Maier and Schack-Kirchner (2014). Therefore, we confirm 

the hypothesis in the case of CO2, that the CGM can perform well and produce good estimates 

of soil fluxes at depth from gas concentrations at depth.   

 In the case of N2O, performance was poor with no meaningful relationship between 

the modelled and measured fluxes (Fig. 4.6b), meaning the hypothesis was rejected for N2O. 

These results are consistent with the findings of Maier and Schack-Kirchner (2014) who found 

agreement between the CGM and measured fluxes was in general better with CO2 than with 

N2O, due to simultaneously and spatially heterogeneously occurring consumption and 

production processes altering the fate and behaviour of N2O at aggregate to microsite scales 

(Clough et al., 2005; Schlüter et al., 2018). Kusa et al. (2008) concluded that because they 

were not able to account for these processes occurring in the soil above the location of the 

sampling tube at 5 cm, an accurate CGM N2O flux could not be obtained. In our study the 

shallowest gas sampling depth was 10 cm, suggesting that the reason for the poor fit between 

the CGM and chamber surface fluxes was primarily due to the concentrations at 10 cm not 

accounting for changes to the flux of N2O above this. Therefore, this caused the extrapolation 

to the surface to produce inaccurate fluxes as verified by the chamber flux measurements 

(Fig. 4.6b). However, the CGM estimates of N2O corresponded better with the chamber 

measured fluxes when at lower values (i.e. <30 µg N m-2 h-1; Fig. 4.6b). After observing poor 

estimation of the CGM at high N2O fluxes, Kusa et al. (2008) concluded that the CGM is useful 

for N2O flux estimation when high fluxes (>0.6 mg N m-2 h-1) were excluded. In our study the 
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ideal threshold for exclusion would be even lower, which puts into question the repeatability 

of using this threshold for improving the CGM fluxes. 

 

4.5 Conclusions 

 Aboveground biomass and soil profile and surface gas measurements were measured 

throughout a growing season of deep-rooting grass in plots with root-excluding mesh 

installed at 3 different depths. The results from this study suggest that establishment of deep 

grass roots in an agricultural field may take more than a year for root exclusion related 

differences to be measured at depths >30 cm. Nevertheless, exclusion of grass roots from >20 

cm depth reduced the aboveground biomass indicating that access to deeper soil layers is 

important for grass growth. Plots with root access to 30 cm depth had higher soil CO2 fluxes 

than when no root access, suggesting root respiration and microbial respiration of root and 

soil C is a primary driver of CO2 production in the rooted soil. However, this did not induce a 

difference in surface CO2 fluxes, suggesting C input may exceed C output. The performance of 

the CGM was good for CO2 but poor for N2O, due to the complexity and heterogeneity of N2O 

dynamics not captured by the CGM. The results from this study give important preliminary 

support for pursuing deep rooting as an approach for enhancing soil C storage without 

impacting harvestable biomass. To improve this study, moisture sensors installed at depth, 

dry aboveground biomass measurement, rooting depth quantification, isotope labelling and 

14C dating of soil CO2 would enhance the insight and confidence in the mechanisms behind 

the observed measurements. 
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Abstract 

Agricultural soil emissions are a balance between sinks and sources of greenhouse gases 

(GHGs). The fluxes of GHGs from soils are complex and spatially and temporally heterogenous. 

While the soil surface is the exchange site with the atmosphere and is commonly where GHG 

fluxes are measured, it is important to consider processes occurring throughout the soil 

profile. To reduce emissions and improve agricultural sustainability we need to better 

understand the drivers and dynamics (production, consumption, diffusion) of these gases 

within the soil profile. Due to the heterogeneous nature of GHG processes at small to large 

scales, it is important to test how these processes differ with depth in different systems. In 

this study, we measured in situ CO2, N2O and CH4 concentration gradients as a function of soil 

depth over subsequent maize and wheat growing seasons with active gas samplers inserted 

into an arable field at 10, 20, 30 and 50 cm depths. We found N2O and CH4 concentrations 

increased with depth, but only CO2 concentrations differed with depth between growing 

seasons due likely to differences in soil diffusivity driven by soil conditions. Using the 

concentration gradient method (CGM), the CO2 fluxes at each depth and their contribution to 

the surface flux were calculated and validated against a chamber measured surface flux. We 

found the GM estimated surface CO2 flux was only 6% different in the wheat, but 28% lower 

than the surface measured flux in the maize growing season, due to drought conditions 

reducing the accuracy of the GM. Finally, we measured fluxes of CO2, N2O and CH4 in ambient 

and highly concentrated headspaces in laboratory mesocosms over a 72 h incubation period. 

We provide evidence of depth-dependent CH4 oxidation and N2O consumption and possibly 

CO2 fixation. In conclusion, our study provides valuable information on the applicability of the 

GM and further evidence of the GHG production, consumption and diffusion mechanisms that 

occur deeper in the soil in a temperate arable context. 

 

Keywords: Fick’s law, depth dependent, subsoil, diffusion coefficient, denitrification, dark CO2 

fixation. 
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5.1 Introduction 

 Agricultural soils represent significant sources of CO2, CH4 and N2O to the atmosphere. 

However, they can also act as greenhouse gas (GHG) sinks (Chapuis-Lardy et al., 2007; 

Johnston et al., 2009). Net emissions of GHGs from the soil are therefore a balance between 

production and consumption processes that occur simultaneously in soil. As the pool of soil 

organic matter (SOM), the principal soil sink of CO2, grows or shrinks, the potential for 

microbial decomposition and the resulting net CO2 flux increases or decreases (Johnston et 

al., 2009). The net soil-atmosphere flux of N2O, on the other hand, is dynamically governed 

by the availability of N, soil conditions and the soil microbial processes that underpin the 

production and consumption of N2O in the soil (Chapuis-Lardy et al., 2007). Finally, the CH4 

flux depends almost entirely on O2 availability when C is not limiting and the temperature is 

not too low (Le Mer and Roger, 2001). The fluxes of these important agricultural GHGs are 

complex and spatially and temporally heterogenous, but to improve agricultural sustainability 

through reduction of GHG emissions, the drivers and dynamics need to be better understood.

 Quantifying the differences between surface and soil profile fluxes and their drivers is 

important as agricultural practices (e.g. tillage, nitrogen inputs, organic matter amendments) 

influence and drive GHG production throughout the soil. While we have a good understanding 

of soil-to-air GHG fluxes from surface measurements (e.g. closed chamber and eddy-

covariance methods; Dossa et al., 2015; Kusa et al., 2008), these do not capture information 

concerning GHG-related processes occurring deeper in the soil (Wang et al., 2018). In 

addition, they largely assume that the emissions of GHGs are instantaneous and disregard the 

possibility of changes in the C and N pools in the soil (Wang et al., 2018). Finally, the soil-to-

air flux is not necessarily representative of GHG fluxes in the whole soil profile (Boon et al., 

2014; Clark et al., 2001). To capture more information on GHG processes that lead to the 

surface-atmosphere flux different methods are required.     

 The concentration gradient method (CGM) is an approach that uses the soil profile gas 

concentration gradient to estimate soil fluxes, which are difficult to measure in situ, and 

extrapolates from this gradient to determine the surface flux. TheCGM contributes to greater 

understanding of GHG dynamics at different soil depths, which is essential to better predict 

movements of C and N in ecosystems (Maier and Schack-Kirchner, 2014). This is especially 

important in the light of climate change and the increasing interest (e.g. ‘4 per 1000’ initiative) 
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and urgent need for sequestering C in soil and subsoil. The method requires concentration 

gradient data which we aim to produce for CO2, CH4 and N2O, which only a few studies have 

done simultaneously (Wang et al., 2018) and fewer still across different crops (Dong et al., 

2013). Typically, concentrations of N2O and CO2 in the soil profile are much greater than in 

the overlying air, while an opposite trend is often found for CH4 in oxic soils (Dong et al., 2013; 

Li and Kelliher, 2005; Maier and Schack-Kirchner, 2014; Wang et al., 2018; Xiao et al., 2015). 

However, how these concentration profiles may differ across multiple soils, climates and crop 

rotations is poorly studied.   

 For the utility of the CGM in furthering the understanding of the GHG dynamics to be 

realised, the modelled fluxes need to be reliable. As the performance of the CGM is influenced 

by many factors, including the target GHG, sampling frequency and the method for 

determining the diffusion coefficient (Ds), it is important to test the limits and opportunities 

of the method for determining the most effective use of the method (Maier and Schack-

Kirchner, 2014). An aim of this study was to test the performance of the CGM in modelling 

CO2 fluxes across multiple growing seasons and crop rotations at low temporal resolution with 

a measured Ds against a surface chamber method.    

 While it is well documented that GHG fluxes differ with depth (Davidson et al., 2004; 

Dong et al., 2013; Wang et al., 2018), the net GHG flux is a result of a balance between 

consumption and production processes. For CO2, CH4 and N2O, the consumption process is 

known as dark CO2 fixation (Akinyede et al., 2020); methanotrophy (i.e. CH4 oxidation; Le Mer 

and Roger, 2001); and N2O consumption (i.e. final stage of denitrification) (Maier and Schack-

Kirchner, 2014; Neftel et al., 2007), respectively. While these processes have been measured 

in different systems, how their rates differ with depth is not fully understood. A further aim 

of this study was to quantify GHG consumption rates, with an expectation that consumption 

of GHG would be depth dependent as consuming microbes and the conditions that support 

these processes differ with soil depth.  

 In this study, we measured in situ CO2, N2O and CH4 concentration gradients from 10 

to 50 cm over a maize and a subsequent wheat growing season. We hypothesised that maize 

and wheat crops would result in measurable differences in GHG concentration profiles due to 

their differing rooting architectures. We also hypothesised that the CGM would be a reliable 

method in the estimation of CO2 fluxes despite low temporal resolution, different growing 
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seasons and crops. To address the hypothesis that production and consumption of GHGs is 

depth dependent, a laboratory soil incubation study was also undertaken to measure net 

production and consumption of CO2, N2O and CH4 at different soil depths under different 

concentrated headspaces.  

 

5.2 Materials and methods 

5.2.1 Experimental site and soil characterisation  

The study site was a lowland (<10 m.a.s.l.) arable field located at the Henfaes Research Centre, 

Abergwyngregyn, North Wales (53°14’29”N, 4°01’15”W) drilled with maize (Zea mays L., cv. 

Emmerson) on the 6th of May 2018 and sown with winter wheat (Triticum aestivum L., Mulika) 

on the 26th of March 2019. The freely draining sandy clay loam textured soil is classified as a 

Eutric Cambisol (WRB) or Typic Hapludalf (US Soil Taxonomy; Soil Survey Staff, 2014). The field 

received no N fertilizer in 2018 as the soil mineral N content was already high (34 ± 0.1 mg N 

kg-1 soil, n = 8), but received 2 rates of N fertilizer as ammonium nitrate in 2019: High (150 kg 

ha-1) and Medium (75 kg ha-1). Plots were established within a randomised block design with 

4 blocks and 3 treatment plots per block. The plots receiving Medium and High fertilizer rates 

both received 40 kg ha-1 of N fertilizer on the 7th May, and then a further 35 or 110 kg ha-1 on 

the 30th of May 2019, respectively. The soil was conventionally ploughed both years to a depth 

of 30 cm at the beginning of the growing seasons in March. As the soil was undisturbed 

thereafter for >2 months before the first gas samples were taken, the soil was considered to 

have settled. This is supported by Fiedler et al. (2015) who found soil respiration to return to 

pre-tillage levels 36 d after tillage.  

 In 2018, soil from the same field was characterised extensively for chemical, biological 

and physical properties (mean values presented in Table 5.1). Soil samples were taken from 

4 independent soil pits located ca. 50 m apart at 10 cm depth intervals to a depth of 100 cm 

and sieved to 5 mm. Soil texture was measured with a LS 13320 laser diffraction particle size 

analyser (Beckman-Coulter Inc., Indianapolis, IN). Soil pH and electrical conductivity (EC) were 

measured in a fresh soil 1:2.5 (w/v) distilled water suspension with a Model 209 pH meter 

(Hanna Instruments Ltd., Leighton Buzzard, UK) and a Jenway 4520 conductivity meter (Cole-

Palmer Ltd., Stone, UK), respectively. Cation exchange capacity (CEC) was determined using 

the sodium acetate method of Sumner and Miller (1996). Total soil C and N were determined 
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with a TruSpec® CN analyser (Leco Corp., St Joseph, MI). Soil subsamples (5 g) were extracted 

with 0.5 M K2SO4 (1:5 w/v; 150 rev min−1, 30 min) and the supernatant recovered after 

centrifugation (14,000 g, 10 min). NH4
+ and NO3

− were determined colorimetrically according 

to Mulvaney (1996) and Miranda et al. (2001), respectively, on a PowerWave XS Microplate 

Spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA). Dissolved organic C (DOC) 

in the extracts was measured with a Multi N/C 2100/2100 analyser (AnalytikJena AG, Jena, 

Germany). Soil microbial biomass C (MBC) was measured using the CHCl3 fumigation-K2SO4 

extraction procedure of De-Polli et al. (2007) using a KEC extraction efficiency value of 0.45 

(Vance et al., 1987). Immediately after soil collection, field-moist soil samples (25 g) were 

sieved (2 mm), frozen (-20 °C), freeze-dried and phospholipid-derived fatty acids (PLFA) were 

determined according to Bartelt-Ryser et al. (2005). Finally, quantitative PCR (qPCR) analyses 

of N cycling gene abundance (nirK, nirS, nosZ) were processed at the same time following the 

methods described in de Sosa et al. (2018).   

 

5.2.2 Environmental and crop measurements  

 Soil volumetric water content (θ) and temperature were measured using 18 Acclima 

TDT Soil-Water-Temperature-BEC sensors (Acclima, Inc., Meridian, ID, USA), installed at 10, 

20, and 30 cm depths (50 cm in 2018 only). Rainfall, atmospheric pressure, and air 

temperature were recorded hourly at a weather station located at the research site. 

Normalised Difference Vegetation Index (NDVI) was measured weekly using a handheld 

GreenSeeker® crop sensor (Trimble Inc., Sunnyvale, CA, USA) held ca. 40 cm above the crop 

canopy. The crop height (base of plant to the tallest part) was also measured weekly, or more 

frequently, on 10 randomly selected plants per plot.  

 To characterise changes in inorganic N during the growing seasons, 5 g fresh soil 

samples were collected weekly from 0-5 cm depth and immediately extracted with 25 ml of 

0.5 M K2SO4, shaken at 200 rev min-1 for 30 mins and centrifuged at 12,000 g for 5 mins before 

the supernatant was removed and analysed for NO3
--N and NH4

+-N as described above.   

 The maize and wheat fields were harvested on the 12th September 2018 and 2nd of 

September 2019, respectively. For maize, 4 plants per plot were randomly selected and oven 

dried (80°C, 72 h). For wheat, 1 m strips of the 4 central rows from each plot where harvested 

and oven dried (80°C, 72 h). On the 24th October 2018 and between the 2nd and 12th of July  
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 Table 5.1 Physical, chemical and biological soil properties at different depths and root 

properties from the maize and wheat plots in 2018 and 2019. Where appropriate, the data 

are expressed on a soil dry weight basis. Values are means ± SEM. Unless stated otherwise, 

n = 4.  

*data collected 24th October 2018; 171 days after sowing, n = 4, 4, 3, 1, 1;  
⁑data collected between the 2-12th July 2019; 98-108 days after sowing, n = 4, 4, 3, 2, 1  

 

2019, when the crops were fully established, soil cores (ca 80 cm deep x 50 mm diameter) 

were taken from each plot for root analysis using a percussion corer. Cores were cut into 10 

cm sections (soil vol. ca. 196 cm3) and washed to separate the roots from the soil. Roots were 

Properties Soil depth (cm) 

 0 - 10 10 - 20 20 - 30 30 - 40 40 - 50 

Sand (%) 62.9 ± 0.7 62.0 ± 1.3 60.3 ± 2.3 60.3 ± 3.3 62.4 ± 4.4 

Silt (%) 16.2 ± 1.3 17.8 ± 0.6 17.8 ± 1.2 17.5 ± 1.5 17.1 ± 1.8 

Clay (%) 20.9 ± 1.0 20.2 ± 0.9 21.9 ± 1.5 22.2 ± 2.3 20.6 ± 2.6 

Dry bulk density (g cm-3) 1.4 ± 0.03 1.4 ± 0.07 1.7 ± 0.1 1.7 ± 0.2 1.8 ± 0.1 

Porosity (%) 66 ± 2.0 69 ± 1.1 67 ± 1.0 63 ± 1.2 59 ± 1.8 

pH (1:2.5) 6.0 ± 0.1 6.2 ± 0.1 6.5 ± 0.1 6.6 ± 0.1 6.7 ± 0.1 

EC (1:2.5 µS cm-1) 33 ± 4 32 ± 2 24 ± 1 25 ± 3 19 ± 1 

DOC (mg C kg-1) 82.3 ± 4 76.8 ± 4 57.0 ± 7 52.0 ± 10 47.1 ± 9 

CEC (cmol+ kg-1) 14.8 ± 0.2 15.6 ± 0.4 12.7 ± 1.0 12.7 ± 0.5 11.1 ± 1.7 

NH4
+ (mg kg-1)  2.4 ± 0.1 1.9 ± 0.2 1.7 ± 0.1 1.6 ± 0.1 1.6 ± 0.2 

NO3
- (mg kg-1) 10.8 ± 0.7 11.6 ± 2 4.9 ± 0.4 3.3 ± 0.2 2.0 ± 0.1 

Total PLFA biomass (nmol g-1) 132 ± 9 116 ± 4 58 ± 5 34 ± 3 23 ± 2 

nirK gene (x108 copies g-1) 4.8 ± 0.4 4.5 ± 0.3 2.3 ± 0.3 1.1 ± 0.1 0.7 ± 0.08 

nirS gene (x106 copies g-1) 6.9 ± 0.7 4.9 ± 0.5 1.6 ± 0.4 0.6 ± 0.1 0.2 ± 0.04 

nosZ gene (x107 copies g-1) 5.3 ± 0.3 4.2 ± 0.4 1.3 ± 0.2 0.4 ± 0.07 0.2 ± 0.05 

Root density  

(mg DW cm-3) 

Maize* 5.4 ± 1.1 0.15 ± 0.02 0.2 ± 0.09 0.1 0.009 

Wheat⁑ 2.1 ± 0.7 0.09 ± 0.03 0.06 ± 0.01 0.03 ± 0.01 0.04 ± 0.02 

Root length  

(cm cm-3) 

Maize* 1.9 ± 0.3 0.9 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 0.6 ± 0.2 

Wheat⁑ 2.1 ± 0.2 0.3 ± 0.05 0.2 ± 0.07 0.1 0.2 
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arranged on a plastic tray in water and scanned and analysed using the 2019 WinRhizoTM 

software (Regent Instruments Inc., Québec, Canada) to estimate total root length, before 

oven drying (70°C, 24 h) to determine root biomass. The results are displayed in Table 5.1.

  

5.2.3 Greenhouse gas measurement systems  

 PVC pipes (3 cm diameter) of differing lengths (10, 20, 30 and 50 cm) were fitted with 

Suba-Seal® gas sampling ports at the top (Sigma-Aldrich Ltd., Poole, UK). The final 3 cm region 

at the base of the pipe was perforated (0.8 mm diameter; ca. 20 holes) to allow gas ingress 

and the monitoring of GHGs at specific depths. The inside of this 3 cm section was lined with 

1 mm nylon mesh to prevent soil entering the pipe and the base of the pipe was sealed with 

electrical tape (Appendix 4, Fig. S1). In July 2019, the gas collecting pipes were fitted with 

plastic 2-way (4 × 1.2 × 2.3 cm) valves, where one end was sealed into a drilled hole in the 

headspace of the pipes and the other end had a 5 cm piece of silicon tubing attached to it 

(Appendix 4, Fig. S1) for non-syringe gas sampling. In total, 8 pipes were made for each of the 

4 depths (n = 32) and were inserted vertically to the desired depth by pushing them carefully 

into pre-cored holes (slightly smaller diameter). If the required depth was not reached by 

pushing alone, they were lightly tapped with a rubber mallet. These pipes were installed in 

mid-June 2018 when the field was under maize and sampled weekly until October 2018, after 

which they were carefully removed and maintained before re-inserting at the beginning of 

May 2019 for the wheat growing season. In 2019, 4 pipes of each depth were located in the 

High (150 kg ha-1) and Medium (75 kg ha-1) N fertilizer-applied blocks (n = 4).  

 The surface-atmosphere CO2 flux was measured hourly with 12 in situ LI-COR LI-8100A 

automated soil CO2 flux system with infrared gas analysis (LI-COR Biosciences, Inc., Lincoln, 

NE, USA) from 3rd of July to 7th of September 2018 and the 16th of May to the 30th of July and 

then from the 22nd of August until the 19th of September 2019. The gap in measurements in 

2019 was due to equipment failure.   

 

5.2.4 Gas sampling and analysis  

 Gas sampling occurred 1-3 times weekly from the 22nd of June to the 19th of September 

in 2018 and from the 22nd of May to the 19th of September in 2018 between 1000 and 1300 
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h. Using a gas-tight polypropylene syringe, air in the pipes was mixed by filling and emptying 

the syringe into the pipe 3 times before a ca. 25 ml gas sample was taken and over-filled (to 

prevent loss of sample during storage) into a pre-evacuated 20 ml glass vial (QUMA Elektronik 

and Analytik GmbH, Wuppertal, Germany). Before analysis, the samples were brought to 

ambient air pressure by inserting a needle into the vials and releasing the pressure. These 

were then analysed for CO2, CH4 and N2O concentrations using a Perkin Elmer 580 Gas 

Chromatograph (GC), served with a Turbo Matrix 110 auto sampler (Perkin Elmer Inc., 

Waltham, MA). Gas samples passed through two Elite-Q mega bore columns via a split 

injector, with one connected to an electron capture detector (ECD) for N2O determination, 

and the other to a flame ionisation detector (FID) for CO2 and CH4 determination.  

  

5.2.5 Modelled CO2 flux estimation   

 To estimate the fluxes of gases in the soil profile and at the soil surface, the 

concentration gradient method (GM) was used (Maier and Schack-Kirchner, 2014). The 

transport of gas through porous media in one dimension was approximated using Fick’s first 

law:  

 !" = −%&
'(
dz

 
(1) 

where F is the gas flux (g CO2 m-2 h-1) at soil depth z (m), Ds is the effective gas diffusion 

coefficient of the gas in soil (m2 h-1) and C is the concentration of the gas species (mg m-3). As 

the direction of the concentration is decreasing, the given sign is negative (which can be 

ignored for the purposes of calculation). The concentration gradient (dC/dz) was calculated 

according to De Jong and Schappert (1972). The gas concentrations were converted from ppm 

to mg m-3  using Equation 2, by multiplying the concentration by the molecular weight (Mw) 

of CO2 (44.01 g mol-1) and then dividing by the molar volume Mv (calculated by Avogadro’s 

Law) of the gas: 

 
(	 = 	

,-(′

/0 ∙ 23 4	
 

(2) 

 



174 

 

where C is the gas concentration in mg m-3, C’ is the gas concentration in ppmv, R is the 

universal gas constant (0.08206 L atm K-1 mol-1), T is soil temperature (K) and p is pressure 

(atm).   

 The Ds was measured in February 2020 using a modified Currie method (Currie, 1960) 

and DENitrification Incubation System (DENIS; Cárdenas et al., 2003) vessels.  The 

methodology of the incubations is described in detail in Chapter 6. Briefly, SF6 was used as a 

conservative tracer gas to determine the rate of diffusion through 104 cm3 intact soil cores (n 

= 6) from the same field as in this study at depth intervals of 0-10 and 50-60 cm, at 0.3 and 

0.5 air-filled porosities (ε). This resulted in a mean Ds of 0.0022 and 0.011 m2 h-1 in the 0.3 and 

0.5 ε across all depths (the depths were not different from each other). Field ε (cm3 cm-3) was 

estimated by subtracting the volumetric water content (θ; cm3 cm-3) from the total porosity 

of the soil as in Equation 3, where Bd is dry bulk density (g cm-3) and Pd is the particle density 

(assumed to be 2.65 g cm-3).  

 ε	 = 61 −
89
:9
; − 	< 

(3) 

Then, ε-related Ds was estimated from the relationship between mean Ds and ε. This was best 

explained at low ε (<50%) by the power function: Ds = 0.0907(ε)3.1848 (R2 = 0.99). The effective 

diffusion coefficient for CO2 was determined from the Ds of SF6 by Equation 4:  

 %& = %′&
%=
%′=

 
(4) 

Where D’s is the ε-related SF6 diffusion coefficient, D’0 is the diffusion coefficient of SF6 in air 

(0.0335 m2 h-1; Rudolph et al., 1996), and D0 is the diffusion coefficient of CO2 in air (0.0529 

m2 h-1). These were compared with the mean fluxes from the surface instruments between 

1000 and 1300 h. The surface soil-atmosphere flux was estimated by extrapolating the fluxes 

from the 10 and 50 cm depths to the surface using Equation 5, where Fs is the surface flux and 

Fn (calculated using Eq. 1) is the flux at depth zn: 
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5.2.6 Gas consumption in laboratory mesocosms  

 In September 2019, ca. 50 g of soil was collected from each depth (10, 20, 30 and 50 

cm) at 4 different sites within the same field (as the maize and wheat) and sieved to 5 mm. 

Subsequently, 2 g replicates of field-moist soil were placed into 20 ml glass vials (n = 4) and 

mechanically sealed with a butyl septum (QUMA Elektronik and Analytik GmbH, Wuppertal, 

Germany) using a crimper. Two different gas mixes (GC standards) were injected into the vials: 

an ambient-approximate mix: 490 ppm of CO2, 2 ppm of CH4 and 310 ppb of N2O; and a high-

concentrated mix; 2800 ppm of CO2, 32 ppm of CH4 and 5500 ppb of N2O. Both gas mixes 

were made up in 21% O2. This was done by flushing the vials with the gas mix for ca. 15 s at 

>100 ml min-1 with a needle while another needle allowed the purged headspace gas to 

escape. This same method was done with empty vials (n = 4), which confirmed the effectivity 

in replacing the headspace with the gas mix without loss of concentration. Three sets of 

identical vials containing four replicates from four soil depths at the two headspace 

concentrations were sampled at three different timepoints. After 24, 48 and 72 h incubating 

in the dark at room temperature (ca. 23 °C), 1 ml of gas was taken with a syringe from the 

headspaces of a set of vials and immediately filled into a new pre-evacuated vial. The new 

vials were then filled with 19 ml of N2 gas (1:20 dilution) and analysed by gas chromatography 

(CO2, CH4 and N2O), as described above. The gas fluxes were calculated on a dry weight basis 

according to the equations described by Comeau et al. (2018). 

 

5.2.7 Data processing and statistical analysis  

 Zeros were removed from CH4 dataset due to being below the detection limit of the 

GC (limit of detection: ca. 1.42 ppm – see Appendix 4, S1), resulting in the removal of 74 and 

36% of the maize and wheat CH4 concentration data. In addition, the maize gas pipe GHG 

dataset from 2018 required selective removal of data, due to containing impossibly high 

values or zeros due to data far below or exceeding the concentrations of the analytical 

standards (see Appendix 4, S2 for more detail). As the 2019 wheat dataset was of higher 

quality (see Appendix 4, S2), this was used to inform and validate outlier removals in the 2018 

maize dataset. Removing data that exceeded the single highest datapoints in 2019 and zeros, 

resulted in 19 and 9% of the N2O and CO2 measurements being removed from the 2018 maize 

dataset, respectively.  
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 All statistical data analysis was done on R (version 1.1.463; R Core Team, 2017). Before 

further analysis, as there were no differences between the concentrations at different depths 

with 2 rates of N fertilizer (two-way ANOVA), GHG concentration gradient data in 2019 were 

pooled (i.e. n = 8). One-way ANOVAs were used on the environmental measures with depth 

and Kruskal-Wallis rank sum tests were performed on the GHG concentration, CGM flux 

means, soil temperature, and diffusivity data by depth, as they did not meet the assumptions 

for the equivalent parametric test following transformation (log, square root and cube). Mean 

GHG concentrations were compared between the maize and wheat growing seasons (equal-

sized dataset of 10 weeks from 25th June to 5th September) by Welch’s t-test. Two-way 

ANOVAs (Tukey’s HSD) were performed on the GHG fluxes of the mesocosms by depth and 

headspace concentration. Trend lines were drawn for each wheat and maize GHG 

concentration gradient depth profile using Affinity Designer (Serif Europe Ltd., Nottingham, 

UK). 

 

5.3 Results 

5.3.1 Environmental and crop conditions  

 The mean air temperature between the 1st May and 20th September in 2018 was 15.4 

± 0.06°C with highest average daily temperatures of 20.6 on the 26th of June and lowest of 

10°C on the 8th of May. In the soil, average temperatures were 15, 12 and 8% higher than in 

the air in the 10, 30 and 50 cm depths (p < 0.001), respectively. In 2019, the average air 

temperature was only 2% lower than in 2018 (15.1 ± 0.3°C), but experienced higher maximum 

and minimum daily average temperatures of 25.2°C on 27th June and a 7.5°C on 3rd May (Fig. 

5.1a), respectively. Similar to 2018, mean soil temperatures in 2019 were 13, 12 and 11% 

higher than in the air than at 10, 20 and 30 cm (p < 0.001), respectively.  

 The total precipitation for the 1st May - 20th September period was 208 mm in 2018 

and 83% greater in 2019 (381 mm; Fig. 5.1b), demonstrating that 2018 was an exceptionally 

dry year (p < 0.001) ( Turner et al., 2021). The wettest months in this period in 2018 were 

September > August > July > May > June, where the entirety of June had only 2 mm of rainfall. 

In stark comparison, June was 54-fold wetter and the wettest month in the same period in 

2019 with 115 mm followed by August > July > September > May. Interestingly, in 2018 soil  
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Fig. 5.1 Daily average a) air and soil temperature; b) total daily precipitation and average 

volumetric water content (θ); c) estimated diffusivity of SF6 through the soil of different 

depths; and d) mean (± SEM) crop height (n = 10) and NDVI (n = 4) during the 2018 and 2019 

growing seasons (1st May – 20th Sep). Colours reflect different measurement depths. The 

vertical dotted lines are the dates when ammonium nitrate fertilizer was applied in 2019, 

where 40 kg ha-1 was applied on the 7th May and 110 kg ha-1 
 on the 30th May.  
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water content increased and in 2019 decreased with depth. Mean volumetric water content 

(θ) was the same in 2019 in the 10 and 20 cm depths (0.26 cm3 cm-3) and slightly lower at 30 

cm (0.24 cm3 cm-3). In 2018, between the 6th June and the 20th September mean θ was 0.16, 

0.17 and 0.18 cm3 cm-3 in the 10, 20 and 50 cm depths, respectively. With the lower water 

content in the soil profile throughout 2018, the mean estimated diffusivity of SF6 (low 

solubility; 0.0017 m2 h-1) was 1.7-fold higher in all depths, compared to 2019 (p < 0.001; Fig. 

5.1c). Mean diffusivity decreased with depth similarly in both years (p < 0.001), with 5-7 and 

79% lower diffusivity at 20 and 30 cm respectively compared to the diffusivity of the soil at 

10 cm.  

  In 2018, the highest mean NDVI was measured as 0.77 ± 0.01 on the 12th July, while 

the highest plant height of 2.4 m ± 0.02 was measured >1 month later on the 14th August. 

Peak plant productivity in 2019 likely occurred during the week of the 27th June, which was 

the warmest week of the season and when both the highest mean NDVI (0.77 ± 0.01) and 

crop heights (0.78 m ± 0.01) were measured (Fig. 5.1c). The largest increase in NDVI in 2019 

was following N fertilizer addition on the 31st May. Approaching peak NDVI, the increase in 

the maize was faster (slope of 0.02) compared to the wheat (0.01), but after peak NDVI in the 

wheat, the linear decrease was steeper (-0.01) than in the maize (-0.004).  

 

5.3.2 GHG concentrations at depth  

 Across both growing seasons, the concentrations of CO2 and N2O in the gas pipes were 

consistently higher than atmospheric concentrations and increased with soil depth, while the 

opposite trend was observed with CH4 concentrations (Fig. 5.2). The mean CO2 concentrations 

were greater under wheat compared to maize at all depths (Fig. 5.2a; p < 0.001). Under maize, 

3 to 7-fold higher CO2 concentrations were measured in the soil depths compared to ambient 

CO2 concentration (p < 0.001), whereas under wheat, CO2 concentrations increased by 9 to 

16-fold with depth compared to the ambient concentration (p < 0.001). There was no 

difference in mean N2O concentrations at the soil depths between the maize and wheat 

growing seasons (Fig. 5.2b; p = 0.11). Both the maize and wheat N2O concentrations were 

greater with depth, with 2 to 12-fold higher concentrations compared to the ambient N2O 

concentration (p < 0.001). The mean CH4 concentrations across the soil profile were not 

different between the maize and wheat growing seasons (Fig. 5.2c; p = 0.23). The decrease in  
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Fig. 5.2 Depth profiles of mean (± SEM) gas concentrations of a) CO2; b) N2O; and c) CH4 from 

weekly sampling of gas collectors installed at different soil depths (n = 8) in a field under maize 

in 2018 (22 Jun 2018 – 19 Sep 2018; N = 644) and wheat in 2019 (22 May 2019 – 5 Sep 2019; 

N = 533). Colours reflect different sampling depths. Solid and dotted lines represent the maize 

and wheat, respectively. The ‘X’ at 0 cm depth represents the approximate ambient levels of 

the respective gases (CO2, 420 ppm; N2O, 330 ppb; CH4, 1.85 ppm, respectively). The curves 

were forced to intercept the x-axis (0 cm) at the aforementioned concentrations.  
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Fig. 5.3 The a) mean (± SEM) CO2 concentrations from the gas collectors installed at different 

depths (n = 8); b) measured (CM) and modelled estimates (GM) of  CO2 fluxes (mean ± SEM) 

at different depths in the soil profile (n = 8); and c) cumulative CO2 flux of the mean measured 

and estimated fluxes from different depths. ‘CM Surface Daily’ is the mean 24 h surface CO2 

flux, while ‘CM Surface’ is the mean surface flux between 1000 and 1300 h - the same 

sampling times and days as for the gas collector sampling. The 3 sampling times in 2019 (7th, 

14th and 19th Aug) in b) had no surface CO2 flux measurements, so these were estimated from 

58 CO2 flux sampling points before and after the missing dates via the best fit (exponential; 

R2 = 0.76).  
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CH4 concentration with soil depth was not significant under maize (p = 0.14), but CH4 

concentrations were 24-80% lower in the soil depths compared to ambient concentration in 

the wheat season (p < 0.001).   

 

5.3.3 Measured and estimated CO2 fluxes with soil depth  

 The concentration of CO2 (Fig. 5.3a) in the gas collection pipes increased with greater 

soil depth (p < 0.001) and differed across growing season (p < 0.001) under both the maize 

and wheat.  

 The extrapolation of the GM estimates of the soil depth fluxes produced a good 

estimate of the soil surface flux in the wheat 2019 season (Fig. 5.3b and c), demonstrated by 

only 6% difference between the measured surface flux (0.52 ± 0.05 g CO2 m-2- h-1) and the GM 

surface flux (p = 0.72). In the maize season, the mean measured surface flux (0.54 ± 0.08 g 

CO2 m-2 h-1) was 28% higher than the GM estimated surface flux (p = 0.004; Fig. 5.3b and c) in 

2018. When comparing the modelled GM CO2 fluxes with those that were measured, the 

maize linear fit only explained 10% of the variation in the data with a line slope below 1 (of 

the 1:1 line) of 0.62, while 46% of the variation in the data was explained by the 1.02 slope of 

the wheat season linear correlation (Fig. 5.4).    

 In the 2018 maize growing season (Fig. 5.3b), the overall mean estimated CO2 flux was 

6, 17, 17 and 54-fold lower in the 10, 20, 30 and 50 cm depths than measured at the soil 

surface (0.52 ± 0.07 g CO2 m-2 h-1), respectively. This corresponds to a contribution of 21, 9, 

11 and 0.05% to the estimated cumulative surface flux (5.79 g CO2 m-2) from the 10, 20, 30 

and 50 cm depths (Fig. 5.3c), respectively, suggesting that these depths contributed ca. 41% 

to the surface flux. The CO2 fluxes in the 2019 wheat growing season were 4, 23, 105 and 

1365-fold lower in the 10, 20, 30 and 50 cm depths than measured at the surface (0.54 ± 0.08 

g CO2 m-2 h-1), respectively. The contribution to the estimated cumulative surface flux (7.37 g 

CO2 m-2) of the 10, 20, 30 and 50 cm depths was therefore lower with 20, 4, 1 and 0.08%, 

respectively, or a total of 26% (Fig. 5.3c).  
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Fig. 5.4 The mean surface chamber measured (CM) versus concentration gradient modelled 

(GM) CO2 flux (± SEM) in a field under maize (n = 12) or wheat (n = 16) production. The grey 

symbols points represent the raw data while the transparent dashed line is the linear 

correlation for maize (y = 0.62x, R2 = 0.10) and the transparent dotted line is the 

corresponding correlation for wheat (y = 1.02x, R2 = 0.46). The trend lines are forced through 

0 at the y-intercept. The solid line is the 1:1 line (y = x). 

 

5.3.3 Production and consumption of GHGs in laboratory mesocosms  

 In the vials where an ambient gas mix was added, the fluxes of all gases showed an 

increase in gas production from the soil during the 3-d incubation (Fig. 5.5). However, 

following the addition of the highly concentrated gas mix a decrease in all gas fluxes was 

observed, apart from CO2 in the shallow depths. The mean fluxes of the ambient treatments 

were significantly greater than those of the highly concentrated headspace treatments in all 

gases (p < 0.001). The gas concentrations in the no-soil blanks remained stable over the 72 h 

period, confirming that there were no leaks.  

 Both soil depth and headspace gas concentration had a significant effect on the fluxes 

of the GHGs, but the added headspace concentration had the stronger effect (Fig. 5.5). The 

flux of CO2 production in ambient concentrated CO2 headspace was significantly higher at soil 

depth ≥20 cm (p < 0.001). Similarly, in the highly concentrated headspace, the production flux 
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was higher in the  ≥ 10 cm soil depths (p < 0.001; Fig. 5.5), whereas the 30 and 50 cm depths 

were sinks of CO2. As CH4 was produced in the ambient headspace, the flux was greater than 

in the high concentration headspace (p < 0.001) but was not different with depth (p = 0.4). In 

contrast, in the highly concentrated headspace, the CH4 flux was depth dependent (p < 0.001). 

The flux in the 10 and 20 cm depths was only 6% different, but 27-57% lower than the 30 and 

50 cm fluxes, respectively. Finally, more N2O was produced in the ambient headspace 

incubation (p < 0.001) than in the high concentration headspace, but the flux of N2O was not 

different between depths in the ambient gas treatment (p = 0.06). In the high concentration 

headspace, 22-34% more N2O was consumed at 10 and 20 cm compared to 30 and 50 cm 

depths (p < 0.001). 

 

Fig 5.5 Net fluxes (means ± SEM) of CO2, CH4, and N2O of destructively sampled (n = 4) soil of 

different depths incubated for 72 h with added headspace gas concentrations: Ambient (490 

ppm CO2; 2 ppm CH4; 310 ppb of N2O) and High (2800 ppm CO2; 32 ppm CH4; 5500 ppb  N2O). 

Different letters indicate significant differences between the gas concentrations of the soil 

depths and headspace concentrations for each GHG at p <0.05 (Tukey). Positive values 

indicate production and negative values indicate consumption. 

 

5.4 Discussion 

5.4.1 Soil CO2 concentrations, fluxes and GM estimations   

 The convex-shaped depth profiles of CO2 concentrations are consistent with other 

studies in tropical forest (Davidson et al., 2004) and semi-arid arable (Dong et al., 2013; Wang 

et al., 2018) systems. The CO2 concentrations were significantly higher in all depths in the 
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wheat growing season compared to those under maize (Fig. 5.3a). While this is as 

hypothesised, it is unlikely due to crop-related root respiration as the rooting density was 

highest under maize (Table 5.1). Therefore, it is more likely explained by environmental 

factors driven by the differences in climatic conditions experienced in 2018 versus those in 

2019. Compared to 2019, the 2018 growing season had 84% less precipitation and the soil 

water content was a third lower, resulting in a 170% increase in soil diffusivity (Fig. 5.1). As 

CO2 retention in the soil profile is primarily influenced by the diffusivity of the soil (Risk et al., 

2002), a reduction in the soils capacity to retain CO2 means the accumulation of CO2 in the 

soil is limited. In addition, the formation of large cracks and macropores in the field due to 

the drought will have created heterogeneity in soil diffusion and a more rapid escape of CO2 

from depth (Deurer et al., 2009). This is also supported by observations of Kochiieru et al. 

(2018) who demonstrated the importance of macropores in moderating soil surface CO2 

fluxes, albeit for topsoils. The drier conditions under maize may also have affected the seal of 

the gas collection pipes with the surrounding soil, resulting in dilution of the samples with less 

concentrated atmospheric air which diffuses into the soil (as the pipes are vertically installed; 

Appendix 4, Fig. S1). However, if this made a significant contribution, the CH4 and N2O 

concentrations may be expected to also be lower in the 2018 growing season which they were 

not, meaning either atmospheric dilution of the samples is unlikely to have been the main 

reason for the lower concentrations; or, if there was dilution, other factors prevented the 

concentrations to differ in the CH4 and N2O concentration profiles (i.e. higher production, 

lower diffusion).   

 While the CO2 fluxes of the wheat growing season were estimated reliably by the CGM, 

as hypothesised, the maize growing season fluxes were underestimated (Fig. 5.4). This 

suggests that the CGM is unreliable in estimating fluxes under drought conditions 

experienced in 2018. However, differences in pore and soil structure driven by drought were 

unaccounted for in the measured Ds, which has strong influence over the CGM results. In situ 

measurement of the Ds alongside the gas profile measurements would give the best GM 

estimations (Maier and Schack-Kirchner, 2014) and may have prevented underestimation. 

 The large overestimations of the CGM fluxes, most notably on the 27th July 2018 (Fig. 

5.4b), is likely due to an increase in CO2 concentrations measured at shallower soil depths (i.e. 

20 and 30 cm; Fig. 5.4a) causing the CGM to extrapolate the surface flux inaccurately. High 
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CO2 concentrations close to the surface can occur following precipitation after a sustained 

period of warm dry weather causing a bidirectional concentration gradient (Pingintha et al., 

2010). This pulse of CO2 production is called the ‘Birch’ effect (Barnard et al., 2020) and 

considering the drought conditions and increase in precipitation from mid-July (Fig. 5.1), this 

could explain the flux overestimations. This scenario represents a potential weakness in the 

accuracy of the CGM that needs to be considered.   

 In this study, the 10, 20, 30 and 50 cm depths in the 2019 growing season were 

estimated to contribute 20, 4, 1 and 0.08% to the surface flux, respectively. As the 2018 

estimated fluxes are underestimated (Fig. 5.4), their contributions to the surface flux are likely 

to be greater than the 21, 9, 11 and 0.05% estimated for the 10, 20, 30 and 50 cm depths, 

respectively. The decrease in CO2 production with depth was consistent with the lower root 

distribution of wheat and maize down the soil profile (Table 5.1). The 2019 flux contributions 

correspond well with both Xiao et al. (2015) and Wang et al. (2018) who estimated the 0–5 

cm layer to contribute 70-90% and only around 2% below a soil depth of 15 cm. The 2018 

growing season had a greater contribution from the 20 and 30 cm depths, which could be due 

to fine root mortality at depth and subsequent decomposition (Davidson et al., 2004). The 

higher water content at depth throughout most of the 2018 growing season (Fig. 5.1) supports 

the idea that decomposition conditions were relatively enhanced deeper in the soil compared 

to soil near the surface.  

 The laboratory-based ambient headspace incubation demonstrated that CO2 was 

produced across the 72 h incubation period and was significantly higher in the shallower soil 

depth (Fig. 5.5). The fluxes from this incubation fall within the range of mean CO2 production 

estimated by the CGM in the field both years at the same depths (i.e. 0.38 – 82 CO2 m-2 h-1). 

The rate of CO2 consumption differed with depth in the highly concentrated headspace 

incubation (Fig. 5.5). While a decrease in CO2 production with depth is well established and 

supported by data from this study (Fig. 5.3 and 5.5), the biotic consumption of CO2 remains 

relatively understudied. Microbial dark CO2 fixation is a process reported to decrease with 

depth in temperate soil (Akinyede et al., 2020), increase with greater CO2 concentration 

(Spohn et al., 2020) and be optimal close to 25 °C (Nel and Cramer, 2019). The rates we 

measured agree with the range measured (0.2 – 4.8 mg CO2 m-2 h-1) in a short (30 mins) 

incubation of agricultural surface soil by Shimmel (1987) and at the lower end of the range 
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(2.8 – 36.5 mg CO2 m-2 h-1) of longer (21 d) temperate field and forest topsoil incubations 

(Santruckova et al., 2005). The net fluxes measured in this incubation will be a balance 

between the production and fixation of CO2. The net negative fluxes in the high CO2 

concentration headspace in the 30 and 50 cm depths (Fig. 5.5) suggests the fixation rate was 

greater than the production rate. While the higher than in situ temperatures in the incubation 

would have enhanced both rates (Nel and Cramer, 2019; Risk et al., 2002), the ‘high’ CO2 

concentration added as headspace (ca. 2800 ppm) is lower than the average CO2 

concentrations at all depths under normal growing conditions (2019; Fig. 5.2). Using higher 

CO2 headspace concentrations would likely have increased the fixation rate but may have 

been cancelled out using lower in situ temperatures. In addition, as CH4 oxidation produces 

CO2, this could have accounted for a small percentage of the net CO2 flux of the shallow soil 

in the high headspace gas concentration treatment. Without disentangling the origins and 

processes of the CO2, measured, it is not possible to confirm whether dark CO2 fixation is 

depth-dependent in this arable soil. We suggest measuring dark fixation via 14CO2 as this 

method is much more sensitive and predominantly measures unidirectional influx over short 

labelling periods. 

  

5.4.2 Soil N2O concentrations and fluxes  

 N2O concentrations increased with depth in a linear trend and the mean values were 

not different between the growing seasons (Fig. 5.3), which is not what we hypothesised. It is 

consistent with the N2O concentration profiles across 2 maize growing seasons reported by 

Wang et al. (2018). However, considering the differences in soil temperature, water content 

and soil diffusivity between 2018 and 2019 in this study (Fig. 5.1), a difference in N2O 

concentrations would be expected. While higher soil water content under wheat means 

greater retention, it also means slower diffusion and higher potential for N2O reduction with 

the greater residence time in the soil (Clough et al., 2005; Neftel et al., 2007). In addition, C 

released from roots is expected to stimulate microbial respiration causing localised O2 

depletion , which can drive N2O consumption. While wheat root density and length were 60 

and 40% lower than in the maize at 0-50 cm (Table 5.1), respectively, wheat roots release a 

greater amount of exudates per gram of dry root weight (Vančura et al., 1977). Finally, NO3
- 

concentrations were greater in the 2018 year (Appendix 4, Fig. S2) which leads to higher N2O 
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concentrations in the profile (Dong et al., 2013). Therefore, we conclude that the N2O 

concentrations in the wheat growing seasons are not greater than those in the maize due to 

lower production resulting from low NO3
- concentrations and possibly also due to higher rates 

of N2O consumption.   

 Despite the rates of N2O production not statistically differing with soil depth in the 

mesocosm incubation (Fig. 5.5), the trend in means clearly show a decrease in production 

with depth. The data does demonstrate significantly greater N2O consumption in shallower 

soil (10 and 20 cm; Fig. 5.5) as hypothesised. Despite the evidence of depth-dependent N2O 

consumption, we concede that using only 2 g of soil from one point in time and incubated at 

higher temperatures at ambient O2 concentration is unlikely to capture the full extent of 

consumption and production fluxes observed in situ. Especially as N2O production, 

consumption and movement may be more complex than that of CO2 and CH4, partly due to 

N2O fluxes having greater spatial and temporal variability in soil (Mosier et al., 1998; Wang et 

al., 2018).   

 

5.4.3 Soil CH4 concentrations and fluxes  

 Despite no expected difference between the overall CH4¬ concentrations with crop, 

they did decrease with depth (Fig. 5.2) which is consistent with other studies (Dong et al., 

2013; Wang et al., 2018). As anaerobic conditions are required for methanogenesis, 

production of CH4 is likely to be very low within the soil profile and while anaerobic 

(micro)sites may occur and produce CH4 in the soil profile, this can be almost completely 

oxidised in aerated soil zones (Le Mer and Roger, 2001). The ambient atmospheric 

concentration of CH4 is consistently higher than in the profile, suggesting that oxidation of 

CH4 by methanotrophs occurs throughout the soil profile (Dong et al., 2013; Wang et al., 

2018). This is supported by the results shown in figure 5.5, where CH4 is oxidised at all soil 

depths included. Therefore, the lack of a difference between the maize and wheat CH4 

concentrations was more likely due to the similar soil microbial community rather than 

differences in crop root structure.   

 As expected, consumption of CH4 was depth-dependent with greater consumption 

occurring in shallower soil. This agrees with the results of Wang et al. (2018), who found CH4 

consumption to decrease with soil depth. As temperature is not a major controlling factor in 
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CH4 oxidation in the non-extreme environment in this study (Le Mer and Roger, 2001), the 

rates measured at a higher temperatures in the incubation are likely reasonably 

representative of those in situ. 

 

5.5 Conclusion 

 Here we provide GHG concentration profiles and further proof of concept of the CGM 

in a lowland arable context with low resolution (weekly) data over an extended period (2 y). 

A good GM extrapolation of the surface CO2 flux from soil gas collectors under normal growing 

conditions was achieved despite low temporal resolution. Drought conditions caused 

significant CGM underestimation of the surface flux, due to the greater soil diffusivity 

associated with lower soil moisture unaccounted for by the Ds. This likely also caused the CO2 

concentration depth profile to be different between growing seasons. The N2O concentration 

profile was only marginally affected by soil inorganic N concentration. Finally, we provide 

evidence of depth-dependent CH4 oxidation, N2O consumption and possibly CO2 fixation. The 

results of this study improve our understanding of the opportunities and limitations of the 

CGM and of GHG dynamics in the soil profile of a temperate arable system. 
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Abstract 

Agricultural soils are a major source of the potent greenhouse gas and ozone depleting 

substance, N2O. To implement management practices that minimise microbial N2O 

production and maximise its consumption (i.e. complete denitrification) we must understand 

the interplay between simultaneously occurring biological and physical processes, especially 

how this changes with soil depth. Meaningfully disentangling these processes is challenging 

and typical N2O flux measurement techniques provide little insight into subsurface 

mechanisms. Additionally, denitrification studies are often conducted on sieved soil in altered 

O2 environments which relate poorly to in situ field conditions. Here, we use a novel dual 

headspace system with field-relevant O2 concentrations to incubate intact sandy clay loam 

textured agricultural topsoil (0-10 cm) and subsoil (50-60 cm) cores for 3-4 d at 50 and 70% 

water filled pore space (WFPS), respectively. 15N-N2O pool dilution and an SF6 tracer were 

used to determine the relative diffusivity (Ds/D0) and the net N2O emission and gross N2O 

emission and consumption rates. The relationship between calculated fluxes from the below- 

and above- soil core headspaces confirmed that the system performed well. We found no 

difference in Ds/D0 between soil depth fractions, which was probably because of the 

preservation of preferential flow pathways in intact cores. Both gross N2O emissions and 

uptake were not different with depth but were higher in the 50% WFPS, contrary to 

expectation. We attribute this to aerobic denitrification and simultaneously occurring 

denitrification and nitrification for the gross consumption and emission of N2O, respectively. 

Here, we developed a novel system that allows careful control of conditions and, with a 

headspace below and above a soil core, a more realistic reconstruction of in situ gas dynamics. 

We provide further evidence of substantial N2O consumption in drier soil and without net 

negative N2O emissions. The results from this study are important for the future application 

of the 15N-N2O pool dilution method and N budgeting and modelling, as required for 

improving management to minimise N2O losses.  

 

Keywords: diffusion coefficient; denitrification; sulphur hexafluoride; isotope pool dilution; 

nitrogen cycling. 
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6.1 Introduction 

 Nitrous oxide (N2O) exchange between the soil and atmosphere has received 

significant attention in recent decades due to its prominent role in climate change and 

atmospheric ozone depletion (e.g. Jia et al., 2019). More than half of global agricultural 

emissions are from N2O, resulting from N inputs to soil, including fertiliser and manure  

application (direct) and leaching and atmospheric deposition of nitrogen (N; indirect) (Clough 

et al., 2005; Jia et al., 2019). The production of atmospheric N2O is primarily governed by 

microbial denitrification in the soil, where N2O is produced from nitrate (NO3
-) under partially 

anaerobic conditions (Diba et al., 2011). Nitrification, although considered less important than 

denitrification in generating N2O in most agricultural soils , can be the dominant N2O 

producing process (e.g. North China Plain; Zhang et al., 2016) and can produce N2O in tandem 

with denitrification (Bateman and Baggs, 2005). However, denitrifiers are also able to 

consume N2O to produce inert dinitrogen (N2) gas (Diba et al., 2011), which constitutes 78% 

of the Earth’s atmosphere. This process is often masked by greater production rates and is 

mostly only measured when the consumption rate exceeds the production rate (i.e. net 

negative emissions; Chapuis-lardy et al., 2007; Schlesinger, 2013). Measuring the 

consumption of N2O directly (e.g. by N2 flux) is challenging against a very high atmospheric 

background (Clough et al., 2006; Wen et al., 2016; Yang et al., 2011). Yet, accurately 

measuring N2O consumption is important for modelling and prediction of future N budgets 

and N2O emissions from soils, which are poorly constrained by inaccuracies (Almaraz et al., 

2020; Blagodatsky and Smith, 2012; Boyer et al., 2006).   

 The balance between gross production and consumption of N2O in agricultural soil is 

influenced by a range of environmental factors (temperature, moisture, O2 content; Chapuis-

lardy et al., 2007), soil characteristics (pH, mineral N content, porosity, organic matter 

content, soil depth; Clough et al., 2005; Stuchiner and von Fischer, 2022; Chapuis-lardy et al., 

2007) and management practices (fertilizing regime, tillage, irrigation; Khalil et al., 2002; 

Wang et al., 2018). This complexity has meant that N2O consumption does not always occur 

as expected and so making a clear definition of a set of N2O promoting conditions is not 

possible (Chapuis-lardy et al., 2007). For example, N2O consumption is generally thought to 

be stimulated by high moisture and low mineral N content (Chapuis-lardy et al., 2007), but it 

has also been found to coincide with low water-filled pore space (WFPS) in fertilized (<50% 
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WFPS; Khalil et al., 2002) and unfertilised soil (5-20% WFPS; Wu et al., 2013). In addition, both 

lower (Donoso et al., 1993) and higher (Yamulki et al., 1995) temperatures have been 

observed to enhance N2O consumption. Despite these uncertainties and exceptions, there 

are also well-known facts. N2O consumption relies on anaerobic conditions, which occur more 

extensively in waterlogged soils, hence why peat- and wetlands represent the greatest N2O 

sinks globally (Schlesinger, 2013). Anaerobic conditions can also exist in microsites 

heterogeneously distributed throughout the soil profile of free-draining soils, within soil 

aggregates (even in dry aerobic soil; Sexstone et al., 1985) or can be caused by localised 

respiration hot spots that deplete O2 (Clough et al., 1999; Hill and Cardaci, 2004; Van 

Cleemput, 1998). Therefore, N2O produced in the soil is not necessarily consumed in the same 

location but may diffuse to another site in the soil, may be lost to the atmosphere or 

groundwater (Shcherbak and Robertson, 2019), or become entrapped in the soil (Clough et 

al., 1999). In addition, aerobic consumption of N2O is possible, where N2O is used as an 

electron acceptor when nitrate (NO3
-) is limited (Chapuis-Lardy et al., 2007; Wang et al., 

2018). To understand these processes in a meaningful way, the physical diffusion and the 

gross N2O production and consumption rates need to be separated from each other.  

 N2O processes occurring deeper in the soil have received less attention but are 

important in understanding the balance between N2O production and consumption (Almaraz 

et al., 2020; Clough et al., 2005; Jahangir et al., 2012). The movement of N2O to the soil surface 

is predominantly via passive diffusion through air-filled pores in the soil. The concentration of 

N2O at depth is frequently higher than near the soil surface due to lower diffusivity (Balaine 

et al., 2013; Currie, 1984; Fujikawa and Miyazaki, 2005) causing a build-up of N2O 

concentration with depth (Davidson et al., 2004; Dong et al., 2013; Laughlin and Stevens, 

2002; van Bochove et al., 1998; Van Groenigen et al., 2005; Wang et al., 2018; Zona et al., 

2013). This lag between production and surface emission is supported by a 15N-labelled 

experiment by Clough et al. (1999), where it took 11 d for N2O produced at 80 cm to first 

reach the soil surface and 6% remained in the soil even after 38 d (i.e. entrapment). Soil 

conditions restricting N2O diffusion, thereby increasing its residence time in the soil, can 

increase its consumption (Chapuis-lardy et al., 2007; Clough et al., 2005; Neftel et al., 2007). 

The generally higher rate of N2O consumption and production in the topsoil is a reflection of 

the greater microbial abundance and activity (Van Beek et al., 2004; van Bochove et al., 1998; 
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Wang et al., 2018) compared to subsoils, but considerable N2O production and consumption 

can also occur in the subsoil if conditions allow (Clough et al., 1999; Shcherbak and Robertson, 

2019). In addition, understanding of the relation between diffusion and N2O emissions is 

lacking (Balaine et al., 2013), especially in intact deep soil (Chamindu Deepagoda et al., 2019). 

Therefore, understanding the balance of N2O production and consumption between topsoil 

and subsoil depths at different soil conditions and their relation to diffusion is needed to best 

predict N2O surface emissions for modelling the global N budget (Almaraz et al., 2020; 

Blagodatsky and Smith, 2012; Boyer et al., 2006).   

 In addition to underpin more accurate modelling and N budgeting, understanding N2O 

mechanisms in the soil is important to support emerging attempts to minimise N2O losses 

from soil, where the ideal scenario is to be able to implement management practices that 

limit production and potentially enhance N2O consumption. Chamindu Deepagoda et al. 

(2019) found a range of relative gas diffusivity rates which lowered N2O emissions that could 

be monitored and maintained by land users. Stuchiner and von Fischer (2022) recently 

demonstrated a case of increased N2O consumption and decreased N2O emissions (coined 

ICDE) via promotion of anoxia from relieving the C-limitation to the microbial community.

 To address these areas of uncertainty and support future work, we asked: does the 

balance between soil N2O production and consumption differ between soil depths and 

moisture contents in intact agricultural soil cores? To answer this, we used a novel dual 

headspace system with field relevant O2 concentrations to incubate intact sandy clay loam 

agricultural top- and subsoil cores. Following the 15N-N2O pool dilution (Wen et al., 2016; Yang 

et al., 2011) and Currie method (Currie, 1960) with SF6 as a conservative tracer, the relative 

diffusivity (Ds/D0) and the net N2O emission and gross N2O emission and uptake rates were 

measured. We hypothesised that, i) the rate of diffusion would decrease with soil depth and 

wetness due to greater soil density and lower porosity; ii) despite higher N2O and lower O2 

concentrations deeper in the soil, consumption of N2O will be greater in the more microbially-

active topsoil; iii) A WFPS above the critical level (ca. ≥60%; Bateman and Baggs, 2005)  will 

increase N2O consumption, whereas at a lower WFPS, N2O consumption will be minimal.  

 



198 

 

6.2 Materials and methods 

6.2.1 Soil collection and characterisation  

 Sandy clay loam textured freely draining arable soil was collected from 

Abergwyngregyn, North Wales (53°14’29”N, 4°01’15”W) in February 2020. The soil is 

classified as a Eutric Cambisol (WRB) or Typic Hapludalf (US Soil Taxonomy) and has a crumb 

structure due to high levels of earthworm bioturbation. Prior to collection, the field had been 

used for winter wheat (Triticum aestivum) production. Soil was collected from 6 randomly 

selected locations within the field from the topsoil (0 - 10 cm) and subsoil (50 – 60 cm), which 

were retained as 6 independent replicates. The latter soil depth was from below the plough 

layer and the field had no history of subsoiling. Two disturbed soil samples and 3 intact soil 

cores (using stainless steel rings of 53 mm outside diameter x 50 mm height, 104 cm3 volume; 

steel from Complete Stainless Ltd., Glasgow, UK) were collected from each hole at each depth, 

not including spare cores used for soil characterisation. The soil cores were placed in plastic 

bags (but not sealed) in the field and stored at <5°C prior to use.  

 One of the set of 3 soil cores per depth and hole were removed from their metal core 

rings, weighed and oven-dried (105°C, 24 h) immediately after collection. Dry bulk density 

was determined by dividing the dry weight by the soil volume. Water-filled pore space (WFPS) 

was determined using the volumetric water content, particle density (assumed at 2.65 g cm-

3) and dry bulk density. In addition, 5 g replicates of soil were extracted using 0.5 M K2SO4 at 

a ratio of 1:5 (w/v) on the same day the soil was collected. These were shaken at 200 rpm for 

30 mins and then centrifuged (14,000 g, 10 min). The supernatant was then removed and 

frozen for later ammonium (NH4
+) and nitrate (NO3

-) content determination by colourimetry, 

according to Mulvaney (1996) and Miranda et al. (2001), respectively, with a PowerWave XS 

Microplate Spectrophotometer (BioTek Instruments Inc., Winooski, VT). Dissolved organic C 

and N in the extracts was determined using a Multi N/C 2100/2100 analyser (AnalytikJena AG, 

Jena, Germany). Dissolved organic N was determined by subtracting inorganic N (NO3
- and 

NH4
+) from the total N. Soil EC and pH in water were determined in a 1:5 ratio (w/v) using a 

Jenway 4520 conductivity meter and a Hanna 209 pH meter (Hanna Instruments Ltd., 

Leighton Buzzard, UK), respectively. A summary of the initial soil properties is presented in 

Table 6.1.  
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Table 6.1. Properties of the Eutric Cambisol topsoil (0-10 cm) and subsoil (50-60 cm) used for 

the study.  Values represent means ± SEM (n = 4) and weight values are expressed as dry soil 

weight equivalents. 

†data from Sanchez-Rodriguez et al., (in prep), n = 4. 

 

6.2.2 Experimental system   

 A specialised gas-flow-soil-core incubation system (DENitrification Incubation System 

(DENIS); Cárdenas et al., 2003), allowing controlled environmental condition control 

(including O2 concentration and temperature), was adapted for this study using custom made 

lids used by Boon et al. (2013). The system, with 12 large individual stainless-steel chambers 

(2120 ml), was modified to hold 53 mm wide soil cores with a lid and septum for direct gas 

application and sampling from a small headspace (77.2 ml) with a 3 m (4.8 mm ID, 53.4 ml ) 

sampling tube (Fig. 6.1). Details of the DENIS modification and a photograph are provided in 

the Appendix 5 (S1, Fig. S1).  

Properties Topsoil Subsoil 

0 – 10 cm 50 – 60 cm 

Sand (%)† 62.9 ± 0.7 67.2 ± 6.5 

Silt (%)† 16.2 ± 1.3 14.9 ± 3.1 

Clay (%)† 20.9 ± 1.0 17.9 ± 4.1 

Dry bulk density (g cm-3) 1.11 ± 0.06 1.26 ± 0.04 

Porosity (%) 55.7 ± 0.8 53.0 ± 3.5 

Organic C (g C kg-1)  27.8 ± 1.3 7.4 ± 1.0 

Total N (g N kg-1)  3.4 ± 0.1 1.5 ± 0.1 

C:N ratio 8.1 ± 0.1 4.8 ± 0.3 

pHH2O  6.8 ± 0.06 6.8 ± 0.03 

EC (µS cm-1) 1198 ± 126 657 ± 102 

Extractable NH4
+ (mg N l-1)  0.08 ± 0.02 0.09 ± 0.03 

Extractable NO3
- (mg N l-1) 41.1 ± 6.0 22.4 ± 5.2 

Dissolved organic C (mg C l-1) 12.6 ± 1.3 4.3 ± 1.8 

Dissolved organic N (mg N l-1) 4.9 ± 2.1 0.6 ± 0.4 

Soil microbial biomass (mg C kg-1) 74.0 ± 3.7 42.9 ± 1.4 
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Fig. 6.1 The dual-headspace system used for incubating the soil cores in this study. The system 

can be placed in 2 different modes, ‘flush’ and ‘flow over’. The former is where air flow from 

the gas cylinders is directed to enter via the headspace below the core, while the latter directs 

this air via the headspace above the soil core. Specific dimensions and materials can be found 

in the Appendix 5 (S1).  

 

Gas flow from O2 and N2 cylinders into the system could be adjusted via mass flow controllers 

(MFC) to achieve the desired flow rate and O2 concentration, and then split via a manifold 

evenly to each of the 12 incubation vessels. A valve (Fig. 6.1) enabled flow to be either 

directed to enter the large headspace below the intact soil cores (‘flush mode’) or to enter 

the small headspace on top of the intact soil cores (‘flow over mode’). In both modes the gas 

exited via the sampling tube. The MFC was calibrated for all gases used in the experiment by 

measuring the flow 5 times at 10 flow rate settings with a bubble meter.  

 In this study, 2 gas cylinders were used: an ECD-Grade N2 cylinder and a grade zero O2 

cylinder (BOC; Linde plc, Guildford, UK). The N2 cylinder and a compressed air line that was 

used for the ‘flow over mode’ both had SF6 concentrations below atmospheric levels (i.e. <10   

ppt). During pilot studies, we discovered that the SF6 concentration in the O2 cylinder was 
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surprisingly high (ca. 6 ppb), which is about three orders of magnitude greater than the 

concentration of atmospheric SF6 (10.6 ppt). We, therefore, decided to use this as our source 

of SF6 for the incubations.   

 15N labelled N2O was generated specifically for this experiment using the ammonium 

sulphate method described by Laughlin et al. (1997). This generates N2O and N2 at the same 

15N enrichment as the ammonium sulphate. The generated N2O and N2 were collected in 

evacuated exetainers (Labco Ltd., Lampeter, UK). N2 was removed using the cryotrapping 

loops in a Sercon trace gas analyser (TG2, Sercon Ltd., Crewe, UK) so that the N2O was trapped 

while the N2 was flushed to waste. Once the N2 had been removed, N2O was collected in a 

Tedlar® gas sample bag from the outlet of the TG2. The contents of the Tedlar® bag were 

analysed for N2O and N2 concentration and enrichment using a Sercon trace gas analyser and 

Sercon 20:22 isotope ratio mass spectrometer (Sercon Ltd., Crewe, UK).  

 

6.2.3 Soil core preparation and installation 

 Soil cores from both depths were brought to either 50 or 70% WFPS for the incubation 

experiment. These WFPS were chosen as they are either side of the 60% WFPS threshold for 

N2O production and N2O produced is likely to be underpinned by different processes 

(Bateman and Baggs, 2005). Soil cores were brough to the desired weight for attaining a WFPS 

of 50 or 70% (n = 6 each ) by adding distilled water (70% WFPS) or air-drying the field moist 

soil (50% WFPS). Cores that had not lost enough weight after air-drying overnight to meet the 

required WFPS were further dried in an incubator at 40°C (see Appendix 5, S3, for more 

information). Once all the cores had attained the target WFPS, they were randomly installed 

in the system (Fig. 6.1). The inside edges of the top of the soil cores (ca. 2-4 mm) were carefully 

sealed with silicone grease to ensure no edge related diffusion effects. This was also done on 

the bottom of the soil cores, where drying had caused cores to slightly  (<1 mm) shrink away 

from the metal core ring. A circular nylon mesh was placed in the lid groove before installing 

the cores to prevent soil from falling into the large headspace.  The inside walls of the small 

headspace chambers and where they met the large headspace lids were also greased with 

silicone to ensure an airtight fit. This was confirmed by measuring gas flow through all 12 

cores using a bubble flow meter.  
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6.2.4 Soil core incubations 

 Soil cores were incubated in the dark and the temperature in the laboratory was kept 

constant at 22°C for the 4-5 day incubation (depending on soil depth). As an acclimatisation 

period, the soil cores were put into ‘flush mode’ at a flow rate of 5 ml min-1 core-1  for ca. 18 

h with an SF6-containing (see 2.2) O2:N2 mixture. This mix was 20.9:100 and 13:100 O2:N2 for 

the 0-10 and 50-60 cm cores, respectively. The O2 content of the mix was chosen by a fitted 

trend of a similar soil profile (Fig. S3). The acclimatisation period was to allow air-filled pore 

space to attain the air mix representative of the soil core depths and for the accumulation of 

a reservoir of SF6 tracer gas in the headspace  below the soil core.    

 After the ‘flush mode’, the gas flow was momentarily stopped and the (high SF6) O2 

cylinder was exchanged for a (ambient-SF6) compressed air cylinder and the flow adjusted to 

maintain the same O2:N2 ratio. The flow was changed to ‘flow over mode’ by switching the 

valve below the large headspace to divert the gas to flow over the small headspace (Fig. 1) 

and resumed at the same rate (ca. 5 ml min-1 vessel-1) for the rest of the experiment. The 

vessels were left for ca. 4 h to allow the small headspace SF6 concentrations to return to 

background levels. 60 ml of 30 atom% containing 85 and 100 ppm 15N-isotopically labelled 

N2O was then syringe-injected into the 0-10 cm and 50-60 cm core large headspace vessels 

(below the intact soil cores) via the septum (Fig. 1), to attain a 15N2O headspace concentration 

below the soil core of 2.4 and 2.8 ppm, respectively. These represent the in situ  

concentrations of N2O at the same field site between the two depths (ca. 30 cm; Chapter 5, 

Fig. 5.2b). The flow rate was tested daily 3 times per core after sampling using a bubble meter 

and these specific flow rates were used to calculate fluxes.  

 

6.2.5 Gas sampling and analysis  

 Approximately 30 mins after injection of the 15N2O into the headspace below the 

intact soil cores, the large headspace was assumed to be mixed and the initial ‘t = 0’ SF6 (10 

ml) and mass spectrometry (duplicate 12 ml) samples were taken using separate gas-tight 20 

ml  polypropylene syringes. Samples were assumed to be representative of the large 

headspace by filling and emptying the syringe 3 times into the headspace before a gas sample 

was taken. SF6 samples were analysed immediately, while the duplicate samples for mass 
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spectrometry were injected directly into 12 ml pre-evacuated (flushed with Helium and 

doubly evacuated) Exetainers® (Labco Ltd., Lampeter, UK). Large headspace samples were 

taken daily for SF6 analysis. Samples from the headspace below the soil core for mass 

spectrometry were taken at the start (day 1) and end of the incubation (day 3 or 4). A total of 

4% of the volume of gas in the headspace below the soil core was removed for analysis across 

the incubation period and this was factored in the calculations of the gas concentrations. 

Headspace above the core were sampled (via the sampling tube) for SF6 and mass 

spectrometry (duplicate) analysis daily, with these always taken before headspace below the 

soil core samples. This was done by disconnecting the sampling tube (see Fig. 6.1) from the 

headspace (to avoid creating negative pressure in the system and turbulent mixing with 

ambient air) and then connecting a syringe to the tube and taking samples before re-

connecting the sampling tube. The volume of the sampling tube (53.4 ml) was sufficient to 

take 2 samples (maximum of 24 ml) without diluting with ambient air, as was tested 

(Appendix 5; S2, Fig. S2).  

 One of the two duplicate samples was analysed for N2O and N2 concentration and 

enrichment using a Sercon trace gas analyser and Sercon 20:22 isotope ratio mass 

spectrometer (Sercon Ltd., Crewe, UK), while the other was spare in case of analysis failure. 

Samples were stored for 8 months before analysis due to COVID-19 related restrictions and 

delays. At the same time 12 ml N2O standards (5 ppm  ; n = 15) were stored with the samples 

to track any loses of concentration across the storage period. After this period, the mean 

standard concentration of this stored 5 ppm standard was 4.34 ppm ± 0.07. The analysed 

concentrations were adjusted to compensate for losses during storage.    

  For the analysis of SF6, the 10 ml samples were used to flush and fill a 1 ml loop that 

was then injected directly into a Shimadzu GC-8A (Shimadzu KK, Kyoto, Japan) equipped with 

an Electron Capture Detector (ECD) and adapted for the rapid and precise analysis of SF6 in 

either the gas or water phase (Law et al., 1994). Separation of SF6 from O2 and N2O was 

achieved by a 3 m by 1/8 ” stainless steel column packed with molecular sieve 5A. The system 

was calibrated daily using a six-point calibration curve to cover the large range of 

concentrations observed between the two gas reservoirs.  Analytical precision was typically 

better than 1% and the detection limit was close to 2 pptv.  
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6.2.6 Diffusion coefficient (Ds) calculation 

 The natural logs of SF6 concentration depletion in the vessels were plotted against 

time for each WFPS treatment and soil depth. The diffusion coefficient (Ds) was then 

calculated from the gradient of the depletion curve using Equation 1.   

  
(	 =

2ℎ	exp(−%&	G@?	H/J)
L(G@

? + ℎ?) + ℎ
 (1) 

Where, C is the concentration of gas in the chamber (g m-3); ε is total air-filled porosity (m3 of 

air m-3 soil); L is the depth of the soil core (m); t is time (h); h = ε(aεc), where εc = 1, is the air 

content of the chamber (m3 of air m-3 chamber); a is the volume of the chamber per area of 

soil (m3 of air m-2 soil). A plot of lnC against time becomes linear with slope –Ds a1
2 t/ε for 

sufficiently large t. By finding the product of hL, the value of a1, the positive root of (aL)tan(aL) 

= hL, can be found using the table in (Rolston and Moldrup, 2002) and the root derivatives of 

a1L. The relative diffusion (Ds/D0) of gas was calculated using the diffusion rate of SF6 in air, 

D0, (0.093 m2 s-1; Rudolph et al., 1996).  

 

6.2.7 15N-N2O pool dilution calculation 

 The calculation of gross production and consumption of N2O was done using the 

modified (Wen et al., 2017, 2016) 15N-N2O pool dilution method developed by Yang et al. 

(2011) from von Fischer and Hedin (2002): 

[@OP?Q]S = 	
!@O 	 ∙ 	:
T@O 	+	TU

−	6
!@O 	 ∙ 	:
T@O 	+	TU

	− 	[@OP?Q]=; 	 ∙ 	VW−(T@O 	+	TU) ∙ (H − H=)X (2) 

 

[@YP?Q]S = 	
!@Y 	 ∙ 	:
T@Y 	+	TU

−	6
!@Y 	 ∙ 	:
T@Y 	+	TU

	− 	[@YP?Q]=; 	 ∙ 	VW−(T@Y 	+	TU) ∙ (H − H=)X (3) 

Where the concentration of 14N2O at time t ([14N2O]t) is calculated as the product of the N2O 

concentration (ppb) and the 14N-N2O atom% (i.e. 100 - 15N-N2O atom%); [15N2O]t is the 

concentration of 15N2O at time t, calculated as the product of the N2O concentration (ppb) 

and the 15N-N2O atom% excess (assuming a 15N isotope composition of background N2O of 

0.3688 atom%; Yang et al., 2011); F14 and F15 are the 14N2O (0.997) and 15N2O (0.003) mole 

fractions of emitted N2O, respectively; k14 and k15 are the first-order rate constants of 14N2O 
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and 15N2O reduction to N2, respectively, calculated using Equation 4 and the average literature 

value (α = 0.9924 ± 0.0036; Yang et al., 2011) for the stable N isotopic fractionation factors 

defined as α = k15/k14; kl is the first-order exponential decay constant for SF6 concentrations 

over time and represents physical loss via diffusion and/or advection (von Fischer and Hedin, 

2002), calculated using Equation 4; t is the time (hours) when the headspace was sampled. 

The gross N2O emission (ppb h-1), P, was calculated as the sum of Equations 2 and 3 relative 

to their mole fractions, solved using MATLAB (MathWorks, Version R2022a, USA).  

 The first-order rate constants for 15N2O (k15) and SF6 (kl) were calculated using the 

following equation: 

T = −
Z[ /(S(=

4

H
 

(4) 

Where k is the first-order rate constant; Ct and C0 are the concentrations (ppb) of the gas at 

sampling time t (hours) and at t = 0, respectively. The rate constant for 14N2O, k14, was 

calculated by solving α = k15/k14, as described above.   

 The net N2O emission from the flow-through small headspace was calculated as: 

! = 	H	 ∙ 	\	 ∙ ((]^S −	(_`) (5) 

Where F is the flux (ppb h-1); t is the time (h) the sample is representative of; f is the flow rate 

of air through the headspace (l h-1) and Cout and Cin are the concentrations of N2O leaving and 

entering the headspace (ppb). The results from Equation 5 were then averaged and divided 

by the total incubation time to give a net flux (ppb h-1) per incubation vessel.   

 The net emission (Equation 5) and gross production (Equation 4 and 5) N2O rates were 

then converted to µg N kg-1 h-1 using Equation 6. 

!a = 	
!	 ∙ 	bc
10@?

	 ∙ 	
3

0	 ∙ 	 (2	 + 	273)
	 ∙ 	
28
h9

	 ∙ 	10i (6) 

Where FE is either the net emission or gross production of N2O (µg N kg-1 h-1), F is the net or 

gross emission of N2O flux in ppb h-1; Vh is the headspace volume (l); R is the ideal gas constant 

(8.314 J K-1 mol-1); p is the pressure (Pa); T is the incubation temperature (°C) and 273 is the 

conversion constant to Kelvin; 28 is the molecular weight of N in N2O (g mol-1); Wd is the dry 

weight of the soil cores (g); 1012
 and 109 are unit conversion factors. Gross N2O consumption 
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was then calculated as the difference between the gross N2O production and net N2O 

emission (Yang et al., 2011).  

 

6.2.8 Statistical analysis  

 All data analysis was done using R (R Core Team, 2017), with figures made using the R 

package ‘ggplot2’(Wickham, 2016). Data were assessed for test assumptions by using the 

Shapiro-Wilk test (p >0.05) for normality, and Levene’s test for homoscedasticity (p <0.05) as 

well as assessing the qqplots and the residual versus fitted plots. The difference in mean SF6 

fluxes from the headspace above versus below the soil cores was tested with a Welch Two 

Sample t-test. Differences in relative diffusivity were tested individually by depth and WFPS 

with a Welch Two Sample t-test. Difference in fluxes with depth and WFPS were tested by 2-

way ANOVAs. Data that did not meet assumptions were log or square root transformed to 

pass the Shapiro-Wilk and Levene’s tests. 

 

6.3 Results 

6.3.1 Relative diffusivity  

 As a test to ensure the SF6 flux results from the small headspace and the depletion of 

SF6 from the large headspace corresponded with each other, the fluxes were plotted against 

each other (Fig. 6.2). The proximity of the data to the x = y line demonstrate that they 

correspond well with each other. This is confirmed by a lack of statistical difference between 

the fluxes from the small and large headspaces (p = 0.62). The linear trendline (y = 1.26x – 

0.29) explained most of the variation in the data (R2 = 0.96) but its deviation from the x = y 

line highlights that the mean measured headspace below the soil core flux was overall 16.3% 

lower than that measured in the headspace above the soil core. While the cores at 70% WFPS 

(R2 = 0.55; y = 0.92x + 0.46) more closely aligned with the x=y 1:1 line, substantially more 

variation was explained by the line for the 50% WFPS cores (R2 = 0.98; y = 1.21x + 0.54).   

 The differences in relative diffusivity (Ds/D0) of the soil cores were driven by the WFPS 

rather than the depth of the soil (Fig. 6.3). Relative diffusivity was 383 and 436% higher in the 

0-10 and 50-60 cm cores at 50% WFPS compared to the 70% WFPS (p = 0.002), respectively. 

While the 50-60 cm cores did have 12 and 21% lower relative diffusivities than the 0-10 cm 

cores at 50 and 70% WFPS, respectively, these differences were not significant (p = 0.54).   
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Fig. 6.2 The fluxes of SF6 (means ± SEM; n = 6) from the headspace above and below the 

incubated soil core from the 0-10 and 50-60 cm soil depths at 50 and 70% WFPS. The 

depletion of SF6 from the headspace below was calculated as a  The dashed line represents 

the best fit for the flux data (R2
 = 0.96; y = 1.26x – 0.29) and the solid line represents the y = 

x. Note that the axes are logarithmic.  

 

6.3.2 Gross N2O emission and uptake  

 Soil cores at 50% WFPS produced 189 and 69% more gross N2O than at 70% WFPS in 

the 0-10 and 50-60 cm soil core depths (p = 0. 028; Fig. 6.4a), respectively. The 0-10 cm cores 

produced 75% more gross N2O than the 50-60 cm cores, though this was not significant (p = 

0.70). This was primarily driven by differences between the 50% WFPS cores from the 

different depths, as there was only a 2% difference in gross N2O production between the 

depths at 70% WFPS. Similar to the gross production of N2O, 221 and 71% more N2O was 

taken up in the soil at 50% WFPS than at 70% in the 0-10 and 50-60 cm soil cores, respectively 

(p = 0.036; Fig. 6.4b). There was only a 4% difference in gross N2O uptake between the depths  
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Fig. 6.3 The mean (± SEM) relative diffusivity (Ds/D0) of intact top- and subsoil cores at 2 

different levels of water-filled pore space (WFPS, %; n = 6). Different letters represent 

statistical difference of means between soil depths (upper-case) and between soil depth and 

WFPS (lower-case) at p < 0.05. Asterisks represent statistical difference in overall WFPS means 

at p < 0.001 (***); p < 0.01 (**);  p < 0.05 (*) and  p > 0.05 (-). 

 

at 70% WFPS, whereas 80% more N2O was taken up by the 0-10 cm soil cores compared to 

the 50-60 cm cores at 50% WFPS. Despite this, there was no overall effect of soil depth on 

gross N2O uptake (p = 0.97).  

 

6.3.3 Net N2O emission  

 Overall, the 0-10 cm soil cores had a higher net N2O emission (50% WFPS, 0.045 ± 

0.002; 70% WFPS, 0.048 ± 0.008 µg N kg-1 h-1) compared to the deeper soil cores (50% WFPS, 

0.044 ± 0.002; 70% WFPS, 0.029 ± 0.002 µg N kg-1 h-1;) (p = 0.014; Fig. 6.4c). Net emissions of 

N2O were higher in the cores at 50% WFPS than at 70% (p = 0.042). This difference was not 

driven by the 4% higher net N2O emissions from the 50% WFPS 0-10 cm cores compared to 

the 50-60 cm cores, but the 40% lower emissions from the 70% cores at 50-60 cm. In the 50- 
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Fig. 6.4 The gross N2O emission i); gross N2O uptake ii); Net N2O emission iii); and the ratio 

between the net and gross N2O emission iv) (means ± SEM; n = 6) in intact 0-10 and 50-60 cm 

soil cores at 50 and 70% WFPS measured by the 15N-N2O pool dilution method. Different 

letters represent statistical difference of means between soil depths (upper-case) and 

between soil depth and WFPS (lower-case) at p < 0.05. Asterisks represent statistical 

differences in overall WFPS means at p < 0.001 (***); p < 0.01 (**); p < 0.05 (*) and p > 0.05 

(-). 

 

60 cm cores, the emissions from the 50% WFPS treatment were 50% higher than in the 70% 

WFPS treatment, but 5% lower than from the 70% WFPS cores. The ratio between net and 

gross N2O emission was greatest in the 0-10 cm cores (p = 0.028; Fig. 6.4d). The ratio in the 0-

10 cm 50% WFPS cores was 42% higher than in the subsoil cores at the same WFPS. At 70% 

WFPS, the 0-10 cm cores had a 154% higher ratio than the 50-60 cm cores. Within the soil 

core depths, ratios were 114 and 20% higher in the 70 than the 50% WFPS in the 0-10 and 50-
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60 cm soil core depths, respectively. Despite these differences, there was no overall impact 

of WFPS on the ratio between net and gross N2O emissions (p = 0.071). 

 

6.4 Discussion  

 In this study we successfully utilised a novel sampling set-up alongside the 15N2O 

isotope pool dilution method to explore gross and net N2O emissions and N2O uptake within 

intact soil cores of different depths and moisture contents.    

 

6.4.1 Soil diffusivity   

 While the agreement between the small and large headspace SF6 fluxes was good (Fig. 

6.2), we attribute the overall higher fluxes in the headspace above the core compared to the 

headspace below the core to be likely due to several potential technical factors. Of the 

discrepancy between the two headspaces, 4% can be attributed to volume of gas removed 

from sampling across each incubation. At every sampling timepoint the removal of 0.5-1.6% 

of the total below core headspace would have caused a slight negative pressure that is likely 

to have been equalised by the dilution of gas from the low SF6 air (<10 ppt) flowing over the 

soil cores. In addition, considering the exponential depletion of SF6 from the headspace below 

the cores, samples from the headspace above the cores that were taken 1-2 h before the ones 

below them would translate to higher fluxes. Therefore, we believe the difference between 

the calculated fluxes is predominantly due to the delay in above core headspace samples and 

in part due to the dilution of the headspace below the core from some air flow into the 

bottom headspace. We believe the nature of the fit to be within an acceptable range of error 

for the relationship between the small and large headspaces to produce meaningful results 

from the 15N-N2O pool dilution.  

 The relative diffusivity values in Figure 6.2 (0.024 – 0.480) are consistent with the 

expected values for the exponential increase in Ds/D0 with increasing air-filled pore porosity 

for soils with different overall pore architectures (Hashimoto and Komatsu, 2006) and using 

different measuring techniques (Allaire et al., 2008)  . The hypothesis that soil diffusion would 

be reduced by both increasing depth and WFPS was only partly confirmed (Fig. 6.3). As 

expected, the higher WFPS in the soil reduced the diffusivity of the soil substantially, but the 

different inherent physical soil characteristics (bulk density, porosity, texture; Table 6.1) of 
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the cores did not affect the Ds/D0 of the soil when at the same WFPS. Fujikawa and Miyazaki 

(2005) found Ds/D0 to increase with higher bulk density which they attributed to lower total 

porosity via the change in shape and size of pores which can be assumed to restrict gas 

movement, consistent with other studies (Balaine et al., 2013; Currie, 1984). However, these 

studies were all done on sieved and repacked soil which would create a more homogenous 

soil pore structure and can cause significant errors in determining the ‘true’ Ds/D0 (Allaire et 

al., 2008). The inherent pore structure and preferential flow pathways (i.e. macropores, soil 

pipes and cracks) were preserved in the cores (though edge related diffusion was avoided by 

sealing these) and this heterogeneity is a primary factor driving gas flow and is very important 

for studying gas diffusion (Allaire et al., 2008; Chamindu Deepagoda et al., 2019; Guo and Lin, 

2018).  However, no difference in Ds/D0 between intact soil cores at a range of depths, bulk 

densities and porosities  has also been observed (Chamindu Deepagoda et al., 2019). We 

attribute this lack of difference between depths to the presence of natural macropores, pipes 

and preferential flow paths that create similarities in the diffusivity of gas through the soil and 

the differences in soil physical properties was not sufficient to drive differences in Ds/D0. 

 

6.4.2  Gross N2O uptake  

 Evidence for N2O consumption by soils is extensive in the literature 

literature (see review by Chapuis-lardy et al., 2007). In our study, we report gross N2O-N 

uptake rates ranging from 0.03 – 2.79 µg N kg-1 h-1 (Fig. 6.4b) which is a similar range to that 

measured by others  in similar agricultural soils (Clough et al., 2006; Luo et al., 2022; Wen et 

al., 2016). N2O consumption rates, in our study, correlated closely with production rates, 

which is consistent with other studies (Wen et al., 2016; Yang et al., 2011; Yang and Silver, 

2016), suggesting that consumption increased proportionally with N2O production (Fig. 6.4a, 

b). These results uncovered a high potential for N2O uptake that would have been masked by 

higher N2O production had only the latter been measured.  

 The hypothesis that the uptake of N2O would be greater in the more microbially-active 

topsoil compared to the subsoil was rejected (Fig. 6.4b). While the uptake rate was highest in 

the topsoil cores at 50% WFPS, there was no statistical difference between depths. In fact, 

considering the lower soil microbial biomass and abundance of denitrification (nirK, nirS) and 

complete denitrification (nosZ) gene copies in the subsoil (Table S1), the uptake of N2O 
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relative to the size and denitrification potential of the soil microbial community was much 

greater in the subsoil compared to the topsoil (though this does not mean the denitriers were 

active). This result is supported by the findings that reduction of N2O to N2 can be considerable 

in the subsoil, dependent on a combination of inherent soil characteristics (C, NO3
-) and 

physical conditions (WFPS, O2 concentration, diffusivity) (Clough et al., 2005, 1999; Semedo 

et al., 2020). The cores in this study were incubated at an O2 content similar to their in situ 

levels - which was 20.9 and 13% in the topsoil and subsoil incubations. Due to 38% less O2 in 

the subsoil cores, the formation of semi-anaerobic and full anaerobic conditions required for 

N2O production and consumption would be more easily achieved. This is supported by others 

that found increased denitrification when O2 was restricted (Patureau et al., 1996; Schlüter 

et al., 2018), which would explain the lack of difference in gross N2O uptake between soil 

depths. 

 Higher WFPS decreases the diffusion of N2O produced in the soil to the surface and 

increases its residence time allowing for higher potential of complete denitrification of N2O 

to N2 (Balaine et al., 2013; Chamindu Deepagoda et al., 2019). While the diffusion rate did 

decrease with greater WFPS (Fig. 6.3), this did not produce a difference between the N2O 

uptake rates of the soil cores incubated at different WFPS levels. In fact, the 50% WFPS cores 

had higher consumption rates. We therefore reject our final hypothesis, that N2O uptake 

would be higher with increasing WFPS.   

 N2O consumption is generally expected to occur under conditions of low N availability 

and high soil moisture (Chapuis-lardy et al., 2007). While there is extensive literature that 

suggests there is a high WFPS ‘critical threshold’ at which consumption predominantly takes 

place (ca. >60-80%; Bateman and Baggs, 2005; Chamindu Deepagoda et al., 2019; Davidson, 

1991), there are studies that have found no differences or even an increase in N2O uptake 

with lower WFPS (Goldberg and Gebauer, 2009; Khalil et al., 2002; Rosenkranz et al., 2006; 

Wu et al., 2013) and low N (Wang et al., 2018). A possible explanation for N2O consumption 

in drier soil is greater diffusivity allowing N2O present in air or headspace to diffuse to the 

denitrification  site, where in the absence of NO3
-, N2O may be used as an electron acceptor 

for denitrification (Chapuis-Lardy et al., 2007). Bazylinski et al. (1986) demonstrated this in 

isolated denitrifier growth using only N2O as an electron acceptor.  An alternative pathway is 

the microbial reduction of NO3
- in aerobic conditions, which is suggested to be an 
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underappreciated sink (Roco et al., 2016). Therefore, substantial N2O consumption in our 

study may be driven by aerobic rather than anaerobic denitrification processes (Wang et al., 

2018; Wu et al., 2013). If this is the case and anaerobic microsites were not an important 

location for denitrification in this study, the calculated gross N2O production and consumption 

rates may be more accurate. This is because the 15N-N2O pool dilution method does not allow 

for accurate measurement of gross production and consumption of N2O in situations most 

likely to be occurring within anaerobic microsites. These are when i) N2O produced is 

immediately consumed within the cells of denitrifiers, and ii) produced N2O diffuses out of 

denitrifiers and is taken up by other microbes without mixing with the 15N2O label during the 

measurement period (Wen et al., 2016).  Due to the 58% smaller volumes of the cores in this 

study compared to Wen et al. (2016), these processes may have been less likely to occur due 

to shorter diffusion distances reducing the time N2O spent in the soil and therefore the 

potential for its consumption in microsites.  

 

6.4.3 Gross N2O emission  

 Gross N2O emission rates varied from 0.056 to 2.83 µg N kg-1 h-1 (Fig. 6.4a), which is 

within the range of measurements reported in other studies (Clough et al., 2006; Luo et al., 

2022; Wen et al., 2016). These rates may be low as N2O can be lost rapidly (hours) after 

wetting (Barrat et al., 2022; Smith and Tiedje, 1979). As the cores were brought to the desired 

WFPS ca. 18 h before the incubation, they may have already lost substantial soil N prior to 

incubation.   

 N2O production is driven by microbial denitrification and nitrification in the soil under 

partially anaerobic and aerobic conditions (Chapuis-Lardy et al., 2007; Diba et al., 2011). The 

dominating process has been found to change from nitrification to denitrification at WFPS of 

60-70% (Bateman and Baggs, 2005; Pihlatie et al., 2004). This would suggest that the N2O 

produced in the 50 and 70% WFPS cores was predominantly from nitrification or 

denitrification, respectively. However, these may occur in the soil simultaneously (Bateman 

and Baggs, 2005; Pihlatie et al., 2004). Denitrification is a common source of N2O in many 

agricultural soils , which the close coupling between gross emission and uptake of N2O in this 

study (Fig. 6.4a, b) would suggest this is due to (Chapuis-Lardy et al., 2007; Wen et al., 2016). 

N2O 60% WFPS) as nitrification and denitrification rates are comparable sources of N2O 
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occurring simultaneously. Therefore, a higher gross N2O emission in the soil cores at 50% 

WFPS could be explained by simultaneous denitrification and nitrification producing N2O.

 Gross emission rates were not different with depth in this study (Fig. 6.4a). Emission 

rates of N2O have been observed to be higher in subsoil than in topsoil under certain 

conditions (Goldberg et al., 2008; Müller et al., 2004; Shcherbak and Robertson, 2019). This 

may be due to denser deeper soils more quickly becoming anaerobic as a result of a restriction 

in diffusivity and lower pore volume (Berisso et al., 2013). As the subsoil cores were incubated 

with almost 38% less O2 than the topsoil, the formation of semi-anaerobic and full anaerobic 

conditions required for N2O production would be more easily achieved. Therefore, despite 

higher biological N2O production potential in the topsoil (Table 6.1), it would suggest that 

physical N2O-promoting conditions in the subsoil can match this potential.  

 

6.4.4  Net N2O emission  

 Net emissions from the soil cores varied between 0.025-0.084 µg N kg-1 h-1 (Fig. 6.4c). 

This low emission rate is expected from an unfertilized, low N arable soil (Table 1; Wen et al., 

2016). The net N2O emission decreased with soil depth which is primarily due to the low rate 

from the 70% WFPS 50-60 cm cores (Fig. 6.4c). This trend reflects the gross N2O uptake and 

emission in the soil, as the net emission is the gross consumption subtracted from the gross 

emission.  

 The ratios between the net N2O emissions and gross production of 66-79%   measured 

by others (Wen et al., 2016; Yang et al., 2011; Yang and Silver, 2016) were substantially higher 

than in this study (2-47%; Fig. 6.4d).  This discrepancy casts doubt on whether a general ratio 

would yield accurate gross N2O emission and uptake estimates based on more easily 

measured net N2O emissions, as suggested by Wen et al. (2016). However, the mean ratios 

from this study (8-23%) are within the range measured by the gas flow soil core method (5-

28%) by Wen et al. (2016). This might suggest that due to anaerobic microsites not playing an 

important role in the production or consumption of N2O as argued above, the rates were not 

underestimated and so the ratios were more accurate.  
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6.5 Conclusions 

Using a novel dual-headspace system for soil core incubation, we demonstrated that this 

method is reliable for measuring fluxes both above and below a soil core at controlled O2 

concentration and for applying the 15N-N2O pool dilution method. We believe this novel dual 

headspace approach is likely to better replicate soil profile gas diffusion dynamics, compared 

to using a single headspace. The dual headspaces rates measured all fall within previously 

measured ranges measured in the field. We provide evidence that the relative diffusivity of 

gas within intact soil cores does not differ with soil depth, likely due to the preservation of 

preferential flow pathways. This contrasts with studies that use sieved and repacked cores 

which allow for more equal mixing of labelled and non-labelled isotope pools, but do not 

represent or measure true soil diffusivity. Gross N2O production and consumption rates did 

not differ with depth but were higher in the 50% WFPS cores. We attribute this to aerobic 

denitrification and simultaneous denitrification and nitrification for N2O consumption and 

production, respectively. We contribute further evidence challenging the hypothesis that only 

wet soils play a crucial role in N2O production, consumption and net emissions. In addition, 

we challenge the notion that only soils with net negative emissions experience substantial 

N2O consumption rates. The results from this study provide a novel application of the 15N-N2O 

pool dilution method and important evidence of N2O production and consumption fluxes in 

low-N status, arable soil at different depths.  
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7.1 Introduction 

 Discussion of the findings from each chapter are described in detail within the 

individual experimental thesis Chapters (2 to 6). In this Chapter, the results from the 

experimental Chapters are discussed in relation to each other and their limitations, their 

wider implications and the priorities for future research that have evolved from the research.  

 

7.2 Discussion of findings and limitations 

The research in this thesis has highlighted the importance of including subsoils in soil 

studies, as they have been found to: be good targets for C sequestration (Chapters 2 and 3); 

gain insight into the processes governing surface-atmosphere gas exchange (Chapters 4, 5 

and 6); and, experience different rates of microbial processes compared to their topsoil 

counterparts (Chapters 5 and 6). While deeper soil study creates more samples to be 

processed and is often more challenging and costly, the results from this thesis stand to argue 

that the insights that are gained outweigh these costs.  

 The subsoil environment is difficult to study in situ and so many studies, including 

studies in this thesis (Chapters 3, 5 and 6), are based on laboratory incubations. While these 

can produce valuable insights, it is important to also recognise their limitations. By removing 

and sieving deep soil, the physical structure is destroyed and the prevailing (commonly 

oligotrophic) conditions of the soil change during incubation. These limitations were present 

in the laboratory incubations in Chapters 3 and 5. In a bid to minimise these impacts, intact 

soil cores were taken in Chapter 6 and incubated at a O2 level similar to in situ levels to better 

replicate the physical structure and the environmental conditions in the subsoil, respectively. 

In addition, by allowing gas to travel from a below core to an above core headspace, the 

movement of gas through the soil was better replicated. These additions to the incubation 

may partly explain why the N2O consumption rates in the soil incubated in Chapter 5 showed 

evidence of depth-dependency, but not in Chapter 6. It is suggested that attempting to 

preserve more of the in situ characteristics is best for producing results that are more field 

relevant.  

 Apart from the data from the meta-analysis in Chapter 2, a limitation to the findings 

of this body of work is that they are all based on one soil type from one field. For example, 

the study in Chapter 3, if repeated on a sandier textured soil, is expected to produce different 
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results. As such, the applicability of results from this thesis to other places and soils is limited. 

This narrow focus does allow for greater understanding of the mechanisms and processes 

important in a particular soil and for comparison between similar studies on different soils. In 

this case, focussing on one soil has allowed the precise measurement of the diffusion 

coefficient in Chapter 6 to be used as an input variable for the CGM estimation of subsurface 

CO2 fluxes in Chapters 4 and 5. In addition, the results presented in this thesis have value in 

their own right and can be a valuable reference for future research.  

 The improved design in soil gas sampling systems from the vertical pipes in Chapter 5 

to the L-shaped pipes in Chapter 4, likely allowed for greater accuracy of GHG data collection 

as i) the surface area perforated for gas entry was much larger and so more representative of 

the soil layer; ii) the gas in the pipes was less prone to mixing with atmospheric air from 

surface soil cracking; and, iii) the pipes were of the same volume for all depths so the 

equilibration of soil gas was equal regardless of insertion depth. This is possibly best 

evidenced by the closer fit between the measured and estimated surface CO2 fluxes with the 

L-shaped pipes (Fig. 4.6) compared to the vertical pipes (Fig. 5.4) – though this is a crude 

indicator as the estimated fluxes are influenced by many other factors (i.e. environmental 

CGM inputs). However, the disadvantage of the L-shaped design is that it requires greater 

disturbance of the soil to install the pipes. While disturbance in in situ studies should be 

avoided at all opportunities, the trade off between reliable data and preserving realistic field 

conditions is difficult to overcome. However, given enough time after installation of the L-

shaped pipes, the disturbance driven CO2 emissions should return to pre-disturbance levels 

(as observed 36 d following tillage by Fielder et al., 2015). Nevertheless, the similarities in 

trends between the depth profiles of CO2 and N2O in Chapters 4 and 5 suggest that both 

techniques are of value. Therefore, it is concluded that for long-term studies the L-shaped 

design is most likely to produce reliable data, whereas the vertical pipes are a less invasive 

alternative better suited for shorter sampling campaigns.  

 Finally, it is important to emphasise that the subsoil-targeting C sequestration 

strategies tested and discussed in this thesis are considered part of a greater swathe of 

improved agricultural practices. Applying conservation and regenerative agricultural practices 

is likely to have great concomitant benefits to the environmental, economic and social aspects 

of sustainable food production. Unlike the principles of conservation agriculture, subsoil 
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specific sequestration strategies are unlikely to be appropriate everywhere as the outcome 

of a sequestration method is highly context dependent. Therefore, conservation agriculture 

practices in conjunction with a subsoil C sequestration strategy - if the context and evidence 

base supports it - is suggested for meeting agricultural C sequestration potential throughout 

the soil profile.  

 

7.3 Wider implications 

 The global scientific community agrees that our planet is facing a climate emergency, 

however, addressing this relies on much more than just science (Ripple et al., 2019). As global 

economics, religion, culture, history, politics, society, food, energy and security are all 

relevant and important to this crisis, solving it must be an interdisciplinary task. While 

reducing C emissions at their sources is fundamental to any successes, there is opportunity 

for scientific findings to support the necessary transition to a low/neutral C society. As such, 

C sequestration for climate change mitigation has received growing attention in the scientific 

community and in the media. Our manged soils that have in many cases been depleted of C 

for millennia are clearly capable of sequestering further C by a range of improved 

management practices (e.g. conservation and regenerative agriculture). Yet, claims have been 

made that most to all anthropogenic C emissions can be offset by C sequestration in soils. A 

reliance on C sequestration as a sole solution is dangerous and promotes inaction in all the 

other important areas mentioned above. In addition, C sequestration is reversible, and soils 

can also become large sources of GHGs which can counteract any C gains made (e.g. in 

response to extreme events and land use change).  

 At best, C sequestration can provide substantial gains in C at low cost with co-benefits 

to soil fertility, agricultural productivity and the delivery of other ecosystem services. At 

worst, it can be expensive and have little to no long-term effect on net C storage. Importantly, 

any C gains made by land management need to be maintained, otherwise they can be rapidly 

lost. By targeting deeper soil for C sequestration, the thought is that the added C will be less 

vulnerable and more stable in the long term. The results in Chapter 2 support this to an extent, 

though context was found to be very important in achieving success. This Chapter has made 

important contributions and advancements to this emerging field. It will be fundamental in 

future development and optimisation of subsoil C sequestration strategies. In addition, a 
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strong case for (continued) sampling of deeper soil is made, which is critical to developing our 

understanding, including subsoils in modelling, and harnessing this environment for C 

sequestration efforts. In addition, this work will allow the general public, policymakers and 

soil stakeholders to gain an overview of the current evidence on deep C sequestration and 

make informed decisions.  

  Globally, mining and wastewater treatment industries produce approximately 100 

million tonnes of low economic value Fe-rich sludge as a by-product (Chen et al., 2015). 

Therefore, valorisation of this resource as an agricultural amendment would be ideal 

(Collivignarelli et al., 2020). The potential of adding Fe as a C sequestration strategy was 

tested in Chapter 3. While potential was found, the quantity, form and method of Fe 

application were determined as critical to its success. In addition, its best application is 

suggested to be in conjunction with a C source and in low Fe-containing soils. As a pioneering 

piece of work, a valuable base for this concept to further develop was built. If optimised, this 

strategy could contribute to the stabilisation of large amounts of C.  

 The promotion of deeper rooting, via deeper rooting crops, phenotypes, and 

perennialization is seen as a cheap win-win C sequestration strategy that has received a lot of 

attention. However, answers to ancillary questions regarding the impact of deeper rooting on 

soil respiration and harvestable biomass are less known. In Chapter 4, preliminary evidence 

of a win-win scenario was found, which makes its adoption more attractive to policymakers 

and farmers. However, for the actual adoption of such co-beneficial strategies more thought 

on the psychology, culture and behaviour of farmers is needed to overcome the scepticism of 

research innovation that has become the norm amongst farmer communities in the UK 

(Moran et al., 2013; Hyland et al., 2016).  

 The CGM is a valuable tool for gaining greater insight into soil GHG behaviour and fate 

in deep soil that more common flux measurement methods are not able to capture. However, 

due to the surface flux being modelled with the CGM, it is important to assess the reliability 

of the estimates across different climates, soils, and configurations to understand the 

limitations of the method. In Chapter 4 and 5, the existing knowledge of the CGM was built 

on and the results support the further use of it for CO2 fluxes under ‘normal’ climactic 

conditions, for which validation against surface chamber measurements would not have been 

needed. However, the work also highlights scenarios where this method performed poorly. 
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This information is valuable in the interpretation of results from the CGM and for the future 

optimisation of the method.  

 How N2O emissions, a large contributor to climate change, are produced in the soil 

relies on different processes that depend on a complex array of factors. In Chapter 6, a novel 

approach to disentangle these processes was devised in a controlled and meaningful way. The 

method includes a headspace both above and below the soil, representing the atmospheric 

and deeper soil gas exchange sites, respectively. This dual headspace approach is likely to 

better replicate soil profile gas diffusion dynamics, compared to how others have applied the 

pool dilution method (e.g. Yang et al., 2011; Wen et al., 2016). The results from this Chapter 

further suggest that the predominating processes producing and consuming N2O can vary 

with relatively small differences in moisture contents, suggesting a possibility for devising a 

land management practice for minimising N2O production and maximising its consumption. 

 

7.4 Future research 

 Research presented in this thesis provides crucial insight into the potential of subsoil 

C sequestration and the behaviour and fate of GHGs in the subsoil. The results herein address 

critical knowledge gaps, make scientific advancements, and raise additional research 

questions that are worthy of investigation and would further the field. Here, the main areas 

of potential future research that have emerged from the Chapters in this thesis are 

summarised.   

 The research conducted on C sequestration potential in agricultural subsoils in 

Chapter 2 highlighted areas where improving our understanding would be of great benefit to 

the future direction of this field. The greatest challenge with this field is that the mechanisms 

that regulate C stabilization in subsoils and the factors driving long C residence times are still 

not well known (Chabbi et al., 2009; Rumpel and Kögel-Knabner, 2011; Wordell-Dietrich et 

al., 2017). While extensive study has improved our understanding of subsoils, as discussed in 

detail in Chapter 2, specific mechanisms occurring in the subsoil remain poorly understood. 

For example, many aspects of root tissue (e.g. suberin) chemistry is not well understood, 

despite its importance in root functioning (McCormack et al., 2015) and SOC persistence 

(Suseela et al., 2017), especially in deeper soil (Rasse et al., 2005). In addition, microbial 

products and necromass are thought to be important contributors to SOC in deep soil (Dove 



229 

 

et al., 2020; Wang et al., 2021), but how this is affected by soil chemistry, microbial properties 

and microbial stoichiometry (Wang et al., 2021) or compares with root derived C is not known. 

The importance of microbial products and necromass to long term SOC also depends on the 

poorly known necromass production processes and the spatial organisation of microbial 

communities in relation to soil C (Buckeridge et al., 2022).   

 In Figure 2.5, the response of mineral subsoils to elevated CO2, waterlogging and 

drought was predicted based on the current literature and speculation (Chapter 2). However, 

the truth is that much of the vulnerability of subsoils to climate change remains to be fully 

understood. Subsoil chemistry seems to be critical in the outcome of increased temperatures 

on the decomposition of subsoil SOC (Possinger et al., 2021). As soil chemistry is important 

for the stabilisation of subsoil C (Rumpel and Kögel-Knabner, 2011), elevated temperatures 

could stimulate the mineralisation of large quantities of soil C and subsoils seem to be more 

vulnerable than topsoils to this (Soong et al., 2021). However, increased rooting and exudates 

from elevated CO2 levels could counteract this loss, though greater concomitant microbial 

turnover of C can negate this (Philips et al., 2011). Therefore, understanding the response of 

subsoils and the vulnerability of C stabilisation mechanisms to short-term extreme weather 

events and long-term climate change is extremely important, especially as subsoil C 

sequestration success relies on the long-term stability of subsoil C. Finally, this lack of 

understanding also contributes to the uncertainty in model predictions of soil responses to 

climate change (Bradford et al., 2016).  

 While the title from Chapter 3, ‘Addition of iron to agricultural topsoil and subsoil is 

not an effective C sequestration strategy’ is in reference to the Fe forms, soil type and method 

of application in the study, it is yet to be determined whether this may be different in other 

contexts. As significant C sequestration with Fe addition has been observed (Silva et al., 2015), 

the context may be fundamental to the outcome of this C sequestration strategy. For 

example, targeting soils with low Fe contents and low capacities for mineral stabilisation of C 

(e.g. sandy soils) and adding C pre-associated with soluble Fe could have more success, as 

seen by Porras et al. (2018). However, the true test of this method is to investigate the 

potential of the large available sources of Fe (i.e. Fe-rich mining and wastewater by-product; 

Chen et al., 2015) as these are our best Fe sources for this strategy and would be beneficial 

to valorise (Collivignarelli et al., 2020). 
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 Root access to deeper soil increased C respiration in Chapter 4, however, whether this 

C was predominantly root-derived or derived from native SOC was not determined. There has 

been evidence of the mineralisation of millennia old C from deep rooting (Shazhad et al., 

2018), though the impact of deeper rooting on the trade-off between fresh C supply and old 

C loss is not well understood (Chenu et al., 2019; Tiefenbacher et al., 2021). In addition, 

understanding root architecture and distribution within the soil is important for C 

sequestration strategies aiming to enhance these, yet, due to being notoriously difficult to 

study they are not well understood (Mooney et al., 2012; Hou et al., 2022). X-ray computed 

micro-tomography is a fast-growing method in its application to disentangling the complex 

relationship between roots and soil (Mooney et al., 2012; Kravchenko and Guber, 2017). 

Further, the importance of arbuscular mycorrhizas and their role in C stabilization is still very 

uncertain and requires further work, particularly in conjunction with deeper rooting plant 

species. 

  The CGM, used in Chapters 4 and 5, is a valuable tool that can help understand the 

behaviour and fate of GHGs in the soil. In Chapter 4, this tool was applied to assess a C 

sequestration method for the first time, which gained valuable insight other more commonly 

used methods would not capture (i.e. chamber and eddy covariance methods). Therefore, it 

is important that use of the CGM continues with further validation and testing of its 

limitations across different soil and climatic contexts. This can also build a larger database for 

comparison and inclusion in modelling.   

 The novel application of the pool dilution method with dual headspaces in Chapter 6 

produced compelling evidence. However, the dual headspace approach needs to be 

experimentally compared to the single headspace approach to decipher which method is best 

for replicating in situ processes and is worthy of recommendation. In addition, the results 

from Chapter 6 suggested that agricultural soil can have a large potential for both high N2O 

production and consumption. If we can manage soil to induce higher consumption and 

reduced production of N2O, this could be another land management tool that could 

contribute towards climate change mitigation. Application of this concept has been 

attempted recently by Stuchiner and von Fischer (2022), who by relieving the soils C limitation 

attained the ideal N2O management scenario of increased N2O consumption and decreased 

N2O emissions (ICDE), which they measured by isotope pool dilution. However, the authors 
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did not measure whether the ICDE they observed was offset or complemented by CO2 and 

CH4 emissions. Therefore, an opportunity exists to test the net outcome following the 

addition of a C source to C-limited microbial communities.   

 For the best chances of farm scale interventions to be implemented, a robust evidence 

base covering a diverse range of soil types and climates is needed. The ‘gold standard’ in 

evidence is long term (>20 y) field experiments, as effects may only be apparent in the long 

term (Poulton, 1995). However, as understanding gained from field trials following set up 

takes years to decades to enter the scientific literature (and even longer into policy), we need 

faster methods to increase the amount of reliable evidence of C sequestration strategies 

generated. There are opportunities that can save valuable time needed for gathering 

evidence. For example, space-for-time substitutions have been found to result in data with 

relatively high accuracy (Yang et al., 2022) in less time, though their use is dependent on the 

context (Pickett, 1989). In addition, long on-going field trials can be valuable for modern 

studies, as demonstrated by Alcántara et al. (2016), who took advantage of an old 

management technique (deep inversion ploughing) practiced at a long-term trial 35-50 years 

prior to assess its effect on soil C. Alternative methods to time intensive direct measurements 

to assess the success of C sequestration attempts are described by Smith et al. (2020).    

 To summarise, the main future research priorities that have emerged from this thesis 

can be summarised by the following areas: 

1. Determine the mechanisms that regulate C stabilization and the specific factors 

driving long C residence times in subsoils and quantify their relative importance. 

2. Determine the vulnerability of subsoil C to climate change and extreme events. 

3. Determine the potential for Fe addition for C sequestration using mining and 

wastewater treatment by-products. 

4. Quantify the net outcome of deep rooting on soil C, harvestable biomass and GHG 

emissions. 

5. Continue using and refining the CGM for insight into subsoil GHG behaviour and fate. 

6. Test the net potential of increased N2O consumption and decreased N2O emissions 

management practices. 

Take advantage of alternative study techniques to speed up long term evidence gathering. 
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7.5 Concluding remarks 

 In this thesis, crucial research questions on the potential of subsoil C sequestration 

and the behaviour and fate of subsoil GHGs were addressed. Using a diverse range of research 

methodologies and techniques, robust evidence was collected which advances our 

understanding of these subjects. Agricultural subsoils and the strategies that target them 

were found to have considerable potential for C sequestration. Further evidence was added 

to this base by experimentally testing two different strategies from novel perspectives. 

Finally, GHG measuring, tracing, and modelling methods were applied to improve our 

understanding of soil GHG behaviour and fate in the soil profile. A new approach to an 

emerging technique was developed that could improve its accuracy. Assessing the reliability 

and limitations of these different methodologies is important for scientific progress, but also 

adds to a valuable database needed for comparisons. Finally, soil GHG consumption processes 

were measured that may hold further potential for climate change mitigation if they can be 

managed, though further investigation is required.  
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Appendix 1 – Supplementary Material for Chapter 2 

S1.1. Systematic review and data exportation for Figure 1 and 2  

 We conducted a systematic review on the 12th October 2020 to obtain studies that 

measured different soil properties in top- and subsoils. We used Web of Science as the 

database and used the search string ‘TS= (propert* AND ("deep soil" OR subsoil$ OR "B 

horizon"))’ (see Table S1 for search term strategy). Studies were selected using 

predetermined criteria (Table S3) and in total, 211 studies met the criteria for inclusion (Fig. 

S1. PRISMA diagram). Once these studies were selected, we exported data on soil depth 

and/or horizon, soil properties, soil order, location coordinates, and land use type into an 

Excel spreadsheet. Each soil property measurement was converted into common units where 

possible. From the 211 individual studies collected, there were 1833 individual soil profile 

measurements (Table S2), 665 in the A and 1097 in the B horizon (Fig. S2).   

 Conversion of soil orders between soil classification systems were done using 

conversion tables from Landon (1984) and FAO (1990). The breakdown of the soil orders 

covered by the included studies are reported in Table S3. We used a topsoil-subsoil (A-B 

horizon) boundary of 30 cm when categorising the measurements unless the authors defined 

the boundary within the study. Where depth intervals crossed the 30 cm boundary (e.g. 25-

50 cm), we relied on the author's own classification of the soil depths whether this would be 

best described as the A or B horizon. Where this was absent, we classified depth ranges based 

on whether the average of the range was <30 cm as A horizon (e.g. 25-50 cm interval = 

(25+50)/2 = 37.5 cm .: B horizon). Averaged ranges exceeding 30 cm and any beginning at ≥30 

cm were classified as B horizons. Measurements were excluded when their soil depths were 

defined as C horizon or any depth ranges beginning at ≥100 cm, where the horizon was not 

specified.   

 If no location coordinates were given, the coordinates of the closest identifiable place 

related to the study were taken (e.g. affiliated university or institution). The location of the 

individual studies, the soil orders measured, and the number of soil profile measurements are 

presented in Figure S3. 
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S1.2. Statistical analysis of data included in Figure 1  

 The data was tested for homoscedasticity with the Fisher’s F-Test before the data from 

the A and B horizons was compared with a student’s 2-sample t-test or a Welch’s Test, if the 

variance test was failed (i.e. p<0.05). For datasets that were n<30, a Shapiro-Wilk Test was 

performed, and a Mann-Whitney U Test used in cases where p<0.05. 
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Table S1. Search term strategy for Web of Science systematic search. The final search term 

in italic was selected. 
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Table S2. Selection criteria of studies for use in the systematic review. 

Criteria  Included 

Agricultural soil (i.e. arable, pasture, agricultural grassland, agroforestry, 

vineyard or orchard) 
✓ 

Non-agricultural soil ✗ 

≥1 soil property measured (of those we were interested in) in appropriate or 

convertible units 
✓ 

Soil properties modelled or estimated ✗ 

Soil type stated ✓ 

Soil type not stated or not convertible to WRB or USDA classification systems ✗ 

Topsoil measurement only  ✗ 

Measurement of topsoil and subsoil or only subsoil  ✓ 

No treatment free soil profile was measured  ✗ 

Measurements from meta-analysis or review ✗ 

Unobtainable study ✗ 

Manuscript not in English  ✗ 

Fewer than 5 studies for any soil order ✗ 
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Search term Results Comments 

TS = (Soil AND depth? OR subsoil OR deep) 784,365 too many 

TS = (Soil AND Propert* AND depth? OR subsoil OR 

deep) 

772,325 too many 

TS = (soil* NEAR/5 (depth? OR deep) OR subsoil? AND 

Propert*) 

19,077 too many/unrelated 

topics 

TS = (soil depth? OR deep soil? OR subsoil? AND 

Propert*) 

20,371 too many/unrelated 

topics 

TS = (deep soil? OR subsoil? AND Propert*) 292 too few/unrelated topics 

TS = (deep soil? OR subsoil?) 12,314 too many/unrelated 

topics 

TS = ("deep soil" OR subsoil?) 3,888 too many unrelated 

topics 

TS = ("deep soil" OR subsoil? OR "B horizon") 4,747 too many unrelated 

topics 

TS = ("deep soil" OR "subsoil" OR "B horizon") 12,115 too many 

TS= (propert* AND ("deep soil" OR subsoil$ OR "B 

horizon")) 

2,863 Relevant and realistic 

quantity 
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Fig. S1 PRISMA diagram of the systematic literature review process. 
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Fig. S2 Map of the 11 soil orders included in the review from 203 individual studies and the number of soil profile measurements made at each 
geographical location (n = 1762). 
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Table S3. Breakdown of the soil orders and soil profile measurements in the included studies. 
Soil orders are ranked based on the number of studies. 

*no appropriate conversion from WRB to USDA classification identified 
† studies that included measurements of more than one soil order were not counted more 
than once. 

 

S2. Subsoil C sequestration strategy systematic search and data exportation for Figure 4 

 Due to the lower frequency of relevant studies compared to S1.1, the title and abstract 

screening stages (Fig. S1) were skipped and full-text eligibility was assessed before data was 

extracted. Search terms (Table S4) were chosen to generate data of 10 or more relevant 

studies for each sequestration strategy. Unfortunately, this target was not met in 4 of 7 

strategies due to the low amount or absence of studies meeting the inclusion criteria. We 

attribute this primarily to the studies not existing, although we do concede that the search 

terms chosen may not have captured every relevant accessible study.   

 Differences between the rates of C storage between the different C sequestration 

strategies across the whole soil profiles were tested with a 2-way ANOVA and Tukey multiple 

comparisons test (p<0.05). 

 

 

 

Soil order  
(USDA; unless stated 

otherwise) 

Studies 
(#) 

Soil profile measurements 
(#) 

Inceptisol 59 310 
Alfisol 57 382 

Mollisol 40 300 
Entisol 18 95 
Ultisol 16 303 

Vertisol 16 126 
Oxisol 16 105 

Aridisol 11 40 
Calcisol* 6 34 

Anthrosol* 6 27 
Andosol 5 42 

Totals  11 203† 1762 
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Table S4. Systematic search of literature (Web of Science) for subsoil-specific C sequestration strategies and their sequestration rates. All studies 
included are in situ and on agricultural (arable, pasture, vineyard, agroforestry) soil. Subsoil is defined as B horizon or >30 cm, unless otherwise 
stated in the individual study. Search terms were chosen for highest number of relevant results for inclusion of ≥10 studies. Web of Science 
searches conducted in May 2021. OM, organic matter; GHG, greenhouse gases.

Sequestration 
strategy 

Search terms  
(Web of Science) 

Search results  
(# studies) 

Inclusion criteria Included studies  
(#) 

Individual 
measurements 

(#) 

Comments 
 
 

Deep ploughing 

(TS=(carbon AND (sequest* OR storage OR 
"organic") AND "deep" NEAR/5 ("plough*" OR "tillag*" OR 
"flip*") AND ("crop*" OR "arable" OR "pasture" OR 
"agricultur*")))  

164 
Infrequent (>10 years) full inversion 
tillage to a depth below the topsoil 
layer. 

6 87 5 studies excluded – 
measured <10 years apart 

OM burial 

(TS=(carbon AND (sequest* OR storage OR "organic") AND  
("deep" OR "subsoil" OR "B horizon") AND ("organic matter" OR 
"OM" OR "straw" OR "mulch" OR "pellet*" OR "manure" OR 
"slurry" OR "biosolid*" OR "residue*" OR "compost") NEAR/18 
("return*" OR "incorporat*" OR "buri*" OR "add*" OR "inject*" 
OR "ameliorat*") AND ("crop*" OR "arable" OR "pasture" OR 
"agricultur*"))) 

202 OM source introduced into the 
subsoil. 

10 53 - 

Biochar burial 

(TS=(carbon AND (sequest* OR storage OR "organic") AND 
("deep" OR "subsoil" OR "B horizon"OR "subsurface") AND ("black 
c*" OR pyroli*" OR "biochar* " OR “charcoal*” OR "bio-char" OR 
"carbonise*" OR "bio char" OR "char" OR "charred") AND ("crop*" 
OR "arable" OR "pasture" OR "agricultur*"))) 

74 
Pyrolysed OM (i.e. biochar) 
introduced into the subsoil layer. - - 

Biochar commonly added 
to surface or incorporated 
into topsoil, not subsoil. 

Deep rooting 
(TS=(carbon AND (sequest* OR storage OR organic) AND "root*" 
NEAR/5 ("subsoil" OR "B* horizon" OR "deep") AND ("arable" OR 
"pasture" OR "crop" OR "agricultur*"))) 

130 
C measured below topsoil layer where 
agricultural plant roots have 
penetrated to. 

12 171 - 

Fe addition 

(TS=(carbon AND (sequest* OR storage OR organic OR 
biosolid*) AND ("deep" OR "subsoil" OR "B horizon") AND ("red 
mud" OR "iron*" OR "Fe" OR "ferric*" OR ferrous*") AND (crop 
OR "arable" OR "pasture" OR "agricultur*") ))  

130 Any form of Fe added to subsoil for C 
sequestration. 

- - 

No studies found that 
match the criteria. 

Clay addition 

(TS=(carbon AND ("deep" OR "subsoil" OR "B horizon" OR 
“subsurface”)AND ("clay*" OR "kaolin*" OR "smectit*" OR illit*) 
NEAR/25 ("amend*" OR "applicat*" OR "buried" OR "bury" OR 
"incorporat*" OR "buri*" OR "add*" OR "ameliorat*" OR 
"plough*" OR tillage) AND ("crop" OR "arable" OR "pasture" OR 
"agricultur*"))) 

104 
Addition of clay to subsoil for C 
sequestration. 2 20 

Clay commonly added to 
ameliorate sandy topsoils, 
but rarely to subsoils. 

Water table 
management 

(TS=(carbon AND ("deep" OR "subsoil" OR "B horizon") AND 
("water table" OR "water-table" OR "watertable" OR "aquifer" OR 
"water level") NEAR/25 ("tile" OR "free drain*" OR "manage*" OR 
"drain*" OR "artificial*" OR "raise*" OR "lower*" OR "drawdown") 
AND ("arable" OR "pasture" OR "agricultur*"))) 

32 
Water table managed to enhance C 
sequestration or reduce C loss. - - 

GHG fluxes commonly 
measured, no studies met 
inclusion criteria. 
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Appendix 2 – Supplementary Material for Chapter 3 
 

 

Fig. S1 Photograph of the soil mesocosms (transparent polypropylene containers) used in the 

experiment and the operation of the EGM 5 soil respirometer (grey and blue instrument).
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Table S1. Cumulative and mean values (SEM) of the measured soil properties at different Fe application rates in top- and subsoils across the 45 
d incubation (n = 4).  *Below limit of detection 

  Fe(OH)3 application rate (mg kg-1) FeCl2  application rate (mg kg-1) 

Measurement Soil Depth 0 1 10 100 1,000 5,000 0 1 10 100 1,000 5,000 
Cumul. CO2 efflux 
(ug CO2-C g-1) 

Topsoil 18.5 (0.9) 18.9 (0.8) 18.4 (1.9) 18.3 (2.0) 18.8 (1.7) 18.3 (1.0) 11.1 (2.2) 11.1 (1.9) 10.8 (1.9) 10.7 (1.3) 10.1 (1.1) 15.4 (1.3) 

Subsoil 4.3 (0.8) 4.6 (1.0) 4.4 (0.8) 4.0 (0.7) 3.7 (0.8) 3.3 (0.6) 2.7 (0.6) 2.5 (0.5) 2.2 (0.7) 3.2 (1.0) 6.2 (0.7) 8.0 (2.5) 
DOC (mg l-1) 
 

Topsoil 11.7 (0.5) 12.7 (0.5) 13.2 (0.9) 13.7 (1.1) 10.9 (0.7) 8.9 (0.5) 19.5 (1.7) 19.7 (1.7) 15.7 (1.9) 9.8 (1.3) 6.9 (0.8) 78.5 (4.0) 

Subsoil 5.1 (0.7) 4.2 (0.5) 4.6 (0.7) 4.2 (0.5) 4.4 (0.5) 3.1 (0.3) 6.7 (1.4) 7.4 (1.2) 5.1 (0.7) 4.1 (1.0) 12.8 (6.1) 30.7 (3.9) 
pH 
 

Topsoil 7.2 (0.1) 7.3 (0.1) 7.7 (0.08) 7.4 (0.1) 7.4 (0.1) 7.4 (0.1) 7.7 (0.1) 8.0 (0.1) 7.7 (0.08) 7.1 (0.06) 4.4 (0.08) 2.5 (0.03) 

Subsoil 6.9 (0.05) 6.9 (0.04) 7.4 (0.06) 6.9 (0.04) 6.9 (0.03) 6.9 (0.04) 7.6 (0.1) 7.5 (0.06) 7.4 (0.1) 6.5 (0.09) 3.9 (0.06) 2.3 (0.02) 
EC (mS cm-1) 
 

Topsoil 2.1 (0.3) 2.5 (0.3) 2.5 (0.3) 2.4 (0.4) 2.2 (0.3) 2.0 (0.2) 0.3 (0.01) 0.3 (0.01) 0.4 (0.03) 1.1 (0.04) 5.0 (0.2) 19.4  (0.5) 

Subsoil 1.0 (0.1) 0.9 (0.1) 1.0 (0.1) 1.0 (0.1) 1.1 (0.1) 1.0 (0.1) 0.3 (0.01) 0.3 (0.01) 0.4 (0.02) 1.2 (0.04) 5.9 (0.3) 22.6 (0.6) 
MRP (mg l-1) 
 

Topsoil 0.1 (0.01) 0.1 (0.008) 0.1 (0.01) 0.1 (0.01) 0.1 (0.009) 0.06 (0.006) 0.1 (0.02) 0.01 (0.01) 0.1 (0.02) 0.06 (0.007) 0.03 (0.008) * 

Subsoil 0.04 (0.006) 0.03 (0.006) 0.03 (0.007) 0.03 (0.004) 0.3 (0.007) 0.02 (0.009) 0.02 (0.004) 0.02 (0.005) 0.03 (0.02) 0.05 (0.02) 0.02 (0.004) * 
Cumul. 14C-Glucose 
(% of tot. 14C 
added) 

Topsoil 9.2 (1.4) - - 8.5 (1.4) - 8.1 (1.3) 8.5 (1.4) - - 6.5 (1.2) - 5.3 (1.2) 

Subsoil 4.5 (1.2) - - 5.0 (1.3) - 4.3 (1.1) 4.8 (1.3) - - 3.3 (0.8) - 0.4 (0.09) 
Cumul. 14C-Citrate 
(% of tot. 14C 
added) 

Topsoil 17.3 (3.5) - - 15.1 (3.2) - 13.6 (3.0) 16.7 (3.5) - - 12.2 (2.8) - 0.4 (0.04) 

Subsoil 9.5 (2.5) - - 9.7 (2.6) - 9.0 (2.3) 9.6 (2.5) - - 6.1 (1.8) - 0.4 (0.04) 

Cumul. 14C-Plant 
Matter (% of tot. 
14C added) 

Topsoil 8.4 (1.3) - - 8.5 (1.2) - 7.9 (1.3) 8.6 (1.3) - - 7.4 (1.2) - 3.6 (0.7) 

Subsoil 7.7 (1.3) - - 6.0 (1.0) - 6.4 (1.1) 7.1 (1.2) - - 6.9 (1.2) - 2.6 (0.6) 
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Table S2. C-partitioning (% of total label added) in top- and subsoil following the addition of 
14C-labelled glucose, citrate or plant matter with different rates of Fe(III) or Fe(II) iron. Values 

are means of four replicates. Different letters represent significant differences (p<0.05) 

between iron rates of both depths for each 14C pool and Fe form. 

*14C remaining in solution extracted by 1 M NaCl (glucose), 0.5 M phosphate buffer at pH 

6.5 (citrate) and 0.5 M K2SO4 (plant matter). 

 

 

 

 

Fe Fe rate  
(mg kg-1) 

Evolved (%) Extracted* (%) Remainder (%) 
 Topsoil Subsoil Topsoil Subsoil Topsoil Subsoil 

Fe
(O

H
) 3

  -----------------------------Glucose----------------------------- 

0 23a 19a 3a 3a 74a 78a 

100 22a 21a 3a 3a 75a 76a 

5,000 20a 18a 3a 3a 77a 79a 

Fe
Cl

2 0 22a 21a 3a 3a 75a 76a 

100 18ab 14b 3ab 3b 79a 83b 

5,000 19ab 1c 3ab 4c 78a 95c 

Fe
(O

H
) 3

  ------------------------------Citrate------------------------------ 

0 52a 38cd 7a 12b 41a 50b 

100 48ab 38cd 10ab 11b 42a 50b 

5,000 44bc 36d 11b 14b 45a 51b 

Fe
Cl

2 

  

0 52a 39b 9a 12b 40a 49b 

100 41ab 27c 8a 12b 51b 61c 

5,000 1d 1d 4c 4c 95d 95d 

Fe
(O

H
) 3

  ---------------------------Plant matter--------------------------- 

0 25a 24ab 3a 3ab 72a 73ab 

100 25a 19c 3a 3c 72a 77c 

5,000 24ab 21b 3ab 3bc 73ab 76bc 

Fe
Cl

2 

  

0 25a 22a 3a 3a 72a 74a 

100 23a 21a 3a 3a 74a 75a 

5,000 13b 12b 4b 4b 83b 85b 



247 

 

 

S1. Sampling time point contributions to total soil CO2 efflux   

 While there was no difference in the t = 1 – 43 average contributions to the overall 

CO2 efflux in the topsoil (Fig. S1), the contributions at t = 0 increased with Fe rate with the 

1,000 and 5,000 mg kg-1 rates contributing over 3 times more to the total cumulative soil CO2 

efflux than  the control (d.f. = 5, F = 19.7, p < 0.001). In the subsoil, the 100, 1,000 and 

5,000 mg Fe kg-1 rates contributed 3, 4.8 and 5.2 times more to the overall efflux compared 

to the control (d.f. = 5, F = 2.6, p = 0.037), respectively. As in the topsoil, the t = 1 – 43 average 

contributions to the overall efflux in the subsoil did not differ. 

Fig. S2 Contribution (%) of the t = 0 and the average of the t = 1 – 43 sampling time points (11) 

to the total cumulative soil CO2 efflux from top- and subsoil (mean ± SEM) incubations (n = 4) 

with the addition of different rates of Fe(II) iron. Different letters correspond to significant 

differences (p < 0.05) between iron rates and sampling times. 
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S2. pH driven CO2 production  

 The addition of Fe(II) induces a shift in soil pH. To test whether the initial high rate of 

CO2 production shown in Figure S1 was partly driven independent of Fe(III) per se (i.e. was 

due to a change in pH), a short incubation was undertaken to mimic the main incubation of 

this study without any Fe addition but in which pH was manipulated. To do this, HCl was added 

to soil at pH values equivalent to the 1,000 and 5,000 mg Fe kg-1 treatments (i.e. pH 2.9 and 

2.0). This was done by amending distilled water with 1 M HCl until the desired pH was 

reached. Unamended distilled water (pH ca. 6.3) was added as the 0 mg Fe kg-1 rate (control). 

400 g top- and subsoil replicates (n = 3) were sampled with an EGM-5 (as performed in the 

main incubation experiment) at t = 0, 6, 24, 30 and 48 h after the addition of the HCl 

treatments. At the initial t = 0, a 93 and 123% higher CO2 efflux was measured in the top- 

(d.f. = 2, F = 3.6, p = 0.044) and subsoil (d.f. = 2, F = 6.7, p = 0.005) following the pH-amended 

water equivalent to the 5,000 mg kg-1 rate compared to the control (Fig. S2), respectively. A 

lower increase of 27 and 28% was observed in the 1,000 mg kg-1 pH-equivalent rate in the top- 

and subsoil compared to the control. After t = 6 h onwards, pH has no effect on soil CO2 efflux. 
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Fig. S3 Soil CO2 efflux from top- and subsoil (mean ± SEM) incubations (n = 3) over 2 days with 

the addition of distilled water amended with HCl to the pH-equivalent of 1,000 and 5,000 mg 

Fe kg-1 of Fe(II) addition (as in Fig. 1). CO2 efflux is graphed relative to the control (pH 6.3) for 

each time point. Stars represent the level of significance between the low pH additions (2 and 

2.9) and the control at: *** p < 0.001; ** p < 0.01; * p < 0.05 within the soil depth. 

 

 

** 

** 
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Fig. S4 Cumulative soil CO2 efflux from top- and subsoil (mean ± SEM) incubations (n =4) over 

45 days with the addition of different rates of Fe(II). Day 0 data are excluded, and CO2 efflux 

is cumulated from day 1. Values correspond to the g dry weight equivalent. 
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Appendix 3 – Supplementary Material for Chapter 4 
 

Table S1. The best fits of different trend line types for mean soil temperatures of different 

months and depths in 2019. Bold numbers represent the greatest mean variation explained. 

 

Mean soil temperature 

(°C) 
 Variation explained  

(R2) 

 10 cm 20 cm 30 cm  Linear Expon. Log. Power 

May 14.8 14.5 14.3  0.96 1.00 0.97 1.00 

Jun 16.7 16.3 16.1  0.97 1.00 0.97 1.00 

Jul 19.3 19.0 18.8  0.98 1.00 0.98 1.00 

Aug 18.3 18.3 18.2  1.00 0.97 1.00 0.97 

Sep 15.6 15.8 15.7  0.34 0.24 0.34 0.24 

         

Mean     0.85 0.842 0.852 0.842 
 

 

Table S2. The best fits of different trend line types for mean soil moisture of different months 

and depths in 2019. The value in bold represents the greatest mean variation explained. 

 

Mean soil moisture  

(cm3 cm-3) 
 Variation explained  

(R2) 

 10 cm 20 cm 30 cm  Linear Expon. Log. Power 

May 31.1 30.7 27.4  0.83 0.80 0.82 0.80 

Jun 27.9 28.3 27.2  0.39 0.45 0.39 0.46 

Jul 19.6 20.2 18.4  0.41 0.48 0.42 0.49 

Aug 25.4 25.5 23.1  0.71 0.72 0.71 0.73 

Sep 28.9 28.1 24.9  0.89 0.84 0.88 0.84 

         

Mean     0.646 0.658 0.644 0.664 
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Fig. S1 Layout of the randomly distributed experimental plots used for this study.  
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Appendix 4 – Supplementary Material for Chapter 5 
S1. Erroneous GHG data   

 The erroneous GHG data in the 2018 maize growing season dataset was most likely 

due to failed GC analysis (i.e. settings not appropriately sensitive, saturation of the peaks, 

drift). Concentrations far outside of the range of the standards used (CH4: 1.42 - 25.8 ppm; 

N2O: 310 - 4900 ppb; CO2: 258.5 - 2504 ppm) were less likely to be accurate and in some cases 

would result in zeros or impossibly high concentrations. In addition, poor sealing of the vials 

(faulty vial crimper) and/or extended storage may have contributed to this, which was 

avoided in 2019 with more appropriate GC settings, a new crimper and shorter storage time.  

 

Fig. S1 Schematic diagram of a gas collection pipe (20 cm depth) used in the trial. 
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Fig. S2 Soil NH4
+-N and NO3

--N (mean ± SEM) content (per dry weight of soil) in the 0-5 cm 

layer of field plots under either maize (n = 12, no fertiliser) or wheat (n = 4; 75 and 150 kg N 

ha-1) production. The vertical dotted lines represent the fertiliser application dates, where 40 

kg ha-1 ammonium nitrate was applied on the 7th May and 35 and 110 kg ha-1 were applied on 

the 31st May to the 75 and 150 kg ha-1 fertilised plots in the wheat field, depending on the N 

treatment. 
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Appendix 5 – Supplementary Material for Chapter 6 
S1. Incubation system specifications  

 The headspace chamber was made of an 83 mm x 60 mm Delrin® rod 

(polyoxymethylene; Gilbert Curry Industrial Plastics Co Ltd., Coventry, UK) with the inside 53 

mm bored out (Fig. 6.1). Stainless steel 3.18 mm and 6.35 mm Swagelok connectors (Swagelok 

Company, Solon, OH) connected the headspace with a 3.18 mm stainless steel and a 6.35 mm 

Teflon tube (a.k.a. polytetrafluoroethene; Context Pneumatic Supplies Ltd., Bolton, UK), 

respectively. A 3 m long 6.35 mm diameter Teflon sampling tube (53.4 ml) was connected to 

the headspace tube via 6.35 mm Swagelok union. This tube was tested against 3 other 

sampling approaches using a known concentration of standard N2O gas and was chosen as 

the most effective sampling option (Fig. S1 and Fig. S2). Silicone grease, applied in the joint 

between the core and the lid and between the headspace chamber and core, prevented any 

gas leakages (tested using a helium leak test). A fine nylon mesh placed on the underside of 

the core prevented any soil loss into the vessel throughout the incubation. A rubber septum 

(Hilltop Ltd., Warrington, UK) in the lid allowed for syringe application to or sampling from 

the vessels.   



256 

 

 

Fig. S1. Photograph of the incubation system used in the study. 

 

S2. Testing of different sampling methods  

 Different sampling vessels were tested to determine the most effective one for 

evaluating gas sample quality. These were as follows: 

1. ‘Tubing’: Samples from a sampling tube (53.4 ml) were taken by disconnecting the 

sampling tube from the standard gas flush and then connecting a syringe to the tube 

and taking 20 ml of gas, removing the syringe and reconnecting the sampling tube. 

2. ‘Tank Open’: A sampling tank (150 ml) was disconnected from the standard gas flush, 

a syringe was attached, and a sample was taken. The valves remained in the open 

positions and the tank was reconnected. 

3. ‘Tank Closed’: A sampling tank (150 ml) was disconnected from the standard gas flush, 

a syringe was attached, and the valve on the opposite side of the tank was closed 

before a sample was taken. The valve was opened after the sample was taken and the 

tank was reconnected. 
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4. ‘Syringe’: A 60 ml syringe without a plunger was connected to the standard gas flush 

and the plunger was carefully inserted and the syringe disconnected. After inserting 

the sample, the plunger was removed from the syringe and the syringe was 

reconnected. 

 Fig. S2 Test of N2O recovery of a standard gas (i.e. 100% represents complete recovery) of 

different sampling methods. Bars are means ± SEM. The sampling receptacles were flushed 

for > 5 mins with a flow of approximately 100 ml min-1 of 100 ppm N2O standard gas before a 

syringe sample was taken (n = 6, except ‘Syringe’, where n = 3) and 10 ml analysed on a GC. 

From these results, it was decided that the ‘Tubing’ was the most effective sampling method. 
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Fig. S3 Soil oxygen concentration choice for the core incubations at different depths. White 

points represent O2 data from a similar soil (Smith and Dowdell, 1974), while the ‘X’ 

represents the atmospheric concentrations (21%). The fitted line (polynomial; R2 = 0.99) was 

used to calculate the average oxygen concentration at the 3 depths the cores were extracted 

from (black points). These were 19.5% for the 0 - 10 cm, 15% for the 20 - 30 cm and 13% for 

the 50 - 60 cm cores, respectively. However, as the MFC is unreliable at low flow rate settings, 

it was decided that for the cores where low settings would be needed (0 – 10 cm cores) an 

ambient atmospheric O2 (i.e. 20.9 %) concentration was used instead. The horizontal grey 

bars show the depth range that the cores represent.  

 

 

Table S1. Mean ± SEM (n = 4) gene abundances (nirK, nirS, nosZ) in the top- and subsoil of the 

soil used in this study. These were analysed by quantitative PCR, processed at the same time 

of sampling and following the methods described in de Sosa et al. (2018).   

 

 

Properties Topsoil Subsoil 

 0 – 10 cm 50 – 60 cm 

nirK gene (x108 copies g-1) 4.8 ± 0.4 0.9 ± 0.5 

nirS gene (x106 copies g-1) 6.9 ± 0.7 0.4 ± 0.2 

nosZ gene (x107 copies g-1) 5.3 ± 0.3 0.4 ± 0.3 

Soil depth (cm) 

So
il 

ox
yg

en
 c

on
te

nt
 (%

) 
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S3. Incubation of soil cores for drying  

 While it could be argued that drying the soil cores at 40°C would alter the microbial 

community, no systematic differences in those which were dried at 40°C and those which 

were not were observed. In addition, following the drying the cores were kept at room 

temperature overnight and a further 18 h  in the acclimatisation period before the sampling 

began. Therefore, we conclude that the microbial community was not altered by the drying 

in the 40°C enough to induce differences in the N-related processes. 
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