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Science finally unearths why soil carbon is so valuable
A radical new way of thinking about soil has solved the mystery of why adding organic material like manure improves flood and drought resilience, climate control and crop yields - universal ‘ecosystem services’ that are widely recognised as worth billions to the global economy.
Founded on more than 50 years’ worth of data from a unique field experiment, researchers have demonstrated that common farming practices drain the soil of carbon, altering the structure of soils’ microscopic habitat and, remarkably, the genetics of microbes living within it.
The team of microbiologists and physicists, led by Rothamsted Research, considered almost 9,000 genes, and used X-ray imaging to look at soil pores smaller than the width of a human hair, and in concert with previous work, have started forming what they envisage will be a universal ‘Theory of Soil’.
In healthy soils, relatively low nitrogen levels limit microbes’ ability to utilise carbon compounds, so they excrete them as polymers which act as a kind of ‘glue’ - creating a porous, interconnected structure in the soil which allows water, air, and nutrients to circulate.
Writing in the journal Scientific Reports, the researchers reveal that the Victorian-era switch from manure to ammonia and phosphorous based fertilizers has caused microbes to metabolise more carbon, excrete less polymers and fundamentally alter the properties of farmland soils when compared to their original grassland state.
Lead researcher Professor Andrew Neal said: “We noticed that as carbon is lost from soil, the pores within it become smaller and less connected.  This results in fundamental changes in the flow of water, nutrients and oxygen through soil and forces several significant changes to microbial behaviour and metabolism.  Low carbon, poorly connected soils are much less efficient at supporting growth and recycling nutrients.”
A lack of oxygen in soil results in microbes having to turn to nitrogen and sulphur compounds for their energy – inefficient processes, he says, which result in increased emissions of the greenhouse gas nitrous oxide among other issues.
The closed soil structure also means microbes need to expend more energy on activities such as searching out and degrading less easily accessible organic matter for nutrients.
Conversely, in carbon-rich soil there is an extensive network of pores which allow for greater circulation of air, nutrients and retention of water.
“Manure is high in carbon and nitrogen, whereas ammonia-based fertilisers are devoid of carbon. Decades of such inputs - and soil processes typically act over decades - have changed the way soil microbes get their energy and nutrients, and how they respire.”
Whilst soil carbon was already known to drive climate and water cycles the world over, it took a chance discussion between experts working at very different scales to discover the reason why.
The idea to look at this link between the living and non-living components of soil came about through a discussion between an expert in microbial genetics Professor Andrew Neal, and Professor John Crawford – now at the University of Glasgow - who studies the way complex systems behave.
“Despite carbon’s critical role, the mechanisms underlying carbon dynamics and the link to soil water were poorly understood,” said Neal.  “Society struggles with the concept of what soil is and how it can be managed effectively because it is such a complex combination of biological, chemical and physical processes.
“We took inspiration from a theory proposed by Richard Dawkins in the 1980s that many structures we encounter are in fact products of organisms’ genes – Dawkins used the examples of bird nests and beaver dams.  This view helped us understand soil as a product of microbial genes, incorporating organic materials from plants and other inputs to create all-important structure.
“We have shown for the first time a dynamic interaction between soil structure and microbial activity - fuelled by carbon - which regulates water storage and gaseous flow rates in soil with real consequences for how microbes respire.”
The group, which also involved scientists from The University of Nottingham, are the first to seriously study the details of this intimate two-way relationship between the microscopic life in soil and its structure at scales relevant to microbial processes.
The results also demonstrated why soils can sometimes show great resilience to human interventions.
“Although years of intensive management practices have altered what compounds microbes predominantly live on and increased the frequency of genes that allow this lifestyle, very few genes are ever completely lost from the system. That crucially allows soils to respond to changes and these results can really help with any future remediation efforts,” said Professor Neal.
“Microbes are very good at acquiring genes from each other, which is why rather than look at different species we looked at the abundance of different genes and what functions they ultimately coded for.”
The results also have implications for farmers, where the addition of nitrogen and phosphorous fertilizers - and not carbon - may in fact be leading to a degradation of the natural fertility and the efficiency with which nutrients are processed in their soils that will be detrimental to the long term productivity of their farm.
The negative impacts of increased leakiness of the soil system include nutrient loss to the atmosphere and rivers.
For more information on this study, contact Professor Andy Neal
A Theory of Soil
These latest findings complement previous work showing how microbial action influences the structure of soil, and the team have developed a hypothesis as to how carbon underpins soils functions.
In healthy soils, relatively low nitrogen levels limit microbes’ ability to metabolise carbon compounds, and these are instead excreted by the organism in polymers (called extracellular polymeric substances, or EPS) that can act as a kind of glue’.
EPS stabilises the aggregation of soil particles in the environment adjacent to the microbe. This makes the physical structure of the environment around these microbes more stable to disruption, such as occurs when the soil wets up and dries, or when plant roots pass nearby.
Because the stabilisation is linked to the activity of the microbe, this means that the microenvironments that are favourable to microbial activity are preferentially reinforced relative to other microenvironments in soil.
Lab and field experiments along with computer modelling, have shown that the outcome of this over time is to increase the volume and connectivity of the pore structures that are important for storing water, enabling the supply of oxygen to microbes, and connecting water and nutrient pools to plants.  
However, long term addition of nitrogen and phosphorous fertilizers has caused microbes to burn more of these carbon compounds for energy, an activity that has increased emissions of CO2.
Ploughing has also increased the availability of this soil carbon to microbes, further decreasing its levels in the soil.
As carbon stocks decline, less EPS is produced, and the soil loses the beneficial porous structure.
Not only does this hamper the soils’ ability to store and release water, it creates an oxygen poor environment where microbes must utilise nitrogen and sulphur compounds for energy instead.
This decreases the availability of these soil nutrients to plants and causes the production of nitrous oxide – another harmful greenhouse gas that also enhances ozone depletion.
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