Status of the

World’s
Soil Resources
Main Report

Chapter 2

© FAO | Giuseppe Bizzarri

The role of soils
in ecosystem
processes

INTERGOVERNMENTAL
TECHNICAL PANEL ON SOILS

Disclaimer and copyright
Recommended citation:
FAO and ITPS. 2015.
Status of the World’s Soil Resources (SWSR) – Main Report.
Food and Agriculture Organization of the United Nations
and Intergovernmental Technical Panel on Soils, Rome, Italy
The designations employed and the presentation of material in this information product do not imply the
expression of any opinion whatsoever on the part of the Food and Agriculture Organization of the United
Nations (FAO) concerning the legal or development status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries.
The mention of specific companies or products of manufacturers, whether or not these have been patented,
does not imply that these have been endorsed or recommended by FAO in preference to others of a similar
nature that are not mentioned.
The views expressed in this information product are those of the author(s)
and do not necessarily reflect the views or policies of FAO.
ISBN 978-92-5-109004-6
© FAO, 2015
FAO encourages the use, reproduction and dissemination of material in this information product. Except
where otherwise indicated, material may be copied, downloaded and printed for private study, research
and teaching purposes, or for use in non-commercial products or services, provided that appropriate
acknowledgement of FAO as the source and copyright holder is given and that FAO’s endorsement of users’
views, products or services is not implied in any way.
All requests for translation and adaptation rights, and for resale and other commercial use rights should be
made via www.fao.org/contact-us/licence-request or addressed to copyright@fao.org.
FAO information products are available on the FAO website www.fao.org/publications
and can be purchased through publications-sales@fao.org.

Status of the World’s Soil Resources | Main Report

Disclaimer and copyright

2 | The role of soils
in ecosystem processes

Soils play a critical role in delivering ecosystem services. Management to change an ecosystem process in
support of one regulating ecosystem service can either provide co-benefits to other services or require tradeoffs (Robinson et al., 2013; Dominati, Patterson, and Mackay, 2010). Recent reviews have provided examples
of some of these synergies and trade-offs (Smith et al., 2013) and illustrated the role of soils in supporting
ecosystem services and underpinning natural capital (Robinson, Lebron and Vereecken, 2009, Robinson et al.,
2014, Dominati, Patterson and Mackay, 2010). In this chapter, we present current knowledge – and knowledge
gaps – on the role of soils in the carbon, nitrogen and water cycles, and on their role as a habitat for organisms
and as a genetic pool.

2.1 | Soils and the carbon cycle
Carbon (C) storage is an important ecosystem function of soils that has gained increasing attention in
recent years due to its interactions with the earth’s climate system. Soil is a major C reservoir that holds more
carbon than is contained in the atmosphere and terrestrial vegetation combined. All three of these reservoirs
are in constant exchange. In many soils, soil organic matter (SOM), which contains roughly 55–60 percent
C by mass, comprises most or all of the C stock – referred to as soil organic carbon (SOC). In arid and semiarid soils, significant inorganic C (IC) can be present as pedogenic carbonate minerals or ‘caliche’ (typically Ca/
MgCO3), formed from the reaction of biocarbonate (derived from CO2 in the soil) with free base cations, which
can then be precipitated in subsoil layers (Nordt, Wilding and Drees, 2000). Also soils derived from carbonatecontaining parent material (e.g. limestone) can have significant amounts of inorganic carbon. However, in
most cases changes in inorganic C stocks are slow and not amenable to traditional soil management practices.
Hence inorganic carbon does not play a significant role in terms of management of ecosystem services. For
this reason, the further discussion of soil C in this chapter will focus on soil organic carbon.
A general overview of the ecosystem C cycle as it interacts with soils is given in Figure 2.1. The major input of
organic C to soils is provided by the uptake and fixation of CO2 by plants (the net result of photosynthesis and
above- and below-ground plant respiration), and by the subsequent incorporation of plant residue C (both
above- and below-ground) into soil. Some of the fixed plant C may be removed by harvest before entering the
soil. Conversely, C additions from offsite sources (e.g. compost, manure) may occur. Organic matter on and
in the soil is subject to comminution and mixing by soil fauna and to enzymatic breakdown and metabolism
by microorganisms, resulting in release of CO2 via microbial respiration (also referred to as organic carbon
mineralization). Microbial transformations as well as interactions of organic matter with soil minerals greatly
influence the stabilization of organic C and its rate of mineralization. In flooded soils, emissions of methane
(CH4) from microbial metabolism can represent a significant gaseous C efflux. Erosion can also directly
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affect the soil C balance through the removal and/or deposition of the C contained in the transported soil.
Leaching of dissolved organic (DOC) and dissolved inorganic carbon (DIC) through the soil profile and out into
groundwater and surface water represents an additional loss pathway that can be significant in some soils.
Maintaining and increasing SOC stocks through improved land use and management practices can help
to counteract increasing atmospheric CO2 concentrations (Paustian et al., 1998, Smith et al., 2007; Whitmore,
Kirk and Rawlins, 2014). Increasing soil C content also improves other chemical and physical soil properties,
such as nutrient storage, water holding capacity, aggregation and sorption of organic and/or inorganic
pollutants (Kibblewhite, Ritz and Swift, 2008). Carbon sequestration in soils may therefore be a cost-effective
and environmentally friendly way to store C. It can also enhance other ecosystem services derived from soil,
such as agricultural production, clean water supply, and biodiversity by increasing SOM content and thereby
improving soil quality (Lal, 2004).
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Figure 2.1 | Overview of ecosystem processes involved in determining the soil C balance.

2.1.1 | Quantitative amounts of organic C stored in soil
Organic C stocks in the world’s soils have been estimated to comprise 1 500 Pg of C down to 1 m depth and
2 500 Pg down to 2 m (Batjes, 1996). Recent studies, based on newer estimates for the C stored in boreal
soils under permafrost conditions, suggest that soil C storage may be even greater, accounting for as much as
2000 Pg to 1 m depth (Tarnocai et al., 2009). Although the highest C concentrations are found in the top 30
cm of soil, the major proportion of total C stock in many soils is present below 30 cm depth (Batjes, 1996). In
the northern circumpolar permafrost region, at least 61 percent of the total soil C is stored below 30 cm depth
(Tarnocai et al., 2009).
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2.1.2 | Nature and formation of soil organic C
Soil organic matter (SOM) is composed of plant litter compounds as well as of microbial decomposition
products. SOM is thus a complex biogeochemical mixture derived from organic material in all stages of
decomposition (von Lützow et al., 2006; Paul, 2014). Due to microbial degradation and mineralization to
CO2 (and CH4 in anaerobic environments), the majority of plant litter compounds added to soil remain for a
relatively short time (from a few days to a few years). This is particularly the case if the organic compounds
are added on the soil surface. However, some organic matter compounds may persist in the soil for decades or
centuries or even for millennia (Paul et al., 1997; von Lützow et al., 2006). It is increasingly accepted that, despite
their recalcitrant nature, plant litter compounds (e.g. lignin) themselves do not substantially contribute to
SOM persistence in soil (Thévenot, Dignac and Rumpel, 2010). Longer term stabilization is generally conferred
through interactions with soil minerals (e.g. through surface binding or occlusion within microaggregates),
which reduce SOM exposure to enzymatic degradation (Sollins, Homann and Caldwell, 1996; Six, Elliott and
Paustian, 2000; Schmidt et al., 2011). Thus, the location of SOM within the soil matrix has a much stronger
influence on its turnover than its chemical composition (Chabbi, Kögel-Knabner and Rumpel, 2009; Dungait
et al., 2012)
One consequence of the role of reactive mineral surfaces in SOC stabilization is that the surface area of
the soil mineral fraction, which is finite and a function of soil texture (e.g. clay, silt or sand content) and of
mineralogy, may set an upper limit for the amount of SOM that a particular soil can hold (Six, Elliott and
Paustian, 2002). A recent conceptual model (Figure 2.2) by Cotrufo et al. (2013), based on studies showing
that microbially-derived decomposition products make up most of the mineral-stabilized organic matter,
postulates that relatively labile litter compounds with higher microbial growth yield efficiency contribute
proportionally more to the stable mineral-associated SOM pool than do more recalcitrant plant compounds
with low microbial growth yield efficiency. This concept is in agreement with the current understanding that
microbial material is building up much of the stabilised SOM pool (Miltner et al., 2012).

Figure 2.2 | Conceptual model
of interactions between litter
quality, microbial products
and soil mineral interactions
affecting the formation
and stabilization of organic
matter.
Source: Cotrufo et al., 2013.
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With this emphasis on the importance of SOM location within the soil, microbial accessibility of organic
material at very small scales has become a focus of research in recent years (Lehmann, Kinyangi and Solomon,
2007). The development of powerful new tools like X-ray spectroscopy and secondary ion mass spectrometry
now allows the visualisation of organo-mineral interactions at nanoscale. As a result, the location and
distribution of organic matter within the soil mineral matrix may now be assessed in more detail (Lehmann et
al., 2008). However, before the results obtained with these tools yield information concerning soil C formation
at macroscale, upscaling and integration of spatial heterogeneity is necessary (Mueller et al., 2013).
As well as exhibiting tremendous heterogeneity in terms of its composition, the distribution of SOC within
the soil is also very heterogeneous, particularly with respect to depth within the soil profile. Whereas upper
soil layers receive greater amounts of aboveground litter (‘shoot C’ from leaves and stems), subsoil C originates
primarily from root-derived C as well as from plant- and microbial-derived dissolved organic carbon (DOC)
transported down the soil profile. Root C has a greater likelihood of being preserved in soil compared to shoot
C (Balesdant and Balabane, 1996) and studies suggest that root C therefore accounts for a larger proportion
of SOM (Rasse, Rumpel and Dignac, 2005). In general, C cycling and C formation is most active in topsoil
horizons, whereas stabilised C with longer turnover times makes up a greater proportion of the total SOC
found in deep soil horizons (Scharpenseel and Becker-Heidmann, 1989; Trumbore, 2009). The accumulation
of stabilised C with long residence times in deep soil horizons may be due to continuous transport, temporary
immobilisation and microbial processing of DOC within the soil profile (Kalbitz and Kaiser, 2012) and/or
efficient stabilisation of root-derived organic matter within the soil matrix (Rasse, Rumpel and Dignac, 2005).
An additional long-term C pool in many soils is pyrogenic carbonaceous matter, formed from partially
carbonised (e.g., pyrolysed) biomass during wildfires (Schmidt and Noack, 2000). A portion of this material
has a highly condensed aromatic chemical structure (often referred to as pyrogenic carbon or black carbon)
that resists microbial degradation and can persist in soils for long periods (Lehmann et al., 2015).

2.1.3 | Soil C pools
For modelling purposes, soil C is usually divided into a number of pools (typically from two to five) in order
to represent the heterogeneity in residence time of the vast mixture of different organic compounds in soil
(Smith et al., 1997). A useful three pool split of soil C (excluding litter) – into a labile pool, an intermediate pool,
and a refractory (stable) pool – is employed in several soil C models, including the Century model (Parton et
al., 1987). The labile pool represents easily degradable plant material, microbial biomass and labile metabolites,
and may turn over within a few months or years. Conceptually, the intermediate pool comprises microbiallyprocessed organic matter that is partially stabilized on mineral surfaces and/or protected within aggregates,
with turnover times in the range of decades. The refractory pool, including highly stabilized organic mattermineral complexes and pyrogenic C, may remain in soils for centuries or millennia.
Individual model pools (as opposed to the total C stock) are typically not defined as measureable pools per
se. The kinetics of the model conceptual pools are instead inferred from C dating and tracer studies, laboratory
incubations and total SOC dynamics in long-term field experiments (McGill, 1996; Paustian, 1994). Many
carbon cycle, ecosystem and crop growth models successfully employ this type of functional representation of
SOM (Krull, Baldock and Skjemstad, 2003; Stockman et al., 2013). Nonetheless, ways to reconcile ‘measurable’
and ‘modelable’ pools have been under discussion for a number of years (Elliott, Paustian and Frey, 1996; Smith
et al., 2002; Dungait et al., 2012). This reconciliation remains a desirable goal for improving understanding of
SOC dynamics (Schmidt et al., 2011).
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2.1.4 | Factors influencing soil C storage
Fundamentally, the amount of SOC stored in a given soil is determined by the balance of C entering the
soil, mainly via plant residues and exudates, and C leaving the soil through mineralization (as CO2), driven
by microbial processes, and to a lesser extent leaching out of the soil as DOC. Locally C can also be lost or
gained through soil erosion or deposition (Figure 2.1), leading to a redistribution of soil C at local, landscape
and regional scales.
Consequently, a main control on SOC storage is the amount and type of residues that are produced by
plants as the primary producers in the ecosystem. Plant productivity and subsequent senescence and death
lead, through plant necromass breakdown, to the input of organic C to the soil system. Thus, broadly speaking
for a given pedoclimatic condition, higher levels of plant residue inputs will tend to support higher SOC stocks,
and vice versa. C levels of many soils are also influenced by fertiliser additions, which are indispensable for
sustaining plant productivity in agricultural systems.
In addition to productivity and plant C inputs, climatic factors, such as soil temperature and water content
greatly influence soil C storage through their effect on microbial activity. In general, higher soil temperatures
increase microbial decomposition of organic matter. Temperature is, therefore, taken as major control of
SOM storage in soil C cycle models, although the temperature sensitivity of decomposition for different SOM
fractions remains an area of uncertainty (Conant et al., 2011).
Water also influences soil C storage through several processes. Moist but well-aerated soils are optimal
for microbial activity. Decomposition rates consequently decrease as soils become drier. However, flooded
soils have lower rates of organic matter decay due to restricted aeration (e.g. O2 depletion due to limited
O2 diffusion in water) and thus may often yield soils with very high amounts of soil C (e.g. peat and muck
soils). High precipitation may also lead to C transport down the soil profile as dissolved and/or particulate
organic matter. During extreme events, such as drought, SOM decomposition may initially decrease but may
subsequently increase after rewetting (Borken and Matzner, 2008). Fire may decrease soil C storage at first,
but over the longer term may increase C storage through positive effects on plant growth and through input
of very stable pyrogenic C (Knicker, 2007).
The quantity and composition of SOC in mineral soils is also strongly dependent on soil type, with clay
content influencing not only the amount but also the composition of soil C. In clay rich soils, higher organic
matter content and a higher concentration of O-alkyl C derived from polysaccharides may be expected,
compared to sandy soils which are characterised by lower C contents and high concentrations of alkyl C
(Rumpel and Kögel-Knabner, 2011). Aliphatic material may contribute to the hydrophobicity of soils, which
could lead to reduced microbial accessibility and therefore increased C storage.
Bioturbation (the reworking of soils by animals or plants) may further influence the amount as well as
the chemical nature of soil C. It may greatly influence the heterogeneity of soils by creating hotspots. On
biologically active sites, incorporation and transformation of organic compounds into soil is usually enhanced
by bioturbation, leading to organo-mineral interactions and increase of C storage (Wilkinson, Richards and
Humphreys, 2009).
Microbial decomposition of SOM may be stimulated (or reduced) by labile organic matter input through
the ‘priming effect’ (Jenkinson, 1971; Kuzyakov, 2002). Positive priming refers to mineralisation of otherwise
stable C through shifts in microbial community composition (Fontaine, Mariotti and Abbadie et al., 2003).
However, in some cases, the addition of organic matter to soil may also cause changes in the soil microbial
communities with regard to the preferentially degraded substrate and therefore impede mineralisation of
native SOM (Sparling, Cheschire and Mundie, 1982; Kuzyakov, 2002).
Plant communities are main controlling factors of these processes because they influence organic matter
input and microbial activity by their effects on soil water, labile C input, pH and nutrient cycling.
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2.1.5 | Carbon cycle: knowledge gaps and research needs
Substantial progress has been made in recent years towards a deeper understanding of the processes
controlling soil C storage. There has been progress also in improving and deploying predictive models of soil
C dynamics that can guide decision makers and inform policy. However, it is equally true that many new (and
some old) gaps in our knowledge have been identified and the need for further research has been assessed.
Recent research on soil C dynamics has been driven in part by increasing awareness of: (1) the importance
of small scale variability for microbial C turnover (Vogel et al., 2014); (2) interactions between the C cycle and
other biogeochemical cycles (Gärdenäs et al., 2011); and (3) the importance of soil C not only at the field scale
but at regional to global scales (Todd-Brown et al., 2013).
The most cited knowledge gaps and research needs include:
Basic understanding
•

Controls on microbial efficiency of organic matter processing, including biodiversity

•

The degree of association or separation of organic matter and microbial decomposer communities in
the mineral soil matrix

•

Role of soil fauna in controlling carbon storage and cycling

•

Dynamics of dissolved organic carbon and its role in determining C storage and decomposition

•

Pyrogenic C stabilization and interactions of pyrogenic C with native soil C and mineral nutrients

•

Role of soil erosion in the global C cycle
Predictive modelling and assessment

•

Reconciliation of measured and modelled SOM fractions

•

More explicit representation of microbial controls

•

Improved modelling of C in subsurface soil layers

•

Distributed soil C observational and monitoring networks for model validation

•

More realistic and spatially-resolved representation of soil C in global-scale models

2.1.6 | Concluding remarks
Both biotic and abiotic factors control soil C content and dynamics through their effect on plant litter inputs
and microbial decomposer communities. The understanding of the C cycle and the role of soils as a sink or source
of CO2 depends on our ability to integrate knowledge of physical, chemical and biological processes operating
at small scales (nm, µm, soil profile) and of the spatial heterogeneity of SOM distribution and decomposition
processes at increasing scales (field, region, globe). At the global scale, soils are a major component of the
planet’s C cycle and can have a strong influence on the concentration of CO2 in the atmosphere. Thus, land
management needs to be based on an understanding of the controls on SOM distribution, stabilisation and
turnover in order to safeguard and increase the organic matter content of our soils. This will be an important
contribution to both food security and the mitigation of greenhouse gases.

2.2 | Soils and the nutrient cycle
Soils support plant growth and so are vital to humanity. They provide nutrients such as nitrogen (N),
phosphorous (P), potassium (K), Calcium (Ca), Magnesium (Mg), Sulphur (S) and many trace elements that
support biomass production. Biomass is important for food supply, for energy and fibre production and as a
(future) source for the chemical industry. Since the 1950s, higher biomass production and yield increases have
been supported through mineral/synthetic fertilization (Figure 2.3). However, intensification of agricultural
practices and of land use has in many regions resulted in a decline in the content of organic matter content
in agricultural soils. In some areas, extensive use of mineral fertilizers has resulted in atmospheric pollution,
greenhouse gas emissions (e.g. CO2 and N2O), water eutrophication and human health risks (Galloway et al.,
2008).
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In coming years, human population and demand for food, feed and energy will continue to rise. In order to
sustain biomass production in the future and to mitigate negative environmental impacts, fertile soils need
to be preserved. Where soil fertility has declined, it needs to be restored by maintaining sufficient amounts
of organic matter in soils (Janzen, 2006). This can be achieved by measures of sustainable management (see
Chapter 8 of this volume), including by targeted additions of mineral and organic amendments to soils.
The soil function ‘fertility’ refers to the ability of soil to support and sustain plant growth, including through
making N, P and other nutrients available for plant uptake. This process is facilitated by: (I) nutrient storage
in soil organic matter; (II) nutrient recycling from organic to plant-available mineral forms; and (III) physical
and chemical processes that control nutrient sorption, availability, displacement and eventual losses to the
atmosphere and water.
Managed soils represent a highly dynamic system and it is this very dynamism that makes soils function
and supply ecosystem services. Overall, the fertility and functioning of soils depend on interactions between
the soil mineral matrix, plants and microbes. These are responsible for both building and decomposing SOM
and therefore for the preservation and availability of nutrients in soils. To sustain soil functions, the balanced
cycling of nutrients in soils must be maintained.
After carbon (Section 2.1), N is the most abundant nutrient in all forms of life, since it is contained in
proteins, nucleic acids and other compounds. Humans and animals ultimately acquire their N from plants,
which in terrestrial ecosystems occurs mostly in mineral form (e.g. NH4+ and NO3‑ ) in soils. The parent material
of soils does not contain significant amounts of N (as opposed to P and other nutrients). New N enters the
soil through the fixation of atmospheric N2 by a specialized group of soil biota. However, the largest flux of N

Figure 2.3 | Global (a) nitrogen (N) and (b) phosphorus (P) fertilizer use between 1961 and 2012 split for the different continents in Mt P
per year. Source: FAO, 2015.

in soils is generated through the continuous recycling of N internal to the plant-soil system: soil mineral N is
taken up by the plant, it is fixed into biomass, and eventually N returns in the form of plant debris to the soil.
Here soil biota decompose it, mineralizing part of the N and making it newly available for plant growth, while
transforming the other part into SOM, which ultimately is the largest stock of stable N in soil. Nitrogen is lost
from the soil to the water system by leaching and to the atmosphere by gas efflux (NH3, N2O and N2).
In most natural ecosystems, N availability is a limiting factor to productivity and N cycles tightly in the
system with minimal losses. Through the cultivation of N2 fixing crops, the production and application of
synthetic N fertilizer, and the deposition of atmospheric N, humans have applied twice as much reactive N
to soils as the N introduced by natural processes, thereby significantly increasing biomass production on land
(Vitousek and Matson, 1993). However, since mineral fertilizer use efficiency is generally low and far more
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fertilizer is often used than plants actually need, a high percentage of N fertilizer is lost from the soil. This is
generating a myriad of deleterious cascade effects on the environment and on human health (Galloway et al.,
2008). This phenomenon is spread over most of the globe. However, in some regions of the world, in particular
Sub-Saharan Africa, which are characterized by eroded soils and where economic constraints limit the use of
fertilizers, productivity is still strongly constrained by low levels of soil-available N and other nutrients, notably
P (Figure 2.2).
Phosphorus is an essential element for all living organisms. It cycles internally in the plant-soil system, moving
from the parent material through weathering to biochemical molecules (e.g. nucleic acid, phospholipids) and
back to mineral forms after decomposition (e.g. H3PO4). In natural soils P is among the most limiting nutrients,
since it is present in small amounts and only available in its soluble forms, which promptly react with calcium,
iron and aluminum cations to precipitate as highly insoluble compounds. Adsorbed on those compounds, P
can be lost from soils, entering the aquatic system through erosion and surface runoff. To correct this lack of
available P, ‘primary’ P is mined and added to soils in the form of mineral fertilizer. This external input has led to
positive agronomic P balances (McDonald et al., 2011). There are, however, large variations in the world, with
large surpluses in the United States, Europe and Asia, and deficits in Russia, Africa and South-America (Figure
2.4). Additionally, since plant P uptake is a relatively inefficient process with roughly 60 percent of the total P
input to soils not taken up, it has been estimated that the amount of P exported from terrestrial to aquatic
systems has tripled, with significant impacts on the environment (Bennett, Carpenter and Caraco, 2001).

Figure 2.4 | Applied and excess nitrogen and phosphorus in croplands. Nitrogen and phosphorus inputs and excess were calculated
using a simple mass balance model, extended to include 175 crops. To account for both the rate and spatial extent of croplands, the
data are presented as kg per ha of the landscape: (a) applied nitrogen, including N deposition; (b) applied phosphorus; (c) excess
nitrogen; and (d) excess phosphorus.
Source: West et al., 2014.
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Management practices need to be implemented that sustain, restore or increase soil fertility and biomass
production while limiting associated negative impacts. This can be achieved by promoting the accrual of soil
organic matter and nutrient recycling, applying balanced C amendments and fertilization of N, P and other
nutrients to meet plant and soil requirements, while limiting overuse of fertilizer. Carbon, N and P cycling in
soils is coupled by tight stoichiometric relationships (e.g. relatively fixed C:N:P in plants and microorganisms).
This means that an enduring increase or decrease of carbon in soils cannot be achieved without a proportional
change in nitrogen and phosphorous (and several other nutrients). This is a fundamental consideration in any
programs for carbon sequestration and land restoration because of the significant costs. Therefore, their
management needs to be planned in concert.
Nutrient management has been extensively studied, with the aim of identifying and proposing management
practices (e.g. precision agriculture) that improve nutrient use efficiency and productivity while reducing
potentially harmful losses to the environment (van Groenigen et al., 2010; Venterea, Maharjan and Dolan,
2011). However, our ability to predict the ecosystem response to balanced fertilization is still limited and the
relationship requires continued monitoring. Further benefits are anticipated from improved plant varieties
with root morphologies that have better capacity to extract P from soils or use it more efficiently.
More generally, further research is needed into organic matter responses to agricultural C inputs and
into the potential for restoring and increasing soil organic matter to promote long term soil fertility (e.g.
Lugato, Berti and Giardini, 2006). Hence, we stress the importance of an integrated approach to nutrient
management which supports plant productivity while preserving or enhancing soil organic matter stocks and
reducing nutrient losses to the atmosphere or aquatic systems. Prediction and optimization of performance
would benefit from continued data acquisition across the whole range of climate and environmental and
agro-ecological conditions.

2.2.1 | The nutrient cycle: knowledge gaps and research needs
In the second half of the 20th century, higher biomass yields were supported by higher use of fertilizer
(N, P) inputs. This is now considered unsustainable in many situations. Alternatives are required that make
better use of inherent soil fertility, improve resource use efficiency, and prevent losses of N and P. Examples in
agriculture include sustainable intensification and new crop varieties that have root systems with improved
extraction capability or which have higher internal P use efficiency. At the food system level, more effective
nutrient management would benefit from a focus on a ‘5R strategy’: (1) realign P and N inputs; (2) reduce P
and N losses to water, thereby minimizing eutrophication impacts; (3) recycle the P and N in bio-resources;
(4) recover P and N from wastes to use as fertilizer; and (5) redefine use and use-efficiency of P in the food chain
(Withers et al., 2015).
In addition, a better understanding of biogeochemical processes at the molecular level is needed. This
should include: (I) research into the role of plant symbionts on the weathering of minerals and support of
nutrient uptake, and (II) development of target-specific ‘smart’ agrochemical agents that enhance nutrient
uptake.

2.3 | Soils and the water cycle
Soils provide important ecosystem services through their function within the water cycle. These services include
provisioning services of food and water security, regulating services associated with moderation and purification of water
flows, and cultural services such as landscapes and water bodies that meet recreation and aesthetic values (Dymond,
2014). Water stored in soil is used for the evapotranspiration and plant growth that supply food and fibre. Soil water also
stabilizes the land surface to prevent erosion and regulates nutrient and contaminant flow. At a catchment and basin
scale, the capacity of the soil to infiltrate water attenuates stream and river flows and can prevent flooding, while water
that percolates through soil can replenish groundwater and related streamflow and surface water ecosystems.
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The soil functions of accepting, storing, transmitting and cleaning of water shown in Table 2.1 are interrelated. Soil water storage depends on the rate of infiltration into the soil and on soil hydraulic conductivity
that redistributes water within and through the soil profile. Similarly, infiltration and hydraulic conductivity
are dependent on the water stored in the soil. The initially high rate of infiltration into dry soil declines as
the soil water content increases and water replaces air in the pore space. Conversely, hydraulic conductivity
increases with soil moisture content as a greater proportion of the pores are transmitting water. Water
content and transmission times are also important to the filtering function of soil because contact with soil
surfaces and residence time in soil are controls on contaminant supply and removal.
Optimum growth of most plants occurs when roots can access both oxygen and water in the soil. The soil
must therefore infiltrate water, drain quickly when saturated to allow air to reach plant roots, and retain and
redistribute water for plant use. The ideal soil for plant production depends on climatic conditions and on the
soil requirements of the crop. For instance, in dry regions it can be an advantage to have soils with a high clay
content to retain water, while sandier soils that drain quickly are better suited to wetter regions.
Soil structural stability and porosity are also important for the infiltration of water into soil. Organic matter
improves soil aggregate stability. While plant growth and surface mulches can help protect the soil surface,
a stable, well-aggregated soil structure that resists surface sealing and continues to infiltrate water during
intense rainfall events will decrease the potential for downstream flooding. Porosity determines the capacity
of the soil to retain water and controls transmission of water through the soil. In addition to total porosity, the
continuity and structure of the pore network are important to these functions and also to the further function
of filtering out contaminants in flow.
Table 2 | Soil functions related to the water cycle and ecosystem services

Soil Function
Stores
(Storage)
Accepts
(Sorptivity)

Mechanism
Water held in soil pores
supports plant and
microbial communities

Consequence

Ecosystem service

Biomass production
Surface protection

Incident water
infiltrates into soil with

Storm runoff reduction

excess lost as runoff
Water entering the soil

Transmits

is redistributed and

Percolation to

(Hydraulic conductivity)

excess is transmitted as

groundwater

Aesthetics
Erosion control
Erosion control
Flood protection

Groundwater recharge
Stream flow
maintenance

deep percolation

Water passing through

Contaminants

Cleans

the soil matrix interacts

removed by biological

(Filtering)

with soil particles and

degradation/retention

biota

on sorption sites
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Another important role of soil water is its support of biota that can degrade compounds into beneficial
forms that may also retain nutrients. Soil organic matter is important to this role - together with mineral
soil (especially the clay fraction), SOM provides sorption sites, but sorption capacity is finite. Flow through
macropores that bypass the soil matrix where biota and sorption sites are generally located can quickly
transmit water and contaminants through the soil to groundwater or artificial drains. However, for filtering
purposes a longer, slower route through the soil matrix is more effective.
Soil management alters the ecosystem services provided by water (Table 2.2). Soil conservation practices
and sustainable management help to retain regulating ecosystem services such as soil organic matter and
structural stability. Similarly, the promotion of soil as a C-sink to offset greenhouse gas emissions helps to
maintain or improve soil functions. On the other hand, deforestation, overgrazing and excessive tillage of
fragile lands lead to deterioration of the soil structure and to loss of soil function and surface water quality
(Steinfield et al., 2006).
Anthropogenic modifications to the water cycle can aid soil function. In dry regimes, inadequate soil
moisture can be mitigated through supplementary irrigation, and where excessive precipitation causes
problems, waterlogging can be relieved by land drainage. However, irrigation and drainage can have
consequences for water regulation services. Irrigation that enables a shift to intensive land use can increase
the contaminant load of runoff and drainage water (McDowell et al., 2014). Furthermore, drainage of wetland
soils has been shown to reduce water and contaminant storage capacity in the landscape and can increase
the potential for downstream flooding. The abstraction of surface or groundwater for irrigation disrupts the
natural water cycle and may stress downstream ecosystems and communities. Irrigation of agricultural lands
accounts for about 70 percent of ground and surface water withdrawals, and in some regions competition for
water resources is forcing irrigators to tap unsustainable sources. Irrigation with wastewater may conserve
fresh water resources but brings the risk of water-borne contaminants in soil and crops (Sato et al., 2013) and
the accumulation of salts in some environments.
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Table 2.2 | Examples of global trends in soil management (Steinfield et al., 2006; Setälä et al., 2014) and their effects on the
ecosystem services mediated by water.

Management
(global trend)

Provisioning
Decreased biomass,

Land use change

decreased availability of

(agricultural to urban)

water for agricultural
use

Regulating

Cultural

Increased impervious
surface, decreased
infiltration, storage,
soil-mediated water

Decreased natural
environment

regulation
Increased C

Land use change

Land use change

sequestration, greater

(increase in change

(increase in change

requirement for water,

of arable to intensive

of arable to intensive

stress on ecosystem

grassland)

grassland)

health of downstream
waterways

Irrigation (increase)

Increased biomass over

Increased C

dryland agriculture,

sequestration, but

Infrastructure alters

decreased availability of

decreased filtration

landscape

water for urban use

potential

Decreased soil

Decreased C

Drainage (increase in

saturation, increased

sequestration,

marginal land)

biomass, reduction in

denitrification and flood

wetlands

attenuation

Decreased recreational
potential (e.g.
ecotourism)

The soil management practices to maintain the ecosystem services of food and water security and flow
regulation within the soil and water cycle are reasonably well established. However, their application is not
universal and poor management leads to a loss of function. Under climate change scenarios of increased
climatic variability with more extremes of precipitation, soil functions will be stressed and better soil
management will be required (Walthall et al., 2012).

2.4 | Soil as a habitat for organisms and a genetic pool
Soils represent a physically and chemically complex and heterogeneous habitat supporting a high diversity
of microbial and faunal taxa. For example, 10 g of soil contains about 1010 bacterial cells of more than 106
species (Gans et al., 2005), and an estimated 360 000 species of animals are dwellers in soil (Decaëns et al.,
2006). These complex communities of organisms play critical roles in sustaining soil and wider ecosystem
functioning, thus conferring a multitude of benefits to global cycles and human sustainability. Specifically,
soil biodiversity is critical to food and fibre production. It is also an important regulator of other vital soil
services including nutrient cycling, moderation of greenhouse gas emissions, and water purification (Wall et
al., 2012). It is also recognized that the stocks of soil biodiversity represent an important biological and genetic
resource for biotechnological exploitation (Brevik and Sauer, 2015). Previous methodological challenges in
characterizing soil biodiversity are now being overcome through the use of molecular technologies. As a result
significant progress is currently being made in opening the ‘black box’ of soil biodiversity (Allison and Martiny,
2008), particularly in assessing the normal operating ranges of soil biodiversity under different soil, climatic
and land use scenarios. Addressing these knowledge gaps is of fundamental importance, both as an entry
point to understanding wider soil processes and as a way to gauge the likely consequences of land use or
climatic change on both biodiversity and soil ecosystem services.
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The development of molecular technologies has aided morphological characterisations and allowed
quantification of stocks and changes in soil biodiversity. This has led to a surge in studies characterizing soil
biodiversity at different scales – from large landscape-scale surveys to locally focused studies. The largescale surveys yield the broader picture, and conclusions are emerging identifying the importance of soil
parameters in shaping the biodiversity of soil communities (Fierer and Jackson, 2006). In essence, the same
geological, climatic and biotic parameters that ultimately dictate pedogenesis are also involved in shaping
the communities of soil biota and thus in regulating the spatial structure of soil communities observed
over large areas (Griffiths et al., 2011). Locally focused experimentation then typically reveals more specific
changes in broad taxonomic features with respect, for example, to local changes in land use or climate.
Many studies have focused on assessing one component of soil diversity, but even greater advances utilizing
next-generation high throughput sequencing now allow the analysis of ‘whole soil foodwebs’. This permits a
thorough interrogation of trophic and co-occurrence interaction networks. The challenge is to consolidate
both approaches at different scales to understand the differing susceptibility of global soil biomes to change.
Alongside these new developments in assessing biodiversity, it is essential to link the biodiversity
characteristics measured to specific soil functions. This helps understanding the pivotal roles of soil organisms in
mediating soil services. The development of stable isotope tracer methodologies (e.g. Radajewski et al., 2000)
to link substrate utilization to the identified active members in situ serves to clarify the physiological activity of
these soil organisms. Additionally, improved sequencing techniques are now becoming an increasingly costeffective for assessing the biodiversity of functional genes in soils for both eukaryotes and prokaryotes (Fierer
et al., 2013). This potentially allows a more trait-based approach to understanding soil biodiversity, akin to
recent approaches applied to larger and more readily functionally understood organisms above-ground. It is
becoming increasingly apparent that often, as is typical in natural ecosystems, functionality and biodiversity
co-vary with other environmental parameters. Further manipulative experimentation is required to determine
the fundamental roles of soil biodiversity versus other co-varying factors in driving soil functionality.
Clearly, we are learning more and more about how global change affects soil biodiversity and functioning.
Global-scale syntheses on soil biodiversity are still lacking, but projects such as the Global Soil Biodiversity
Atlas (European Commission, 2015) are combining information from across the globe and making it publicly
available. However, much remains to be done. More than 20 years ago, many of these issues were raised (for
example, in Furusaka, 1993), and to date many of the factors involved have yet to be unravelled. A key barrier
to achieving syntheses is the lack of concerted soil surveys that address multiple functions using standardized
methodologies.
New technologies for soil biodiversity assessment generate large sequence datasets that are typically
archived in publicly accessible databases. However, morphological datasets remain largely unpublished.
The best approach to addressing the gaps would be to adopt agreed standard operating procedures for soil
function measurements (e.g. as developed in the recent EU-funded EcoFINDERS project) and to ensure that
results are widely accessible.
Ultimately the new methods are revealing the high sensitivity of changes in soil biological and genetic
resources to threats such as poor management. We now need to recognize the distinct types of organisms
found in different soils globally, and to understand their functional roles in order to predict vulnerability of
these resources to future change.
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