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Introduction

Abstract

Soil, a natural four-dimensional body at the atmosphere-lithosphere interface,
is organic-carbon-mediated realm in which solid, liquid, and gaseous phases
interact at a range of scales and generate numerous ecosystem goods and ser-
vices. Soil organic carbon (SOC) strongly impacts soil quality, functionality and
health. Terms soil quality and soil health should not be used interchangeable.
Soil quality is related to what it does (functions), whereas soil health treats soil
as a living biological entity that affects plant health. Through plant growth, soil
health is also connected with the health of animals, humans, and ecosystems
within its domain. Through supply of macro- and micronutrients, soil health,
mediated by SOC dynamics is a strong determinant of global food and nutri-
tional security. Soil C pool consists of two related but distinct components:
SOC and soil inorganic C (SIC). The SIC pool comprises of primary and sec-
ondary carbonates, and the latter consists of calcitic (no net sequestration of
atmospheric CO,) and silicatic (net sequestration). While SOC is highly dynamic,
its mean residence time depends on the degree of protection (physical, chemi-
cal, biological, and ecological) within the soil matrix. Formation of stable mi-
croaggregates and of organo—mineral complexes can protect SOC against microbial
processes for millennia. In addition to formation of silicatic type of secondary
carbonates, leaching of bicarbonates into the subsoil or shallow water table is
also an important mechanism of sequestration of CO, as SIC. Numerous soil
functions and ecosystem services depend on SOC and its dynamics. Improve-
ments in soil health, along with increase in availability of water and nutrients,
increases soil’s resilience against extreme climate events (e.g., drought, heat wave)
and imparts disease-suppressive attributes. Enhancing and sustaining soil health
is also pertinent to advancing Sustainable Development Goals of the U.N. such
as alleviating poverty, reducing hunger, improving health, and promoting
economic development.

C (SOC) concentration, along with its quality and dynam-
ics, is essential to diverse soil functions and ecosystem

Soil, a natural body at the atmosphere-lithosphere inter-
phase, is a dynamic entity and teeming with life. It is
essential to recycling of dead and decaying organic matter
and storing of plant nutrients, denaturing of pollutants
and filtering of water, sequestering of carbon (C) and
moderating of climate, and storing of germplasm and
provisioning of habitat for biodiversity. It is a medium
for plant growth, generates the net primary productivity,
and supports all terrestrial life through provisioning of
the necessary conditions for its well-being. Soil organic

services. Thus, soil is an organic-C-mediated realm in
which solid, liquid, and gaseous phases interact at a scale
ranging from nanometers to kilometers and create dynamic
environments conducive to growth and development of
plants and other biota. Soil organic matter (SOM), com-
prising about 45-60% of its mass as SOC, is a principal
source of energy for soil microorganisms.

Three principal components of SOM are as follows:
(1) plant and animal residues and living microbial bio-
mass; (2) active or labile SOM; and (3) relatively stable
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SOM. The live biomass in a healthy and dynamic soil
may be as much as 5 Mg/ha (Mg = mega-
gram = 10° g = 1 metric ton). The objective of this
article is to describe the relationship between SOC and
soil quality, functionality, and health.

Soil Quality, Functionality and Health

Humanity’s interest in soil quality and functionality dates
back to the dawn of civilization (Brevik and Sauer 2015).
Moses outlined soil functionality or quality by asking his
followers as they entered Canaan around circa 1400 BC
by stating, “See what the land is like and whether the
people who live there are strong or weak, few or many.
What kind of land do they live in? Is it good or bad?
How is the soil? It is fertile or poor? Are there trees or
not? Do your best to bring back some fruits from the
land” (Numbers 13:18-20). The Book of Oades, dating
back to China’s Zhou dynasty from 770 to 476 BC,
describes landforms, animals and plants, and explains
agricultural practices for their management. In 400 BC,
Hippocrates provided a list of things regarding the land
or ground: “...whether it be naked or deficient in water
or wooded and well watered, and whether it lies in a
hollow, confined situation, or is elevated and cold...”
(Hippocrates, 400 BC, quoted by Brevik and Sauer 2015).
Around 60 BC, Columella related human health to soil
conditions and described human diseases that may be
contracted from marshes (Sylvia et al. 1998). In a Sanskrit
manual “Artha Sastra,” Chanukya/Kautilya (4th Century
BCE) explains to land managers, techniques of improving
soil functions by applying manure and other systems of
managing soil fertility and conserving water. Ibn-Al-
Awwam, a Moorish philosopher of the 12th Century,
wrote in the Book on Agriculture (Kitab-Al-Felaha) “the
first step in agriculture is the recognition of soils and
how to distinguish that which is of a good quality and
that which is of an inferior quality. One must also take
into consideration the depth of the soil, for it often hap-
pens that its surface layer may be black.”

During the modern era, soil quality and functionality
have received a growing attention since 1970s because of
the increasingly affluent world population (Warkentin and
Fletcher 1977; Larson and Pierce 1991; Doran et al. 1994,
1996; Karlen et al. 1994; Parr et al. 1992; Lal 1993, 1994,
1997; Smith et al. 1993; Harris and Bezdicek1994, Doran
and Jones1996; Doran and Zeiss 2000). Three separate
but interrelated terms emerged since 1970s are as follows:
soil quality, soil functionality, and soil health. Soil quality
is defined as the “fitness for use” (Larson and Pierce
1991), and “capacity of the soil to function” (Karlen et al.
1997). Thus, soil functions, intricately linked with soil

quality, depend on specific land wuse, and include

Soil Health

sustaining plant and animal productivity (agricultural land
use), forest productivity (silviculture land use), air and
water quality in relation to human health and habitation
(urban land use), contamination with heavy metals (mine-
lands and urban lands) etc. Important soil functions, of
relevance to human well-being and nature conservancy,
include: retention and cycling of nutrients, formation and
stabilization of soil structure (aggregation), retention and
transmission of water, aeration and gaseous exchange,
buffering of soil reaction, transformation of compounds,
and maintenance of biodiversity. These functions are also
termed as ecosystem services provided by soil resources
(Daily et al. 1997). However, soil functions are difficult
to quantify, and are usually measured through assessment
of soil quality indicators, which must be flexible and
broad-based to be pertinent to a wide range of soil func-
tions (Andrews et al. 2004). As Edward Demmings (1943)
pointed out, important things which cannot be measured
must be judiciously managed. Therefore, the question is
not — what is there in the soil that can be measured,
but what it does which must be quantified. What it does
is... soil quality, and it can be measured neither precisely
nor directly. Therefore, it is measured indirectly by assess-
ing some soil quality indicators (SQI).

Terms soil quality and soil health, while similar, should
not be used interchangeably. Soil quality is related to soil
functions or what it does, whereas soil health presents
the soil as a finite and dynamic living soil resource, and
is directly related to plant health. More specifically, soil
health is defined as “capacity of soil to function as a
vital living system to sustain biological productivity, main-
tain environment quality and promote plant, animal and
human health” (Doran et al. 1996; Doran and Zeiss 2000).
In this definition, however, the impact of soil biotic activ-
ity and species diversity on climate is overlooked, and
yet both are intricately interconnected and this linkage
should not be ignored. Soil attributes essential to life
include: (1) physical for provisioning of air, water, and
gaseous exchange and habitat; (2) chemical for moderating
soil reaction and availability and transformation of nutri-
ents; (3) biological for source of energy and food and
nutrient cycling; and (4) ecological for hydrological and
energy budget, and landscape processes (Fig. 1). These
attributes, individually and through interaction, create
environments which are conducive to life, and vice versa.
Yes, soil health affects life and is in turn affected by its
diversity and dynamics.

Soil health is also connected with human health and
nutritional security. The soil-human health nexus has also
been recognized ever since the dawn of civilization (Brevik
and Sauer 2015), and vividly explained by U.S. soil sci-
entists during 1920s (McCarrison 1921) and 1930s (Knight
et al. 1938; Albrecht 1945, 1951, 1957). Voisin (1959)
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Figure 1. Soil attributes as indicators of soil health (AWC = available water capacity; SOC = soil organic C; CEC = cation exchange capacity;
EC = electrical conductivity; MBC = microbial biomass; MRT = mean residence time).

linked cancer to soil health. In British India, Howard
(1940, 1947) linked human health to soil health. Being
a pioneer in organic agriculture, Sir Albert’s work was
contemporary to that of Lady Balfour (1943) and that
of Rodale (1945). For example, micronutrient deficiencies
are an important cause of morbidity and mortality. Children
are especially vulnerable to deficiency in Zn, and that of
Fe causes anemia in children and nursing mothers.
Seventeen micronutrients essential to human health are
as follows: Fe, Zn, Cu, Mo, I, F, B, Se, Mu, Ni, Cr, Si,
As, Li, Sn, V, and Co. In addition, macronutrients also
essential to human health are as follows: N, P, K, Ca,
Mg, Na, S, and CI (Lal 2009). All these micro and macro-
nutrients must be supplied through soil. Thus, the widely
recognized truism—the health of soil, plants, animals,
people, and ecosystems is one and indivisible. Soil health
is defined as — soil’s capacity, as a biologically active

entity, within natural and managed landscapes, to sustain
multiple ecosystem services, including net primary pro-
ductivity (NPP), food and nutritional security, biodiversity,
water purification, and renewability, C sequestration, air
quality, and atmospheric chemistry and elemental cycling
for human well-being and nature conservancy. This defi-
nition of soil health is in accord with that of the Gaia
Hypothesis (Lovelock 1979), which states that life creates
environment suited to its well-being.

Soil Carbon

Soil carbon (C) consists of two related but distinct com-
ponents (Fig. 2). Soil organic C (SOC) comprises of the
remains of plants and animals at different stages of decom-
position and of the microbial biomass and their by-
products. As a component of SOM (45-60%), SOC is a

214 © 2016 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists.



R. Lal Soil Health
Soil carbon
(6000 Pg)
v
v v a2 v
Dissolved Sehd ~ Dissolved Solid
(e.g., sugar) (l'ﬂﬁlb@hﬁle@j (carbonates)
v
v
Protected SOC
+ Y
Contained in =
clay and fine Lithogenic Pedogenic
silt fractions (Primary) (secondary)
SOC | Protection Mechanisms ¥
\ 2 X v v \ 2 v
. . . . . Calcitic: no net Silicatic: net
Physical Chemical Biological Ecological sequestration sequestration
¢ v v v
Y \ 4 L : A L4
X - ! A In-situ Ex-situ
Contained within clay and fine silt fractions g 0 (more common) (less common)
— A AN S
Y Y ~
0.1-1.0 MgC/ha*year 0.5-75 kg/ha*year 0.1-0.4 MgC/ha*year

Figure 2. Types of organic and inorganic carbon pools in soil. The numerical values listed on the last line are ranges of sequestration of organic and
inorganic carbon in diverse soils and ecoregions. Soil C pool of 6000 Pg is to 3-m depth and comprises of all components.

heterogeneous mixture of organic materials including fresh
litter, carbohydrates, and simple sugars, complex organic
compounds, some inert materials, and pyrogenic com-
pounds. Dynamics of SOC as a component of the ter-
restrial C cycle is discussed by Jansson et al. (2010), among
others. The SOC is a highly reactive component, and is
the basis of numerous pedogenic processes. Because of a
high surface area and charge density, it reacts with clay
and minerals to form organo—mineral complexes. The
mean residence time (MRT) or the rate of its turnover
depends on the degree of protection within the soil matrix
(Dungait et al. 2012). Among numerous protective mecha-
nisms are physical, chemical, biological, and ecological.
Physical mechanisms include encapsulation within stable
microaggregates (Six et al. 2000, 2002), formation of
organo—mineral complexes, and transfer deep into the
subsoil away from the zone of natural and anthropogenic
perturbations. Formation of organo-mineral complexes
can store SOC for millennia. Chemical protection involves
formation of some recalcitrant compounds (von Liitzow
and Kogel-Knaber 2009), including aromatic and double-
bond hydrocarbons and some hydrophobic substances that

coat stable aggregates. Biological mechanisms include some
microbial exudates that repel other organisms, transfer of
SOC into biologically nonpreferred soil spaces (Ekschmitt
et al. 2008; Kleber 2010; Kleber et al. 2011; Dungait et al.
2012), and substrate-driven biological rate limitations
(Ekschmitt et al. 2005). Ecological mechanisms include
coupled cycling of C with other soil constituents (H,O,
N, O, S and microelements), erosion cont rol, and deep
translocation through biogeochemical processes (Fig. 2).

The SIC, a dominant form of C in soil of arid and
semi-arid regions (rainfall <500 mm/year), consists of
carbonates (CO;?) and bicarbonates (HCO) of Ca*?, Mg*?,
K* and Na*. Further, SIC comprises of primary or litho-
genic carbonates and secondary, or pedogenic carbonates.
The SIC consists of elemental C; carbonate-bearing minerals
(e.g., calcite, agronite, and gypsum); gaseous CO, as a
by-product of heterotrophic respiration, and dissolved C
as an equilibrium of H,CO,, HCO;, and CO;2 (Jansson
et al. 2010). Secondary carbonates are formed through
reaction of HCO] and CO;” (in solution by dissolution
of CO,) with Ca™ or Mg"™. Pormation of secondary
carbonates leads to sequestration of atmospheric CO,.
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Secondary carbonates deposition can be of diverse mor-
phological shapes such as rinds, coats, sheets, pendants,
opal, etc. (Blank and Fosberg 1990). The rate of SIC
sequestration through formation of secondary carbonates
can be 0.12-0.38 MgC/ha.year to 160 cm depth by irriga-
tion and fertilization (Bughio et al. 2015). However, leach-
ing of bicarbonates into the subsoil or shallow water table
and its reprecipitation can also be high (Lal 2008; Barta
2011; Ma et al. 2014; Monger et al. 2015). The pool of
C in groundwater is 1404 Pg (petagram = 10'° = 1 bil-
lion metric ton = 1Gt) and the flux of bicarbonates can
be as much as 2.1-7.4 g C/m?.year, with a global flux of
C into the groundwater at 0.2-0.36 PgC/year as bicarbo-
nates. (Monger et al. 2015).

Dynamics of soil C pool can have a strong impact on
atmospheric chemistry and the global C cycle (Lal 2004).
For example, if it were possible to increase soil C pool
globally by 4% to 3-m depth, it would cause a drawdown
of atmospheric CO,-C by 240 Pg, the amount equivalent
to the reduction of >100 ppmv of CO,. However, the
logistics of achieving such an increase even over a decadal
scale are insurmountable at the present level of scientific
advances (Lal 2016). Nonetheless, the “4 per Thousand”
program proposed at the COP21 in Paris in 2015 is a
step in the right direction. Through improvements in soil
health and the attendant pedospheric processes, sequestra-
tion of C in the soil solum has numerous ancillary benefits
to human and nature. As Dyson (2008) stated, “if we
control what the plants do with the carbon, the fate of
the carbon in the atmosphere is in our hands.”

Soil Functions and Ecosystem Services

Among numerous soil functions (Table 1) are those which
form critical basis of all terrestrial life. The linkage between
soil health and ecosystem services is depicted in Figure 3.
Soil health impacts: (1) growing food through plants and
animals by storage and availability of plant nutrients,
cycling, and transformation of elements and delivering
macro- and micronutrients when needed; (2) storing water

Table 1. Soil functions related to soil quality.

R. Lal

in the root zone to increase plant-available water capacity,
denaturing, and filtering of pollutants, and appropriately
using blue and gray/black water for mitigating drought
stress and recycling nutrients; (3) moderating of climate
through sequestration of C in the soil and biota, buffering
against sudden/abrupt fluctuations in moisture and tem-
perature regimes, and regulation of gaseous emissions
(CO,, CH,, N,O) into the atmosphere; (4) providing
habitat and energy source to biota, especially the micro-
biota, and the storehouse of germplasm; and (5) providing
industrial raw materials (e.g., clay, peat, minerals), and
of antibiotics for human and animals and of other phar-
maceuticals, and of organisms which create disease-
suppressive soils (Fig. 2). Indeed, soil health is the engine
of economic development. It impacts quality and magnitude
of renewable water resources, adaptation/mitigation and
stabilization of climate, production of biomass and net
and ecosystem productivity, and the above and below-
ground productivity.

Soil Organic Carbon and Soil Health

Quantity, quality, and dynamics/turnover of SOC are
critical to soil health (Lal 2014). Threshold level of SOC
in the rootzone is 1.5-2.0%. Maintenance of SOC pool
at above the threshold/critical level is essential to: (1)
soil structure and aggregation which govern soil tilth
and aeration; (2) water retention and use efficiency which
control tolerance to drought, heat wave, and abrupt
climate change; (3) nutrient retention and use efficiency
which moderate nonpoint source pollution, water quality,
and toxic algal blooms; (4) rhizospheric processes which
influence elemental transformations and creation of
disease-suppressive soils; and (5) gaseous emissions (e.g.,
CO,, CH,, N,0) which moderate atmospheric chemistry
and regulate climate change. Above all, numerous soil-
related constraints to agronomic productivity (Fig. 3)
can also be alleviated through enhancement and sustain-
able management of the SOC pool. Among these con-
straints are as follows: (1) inherent soil properties

Soil quality Specific attributes Soil functions

Physical Texture, structure, depth, hydraulic conductivity, Water retention, transmission, filtration of pollutants, water cycling and
infiltration rate, aeration, surface area, bulk density renewability, foundation for civil structures, gaseous exchange

Chemical Cation exchange capacity (CEC), p™, nutrient Cycling of elements, elemental transformation, buffering, leaching
reserves, electrical conductivity

Biological SOC, microbial biomass C (MBC), species diversity, Decomposition of waste, denaturing of pollutants, moderation of climate,
soil enzymes, respiration rate carbon sequestration, habitat for biota, energy for soil organisms

Ecological Soil depth, mineralogical composition, water Production of biomass or NPP, moderation of climate, medium for plant

storage and renewability

growth, archive of planetary/human history and paleoclimate.

SOC, soil organic carbon; MBC, microbial biomass carbon; CEC, cation exchange capacity; NPP, net primary productivity.
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Figure 3. Soil health and ecosystem services for human well-being and nature conservancy.

(endogenous) related to the parent materials and soil
formation; (2) environmental factors (exogenous) related
to climate, landscape, and other biotic and abiotic fac-
tors; (3) water-related issues which influence the drought-
flood syndrome; and (4) the human dimensions that
affect availability and access to inputs, along with social,
cultural, and environmental issues. Improvement in soil
health through SOC enhancement can address these
issues. Similar to soil quality, soil health also cannot be
measured directly. Thus, there are key soil attributes
which can be used as surrogates to develop soil health
indicators (Fig. 4).

Soil Health and Sustainable
Development Goals

Sustainable Development Goals (SDGs), launched by the
U.N. in September 2015 as a continuation of the Agenda
21 and the Millennium Development Goals, are aimed
at improving the environment, conserving nature, and
enhancing human well-being. This is also called “Agenda
2030.” Sustainable management of soil health is critical
to advancing several SDGs (Table 2), especially those
related to alleviating poverty (#1), ending hunger (#2),
improving health (#3), clean water (#6), economic growth
(#8), and climate action (#13). Implementation of “4
per Thousand” initiative proposed at the Paris Climate
Summit in November/December 2015 highlights the
importance of sequestering C in soil at the aspirational
rate of 0.4%/year to 40-cm depth (Lal 2016). It is an
important mechanism of advancing SDG #2, 6, 8, 13,
and 15 (Table 2).

Technological Options to Manage Soil
Health

Sustainable management of SOC is critical to enhancing
and managing soil health. Thus, management of soil health
involves management of SOC pool. The SOC pool can
be enhanced by technological options that create a posi-
tive C budget (Fig. 5). Important among these are con-
servation agriculture (CA), integrated, and diverse
cropping/farming systems, use of organic amendments and
those options that restore soil/ecosystem functions. Among
numerous soil properties (Fig. 4), it is pertinent to identify
site-specific indicators of soil health. Thus, key soil prop-
erties (e.g., physical, chemical, biological, ecological) must
be identified to develop an appropriate soil health index.
Soil biological properties (MBC, enzymes) are among the
most dynamic characteristics, which have a rapid response
to landuse, landuse change, and soil/crop/animal manage-
ment (Cardoso et al. 2013). Appropriate indicators of soil
health may be those attributes that can enhance the fol-
lowing functions (Kibblewhite et al. 2008): (1) C trans-
formations; (2) nutrient cycles; (3) soil structure
maintenance; and (4) regulation of pests and disease. These
functions are moderated by a range of biological processes
moderated by diverse soil organisms under specific ambi-
ent environment.

Soil Health and Disease-Suppressive
Attributes

Soil is a living system. Soil’s capacity to perform these
functions depends on: a range of biogeochemical processes

© 2016 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists. 217
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Figure 4. Global soil-related constraints to agronomic productivity.

Table 2. Advancing sustainable development goals through manage-

ment of soil health.

Goal #  Objective Impact of soil health
1 No poverty Increase farm income
2 End hunger Enhance quantity and quality of food
3 Good health Produce nutritious food
5 Gender equality Improve crop productivity of women
farmers
6 Clean water and Improve water quality
sanitation
8 Economic growth  An engine of economic development
10 Reduce Enhance and sustain farm
inequalities productivity
12 Responsible Reduce input of water, nutrients and
consumption energy by decreasing losses
13 Climate action Sequester C and mitigate climate
change
15 Life on land Increase activity and species diversity

of soil biota

that occur in the soil, and the functionality of soil bio-
diversity (Smith et al. 2015). Increasing MBC and soil
biodiversity (e.g., rhizobacteria, fungi) also leads to a

218

greater suppression of crop pathogens and pests (Baker
and Cook 1974; Larkin and VanAlfen 2015). Robust
microbial communities can lead to either general sup-
pression or specific suppression of diseases (Janvier et al.
2007). Thus, depending on microbial communities, soil
may range from conducive to suppressive.

Mechanisms of disease-suppressive attributes include
(Janvier et al. 2007): (1) slow establishment and persistence
of pathogens; (2) lower severity of diseases; and (3) inef-
fectiveness of pathogens. General principles of enhancing
soil health, and thus disease-suppressive attributes, include
the following: (1) improve SOC pool; (2) adopt CA; (3)
increase soil biodiversity; (4) diversify land use and main-
tain a live vegetable cover; (5) use organic amendments
such as mulch, compost; and (6) adopt integrated nutrient
management options. A judicious management of chemical
fertilizers, in conjunction with the use of organic amend-
ments, is also important to enhancing soil health (Singh
and Ryan 2015). However, total disease control cannot be
achieved by techniques which improve soil health (Fig. 5),
but the incidence of soil-borne diseases can be reduced.
Soil health improvement may not strongly influence the

© 2016 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists.
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foliar-borne diseases, but healthy soils support population
of beneficial microorganisms and can lead to induced
resistance to both soil-borne and foliar disease. Further,
plants grown on healthier soils are relatively more resilient
and are less susceptible to pathogens (Larkin and VanAlfen
2015). Use of some organic amendments (e.g., compost)
can impact disease-suppressive properties. Management of
soil through these concepts would do more than just
improving plant nutrients, it would also enhance the envi-
ronment (Ehmke 2013). Healthy soils, with highly diverse
and active microbial communities, also are a source of
antibiotics for human and livestock (Ness 2015).

Managing Global Soil Carbon Pool

The importance of enhancing and sustaining global soil
C (both SOC and SIC) pool is gaining momentum for
provisioning of several ecosystem services, but especially
to mitigate climate change and advance food security.
For example, recommendation of the “4 per Thousand”
program at COP21 in Paris in November/December 2015
is indicative of the political significance of this program

+ Mined lands
+ Depleted lands

to address global issues. Therefore, management of soil
health is crucial to understanding the dynamics and man-
agement of the SOC and SIC pools, and vice versa. In
the context of climate change, it is also important to
understanding the temperature-sensitivity of SOM decom-
position and its effect on the global SOC pool in a warm-
ing earth (Zhang 2010). The projected increase in global
temperature may also aggravate the risks of positive feed-
back between elevated CO, and SOM decomposition (Wolf
et al. 2007). Better understanding of the SOC pool and
dynamics in diverse ecoregions may be essential to their
judicious management (Scharlemann et al. 2014). Yet,
there is a huge potential of SOC sequestration in diverse
regions, such as in Europe (Aertsens et al. 2013), USA
(Lal et al. 2003), Brazil (Sa et al. 2016), etc. In addition
to modeling (Campbell and Paustian 2015), understanding
of the SOC pool at the regional-scale (e.g., the U.S. Corn
Belt) is also important (Collins et al. 2000). Understanding
of such basic processes is critical to the choice of site-
specific management through the use of organic amend-
ments (Cooperband 2002), tillage systems (Franzluebbers
2008; Overstreet and DeJong-Huges 2008), appropriate

© 2016 The Authors. Food and Energy Security published by John Wiley & Sons Ltd. and the Association of Applied Biologists. 219
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systems of intensification of agroecosystems (Liao et al.
2015), or management of irrigated systems (Cochran et al.
2010). Identification of researchable priorities should be
based on a thorough analysis of the known and unknowns
(Stockmann et al. 2013).

In general, soil health is affected more by the dynamics
of SOC than SIC. Yet, formation of secondary carbonates,
transport of bicarbonates into the shallow groundwater,
and weathering of silicates can also affect atmospheric
CO, and the global climate change. Management systems
(e.g., composting, mulching, manuring, irrigation, limiting)
can affect both SOC and SIC pools.

A judicious use of fertilizers implies that they supple-
ment the supply of plant nutrients through natural systems
of biological fixation, recycling of biomass and manage-
ment of soil resources for efficient use in a manner com-
patible to environmental quality (Lal 2016).

Conclusions

Hayne (1940) stated that, “if we feed the soil, it will feed
us,” and that “only productive soil can support a pros-
perous people.” Thus, maintaining soil health is essential
to human health, ecosystem functions and nature con-
servancy. However, impact of soil health goes beyond
human health, it also has a profound impact on atmos-
phere, biosphere, and the hydrosphere. The importance
of soil health on mitigating climate change, improving
water quality, enhancing biodiversity etc. cannot be over-
emphasized. The environmental consequence of soil health
is also determined by the SOC pool, its dynamics and
the turnover time, and that of climate change by both
SOC and SIC dynamics.

Soil health is more pertinent to global issues now than
ever before. Its management is essential to advancing food
and nutritional security, critical to mitigating and adapting
to changing and uncertain climate, important to reducing
nonpoint source pollution, and eutrophication, pertinent
to enhancing soil biodiversity, and needed to sustainable
intensification of agroecosystems through enhancing use
efficiency of inputs (water, nutrients) and reducing losses.
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