
The story of nutrients - how to nourish soils, crops and us 
Plant nutrition is the science of supplying nutrients to crops. Good practice ensures benefits for 
growers and the environment, and provides nutritious food. Nutrients are in the spotlight. The 
production of synthetic and mineral NPK (nitrogen, phosphorus, potassium) fertilisers has 
increased by 20% in the last decade alone. Fertiliser manufacture is motivated by the need for 
food because nutrient insufficiency jeopardises crop yields. Our global family can only be fed if 
we replenish the nutrients removed with each harvest. 

Over the last century, reactive nitrogen in the biosphere has trebled and phosphorus has doubled. 
Such unprecedented change to earth’s environment links to the manufacture of mineral 
fertilisers. Last year, agriculture used 120 million tonnes synthetic nitrogen and 45 million 
tonnes mineral phosphorus fertilisers. On average, crops used only half. The risk of nutrient 
inefficiencies tips practitioners towards generous, rather than judicious, fertiliser use. This hurts 
farmers, crops and nature. Nutrient stewardship demands new nutrient systems. 

The fertilisers that crops don’t consume often become pollutants. Soils lose excess nitrogen as 
gaseous ammonia and nitrogen oxides, and as nitrate and other soluble nitrogen. Phosphorus can 
leach from soil to pollute water, or be out of crop’s reach when bound tightly by the soil. In 
Western Australia, some crops use as little as 5% of the phosphorus fertiliser, highlighting the 
scale of inefficiencies of some systems.  

The amounts of bioavailable nitrogen and phosphorus exceed Earth’s ‘safe operating space’ and 
are one of the three major environmental challenges, together with climate change and 
biodiversity loss. Nutrients link to both. Fertilised soils emit nitrous oxide that contributes 10% 
to our greenhouse footprint. Excess nutrients in water, soil and air negatively impact life. 

The global combined annual 
production of NPK in manure and 
human waste (humanure) now equals 
that of mineral fertilisers (Figure 1). 
But manures and humanure are not 
favoured by many farmers because 
mineral fertilisers are easier to 
transport, don’t have biological 
contaminants, are of known nutrient 
composition and are immediately 
available to crops. As a result, 
manures become wastes that have to 
be disposed of. European Union countries with large animal herds continue to exceed nitrogen 
thresholds, and farmers are protesting against ramped up regulations. Populous countries 
struggle to dispose of sewage and its nutrients.  

Farming that eschews man-made fertilisers is expanding and accelerating the discussion about 
future nutrient sources. Enabled by new technologies, some animal-intensive producers are 
recycling nutrients into fertilisers that contain nutrients as mineral and organic substances. 
Generating fertilisers from humanure is fast becoming a priority for the circular nutrient 
economy. Clearly, getting plant nutrition right is a matter of priority.

Figure 1. Amounts of 
nitrogen, phosphorus 
and potassium (NPK) 
that are annually 
produced in 
mineral/synthetic 
fertilisers, manure and 
humanure (sewage).

Data from FAO 
Statistics 2017 and 
other sources.



What are plant nutrients?  

Plants need light, water and ~17 chemical elements, collectively termed ‘essential nutrients’. 
Converting carbon dioxide and water into celluloses and lignin, plants build ~90% of their 
biomass from carbon, oxygen and hydrogen. Plant nutrition deals with the ~14 essential 
nutrients that most plants derive from soil. Without them, plants cannot complete their life cycle.  

In 1840, Justus von Liebig founded the discipline of plant nutrition and postulated the ‘Law of 
the Minimum’ - the nutrient that is least abundant relative to plant’s needs will limit growth, 
irrespective of the abundance of all other nutrients. Nitrogen is quantitatively the most important 
of the macronutrients, accounting for ~60%. Phosphorus makes up ~15%, potassium ~4%, 
calcium, magnesium and sulphur (together) ~15%. Micronutrients include chlorine, boron, iron, 
magnesium, zinc, copper, molybdenum and nickel, and make up less than 1% (Figure 2).  

 

A second group is termed ‘beneficial’ nutrients. They boost resilience and growth in some plant 
species or some growth situations. They include sodium (Na) which enhances the growth of salt-
loving plants and tropical grasses. Silicon (Si) is a beneficial element (considered essential by 
many) as it improves mechanical strength and resilience against environmental factors. Rice and 
other erect crops and grasses can contain 10% silicon. Cobalt (Co) is listed here as it is essential 
only for N2-fixing plants. Selenium (Se) sometimes improves plant growth but is an essential 
nutrient for animals. Fertilising selenium-deficient soils can therefore biofortify food. 
Aluminium (Al) benefits some plants, notably tea.  

Some other elements are essential only for algae and fungi (iodine, vanadium). Scientific 
validation is required to substantiate claims for other elements as essential or beneficial for 
plants. 

 

Where do nutrients originate? 

In nature, nutrients originate from two sources. Minerals supply all essential and beneficial 
nutrients except nitrogen. Their elemental makeup determines soil nutrient stocks. Granite-
derived soils with a high quartz content (silicon, oxygen) have fewer nutrients stored than soils 
with minerals rich in phosphorus, potassium, calcium, magnesium and other.  

Figure 2. The average proportions of 
essential nutrients in plant biomass.
Macronutrients are needed in larger 
amounts: nitrogen (N), phosphorus (P), 
potassium (K), calcium (Ca), 
magnesium (Mg) and sulphur (S).
‘Micro’ denotes micronutrients and 
include chlorine (Cl), boron (B), iron 
(Fe), manganese (Mn), zinc (Zn), 
copper (Cu), molybdenum (Mo) and 
nickel (Ni). Beneficial nutrients (e.g. 
silicon, sodium) vary considerably 
between plant species and are not 
shown.

Modified from H Marschner (1995) 
“Mineral Nutrition of Higher Plants”.



 

The source for nitrogen is air. The earth’s atmosphere contains 78% N2, a stable gas that in 
nature only some specialised bacteria can convert into bioavailable nitrogen. This process of 
‘nitrogen (N2) fixation’ generates ammonium that plants metabolise into organic and other 
bioavailable nitrogen. Nitrogen-fixing bacteria are ubiquitous but most effective when housed in 
root nodules of N2-fixing plants. Legumes with 19,000 species are the most prominent, and all 
N2-fixing plants have an advantage in nitrogen-poor habitats.  

Soils develop in unison with vegetation that fixes atmospheric carbon dioxide (CO2) and N2 to 
form most of the terrestrial biomass and soil organic matter. Organic, in the chemical sense, 
means that nutrients are bound to organic carbon (composed of carbon, oxygen and hydrogen). 
Soil organic matter (SOM) consists mostly of organic carbon, nitrogen, phosphorus and sulphur 
(Figure 3).  

Although soils consist foremost of minerals, SOM is integral to physical, chemical and 
biological function. Ignoring the differences between soils (SOM can range from less than 1 to 
over 20% of the upper soil), one hectare of the upper meter contains on average 117 tonnes of 
organic carbon and 9 tonnes of organic nitrogen.  

For SOM to form and be stable, nitrogen and other nutrients are needed. Understanding how 
crops access the nutrients that are stored in SOM improves fertiliser recommendations. How 
nutrients facilitate SOM formation is highly relevant as it helps to combat climate change. 
Evidence is emerging that nitrogen fertiliser boosts SOM formation in some forest soils, while 
outcomes in crop soils are more varied. 

What is nutrient cycling? 

As soils develop and age, their nutrients change. In very young soils, slow nutrient release from 
minerals limits the productivity of plants. With soil forming, nutrient release accelerates through 
the activity of soil organisms, plants, and climate. Nutrients accumulate in vegetation, are 
recycled from decaying biomass, stored in SOM and soil minerals, and taken up again by plants. 
Well-developed soils have the highest nutrient fluxes, which translates to maximum plant 
productivity. Over very long geological times, soils become nutrient depleted unless replenished 
(e.g. nutrients from fresh lava or ash, or deposited by wind or water from elsewhere). While 
nitrogen is renewable, all other nutrients are not. Figure 4 illustrates the natural decline of 

Figure 3. The proportion of 
nutrients in soil organic matter 
(SOM). SOM has ~60% 
organic  carbon, 30% oxygen 
plus hydrogen, 6% nitrogen 
(N), 0.6% phosphorus (P), 
0.2% sulphur, with other 
elements occurring in traces 
(not shown). Average ratios are 
C:N (10:1), C:P (100:1) and 
C:S (300:1).

Modified from “USDA-NRCS 
Soil Organic Matter, Guides for 
Educators”; and “The Nature 
and Properties of Soils” (Weil 
and Brady) 15th Edition, 2017.



nutrients in the Cooloola dune sequence of Great Sandy National Park (SE Queensland) over 
several 100,000 years. 

In other regions, glaciers in the last Ice Age have exposed nutrient-rich minerals, or volcanos 
distribute fresh nutrients. Australia has experienced a long geological quiet and many soils are 
nutrient impoverished. This makes SOM an indispensable ingredient for nutrient cycling. Land 
use change, e.g. forest-to-agriculture, drives SOM losses but also offers opportunities to re-build 
SOM.  

From recycled nutrients to mineral fertilisers 

Our ancestors understood that nutrient-rich soil means plentiful food. Plants thrive in alluvial 
plains that regularly receive fresh nutrients, or after fire when nutrients have been released from 
biomass. Australia’s traditional owners have long used fire to boost the growth of food plants.  

Nutrients are recycled from the food we consume. An adult person excretes each year ~5 kg 
nitrogen, 0.5 kg phosphorus and 1.2 kg potassium. Athens’s sewer fertilised olive groves 2500 
years ago. In medieval cities, ‘night soil’ collectors sold humanure as fertiliser to farmers.  

Central and South Americans developed sophisticated cropping with mineral and organic 
fertilisers. Guano is a mineral fertiliser and a rich source of soluble nitrogen and phosphorus that 
supplemented manure and humanure (Figure 5). In 1804, explorer Alexander von Humboldt, 
intrigued by the Inca’s appreciation of the smelly substance, brought guano to Europe for 
analysis.  

The historic context is relevant here. Predicting hunger and starvation, Thomas Malthus 
published (1798) his influential ‘Essay on the Principle of Population’, suggesting that the power 
of population is indefinitely greater than the power of the earth to produce subsistence for man. 
This was serious motivation for plant nutrition research. 

Soon, mineral nutrients were in demand. The riches made with guano and Chile saltpetre 
(sodium nitrate) for the production of both fertilisers and explosives caused the Pacific War 
(1864-1866). In Australia, guano was mined at Shark Bay (1850) and Great Barrier Reef islands 
(1860-1940), which had large impacts on these ecosystems.  

100 year old dunes have 
sparse vegetation. Nutrients 
are bound to sand and 
nitrogen levels are low. Soil 
organic matter (SOM) has not 
yet formed.

5000 year old dunes have 
woodlands. Soil and SOM is 
forming. Nutrients, including 
nitrogen from N2-fixation, are 
cycling in the soil-plant 
continuum.

100,000 year old dunes have 
large forests with nutrient 
cycling at its maximum. SOM 
has accumulated to several 
meters depth. 

Figure 4. Nutrients status and cycling changes over time, illustrated here with dune and vegetation succession at the Great 
Sandy National Park (SE-QLD). Yellow boxes indicate nitrogen in vegetation and SOM. Blue boxes represent phosphorus in 
mineral stocks (light blue) and bioavailable phosphorus (dark blue). The net loss of phosphorus and other nutrients over time 
causes a natural decline of the vegetation. 

400,000 year old dunes have 
small woodland as nutrients 
have been lost from soil, 
mostly via leaching. SOM has 
declined.



Mid-19th century, 
Liebig and British 
agriculturalist John 
Bennett Laws 
invented 
superphosphate 
and argued over 
patents and plant 
nutrition. Boiling 
bones with 
sulphuric acid, and 
later dinosaur 
droppings, they set 
up lucrative businesses. The ‘rag and bone man’ contributed to this nutrient recycling strategy. 
Today’s phosphorus comes mostly from mineral deposits in China, Morocco and USA, with the 
largest Australian mine in the NT. It is debated if phosphorus deposits are running out, but 
irrespective, recycling is ramping up. 

Potassium (‘pot ash’) came from wood ash, seaweed (algae) and other organic sources until 
mining mineral deposits commenced in Germany in 1860. Today’s potassium comes from 
deposits in Canada, Russia and Belarus, with Australia's first potassium mine starting up in the 
Pilbara this year. Seaweeds with their suite of essential and beneficial nutrients are seeing a 
resurgence as fertilisers.  

By the late 19th century, scientists had discovered N2-fixing bacteria and confirmed what farmers 
already knew - that legumes improve soil fertility. A belligerent Germany, driven by the need for 
explosives, financed research to enable synthetic nitrogen fixation. Achieved by Fritz Haber and 
Carl Bosch, in 1914, BASF manufactured 20 tonnes ammonia daily, with production quickly 
ramping up globally. After the World Wars, the nitrogen factories supplied agriculture and 
contributed to the Green Revolution. But inefficiencies accompanied the yield increases. For 
example, from 1960 to 2000, China achieved a 3.4-fold increase in crop yield with a 37-fold 
increase in nitrogen fertiliser use.  

Today, half of our body’s nitrogen is Haber-Bosch derived. It is thought that without synthetic 
nitrogen, there would only be half the humans. But this view does not factor in the large 
inefficiencies in nitrogen fertiliser use. Modern farmers are looking to broaden their nitrogen 
sources, considering soil health, fertiliser costs, legumes as biological sources of nitrogen, and 
environmental compliance.  

Next-generation fertilisers and the circular nutrient economy 

It seems that we are coming full circle. The circular nutrient economy forms part of the 
transition towards a world without waste and pollution. Separating humans from the global 
nutrient cycle, and considering our expelled nutrients as wastes, squanders resources. We need to 
reduce our energy footprint and the Haber-Bosch process uses ~2% of global energy to convert 
N2 to urea. Removing nitrogen from sewage is the reverse process (urea to N2) that demands a 
further 2% of global energy. The opportunity for sewage operations to convert from the current 
high-cost enterprises to income-generating entities will have many benefits. An obvious one is to 
help the developing world provide sanitation for the 40% of global citizens currently without it. 

Figure 5. Central and South Americans have long used guano as mineral fertiliser to supplement organic 
fertilisers. In the 19th century, guano became a global commodity. Today’s mining of guano can be 
unsustainable where bat and bird populations are not protected. Peru annually produces 20,000 tonnes of 
seabird guano from protected island when birds have departed after the breeding season; most is used 
domestically. With no machinery allowed, this is gruelling work. Images: wiki commons, 
www.washingtonpost.com/graphics/2018/world/in-peru-guano-bird-droppings-are-the-new-gold/.



To accommodate our growing population, Australia has to upgrade sewerage systems at great 
cost. There are opportunities and preparedness for tightening environmental regulations. Much 
of our sewage sludge is applied to land, and pollutants could make their way into the food chain. 
Landowners worry about the legacy of pollutants, and consumers demand contaminant-free 
food. Countries that avoid environmental contamination incinerate their sludge and dispose of 
the ash, which wastes nutrients. Detailed analysis of sludge can inform it uses and harness 
essential nutrients and organic carbon for the benefits of agriculture. Rather than banning 
application of sludge, we need to understand what contaminants are present. Technology 
solutions now exist to avoid or remove contaminants. 

The desire to reduce nutrient pollution and implement a circular phosphorus economy motivates 
recycling from sewage. Struvite (ammonium-magnesium-phosphate) and related minerals are 
proposed to become fertilisers under EU law.  

Special incineration technology exists to remove undesirable heavy metals such as cadmium, 
lead and mercury, and tune the presence of micronutrients such as zinc and iron to benefit crops. 
For example, AshDec© products contain non-water soluble calcium-sodium-phosphate or 
calcium-potassium phosphate. We are testing them as next-generation fertilisers, relying on 
plants to mobilise phosphorus (Figure 6).  

There are many examples of how we can improve plant nutrition by including nutrient-rich 
‘wastes’ and technologies for nutrient repurposing to formulate next-generation fertilisers. 
Combining mineral and organic nutrients in fertilisers facilitates fast and slow nutrient release to 
better match crop needs and reduce inefficiencies. Considering organic forms of nutrients, such 
as amino acids, can be advantageous because all plants studied so far use amino acids as a 
nitrogen source. The Scandinavian forestry industry is transforming with amino acid-based 
fertiliser that minimises pollution and boosts the resilience and growth of tree seedlings.    

The recycling of nutrients, new fertiliser formulations that incorporate or are based on organic 
matter, as well as understanding of how nutrients behave in soil, highlight the many 
opportunities for plant nutrition including nutrients beyond NPK (Figure 7). The circular 
nutrient economy and the repurposing nutrients from wastes set a new agenda for plant nutrition. 
Customisations for specific crops and production systems are becoming a reality. A holistic view 

Figure 6. Nutrient recycling technology for next-generation fertilisers. Outotec and German Federal Institute for Materials 
Research and Testing developed technology to recover phosphorus from sewage sludge that removes contaminants including 
undesirable heavy metals (heavy metals such as zinc which is a plant nutrient can be retained). AshDec© is not water soluble 
and easily formulated with added nutrients into granules. Glasshouse experiments with sorghum, chickpea and cowpea show 
good results with AshDec©. Next steps are on-farm experiments in collaboration with growers.

No P Sorghum grown with superphosphate or AshDec© formulations     



of plant nutrition that encompasses soil health and soil function is crucial as we are looking to 
soil as mitigating climate change not contributing to pollution. Our food must contain the 
required macro- and micronutrients in sufficient, but not excess amounts. Farmers have to be 
unburdened from the risk of nutrient losses and have assurance that crops are nutrient sufficient 
at all times. New professions will emerge that combine expertise in agro-ecology with material 
science and engineering.  

 

 

 

Much can be achieved with a strong alliance between government, industry, farmers and 
scientists that sets ambitious goals for nutrient stewardship. Funding participatory research 
would empower farmers to experiment on their own land. A national focus on the circular 
nutrient economy would help farmers in Australia and elsewhere.   
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