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Preface to “Enhancing Soil Health to Mitigate 
Soil Degradation” 

In his book entitled Out of the Earth: Civilization and the Life of the Soil our friend and colleague 

Dr. Daniel Hillel included an eloquent quote attributed to Plato which stated that: 

“What now remains of the formerly rich land is like the skeleton of a sick man, with 

all the fat and soft earth having wasted away and only the bare framework 

remaining. Formerly, many of the mountains were arable. The plains that were full 

of rich soil are now marshes. Hills that were once covered with forests and 

produced abundant pasture now produce only food for bees. Once the land was 

enriched by yearly rains, which were not lost, as they are now, by flowing from the 

bare land into the sea. The soil was deep, it absorbed and kept the water in the 

loamy soil, and the water that soaked into the hills fed springs and running streams 

everywhere. Now the abandoned shrines at spots where formerly there were 

springs attest that our description of the land is true.” 

Written nearly 5000 years ago, these words clearly indicate that humankind has been 

forewarned regarding the fragility of our soil, water, and air resources. Unfortunately, we still have 

many lessons to learn. Our hope is that this collection of contributions from around the world will 

help inspire many to continue to strive for improved soil management practices that will protect 

and preserve our precious resource while still meeting the rising demand for food, feed, fiber, and 

fuel as our population increases beyond 9 billion. 

Douglas L. Karlen 

Charles W. Rice 

Guest Editors 
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Editorial

Soil Degradation: Will Humankind Ever Learn?

Douglas L. Karlen 1,†,* and Charles W. Rice 2,†

1 Research Soil Scientist, USDA-Agricultural Research Service, National Laboratory for Agriculture and the
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Received: 10 July 2015; Accepted: 3 September 2015; Published: 11 September 2015

Abstract: Soil degradation is a global problem caused by many factors including excessive tillage,
inappropriate crop rotations, excessive grazing or crop residue removal, deforestation, mining,
construction and urban sprawl. To meet the needs of an expanding global population, it is essential
for humankind to recognize and understand that improving soil health by adopting sustainable
agricultural and land management practices is the best solution for mitigating and reversing current
soil degradation trends. This research editorial is intended to provide an overview for this Special
Issue of Sustainability that examines the global problem of soil degradation through reviews and
recent research studies addressing soil health in Africa, Australia, China, Europe, India, North
and South America, and Russia. Two common factors—soil erosion and depletion of soil organic
matter (SOM)—emerge as consistent indicators of how “the thin layer covering the planet that stands
between us and starvation” is being degraded. Soil degradation is not a new problem but failing
to acknowledge, mitigate, and remediate the multiple factors leading to it is no longer a viable
option for humankind. We optimistically conclude that the most promising strategies to mitigate soil
degradation are to select appropriate land uses and improve soil management practices so that SOM
is increased, soil biology is enhanced, and all forms of erosion are reduced. Collectively, these actions
will enable humankind to “take care of the soil so it can take care of us”.

Keywords: soil health; soil quality; sustainable intensification; soil biology; erosion; soil organic
matter; carbon sequestration

1. Introduction

This research editorial is intended to establish the context and provide a broad overview for the
Special Issue of Sustainability entitled “Enhancing Soil Health to Mitigate Soil Degradation” that was
initiated in 2014 to document both the magnitude and global prevalence of soil degradation. Our
goals for the Special Issue were to: (1) help illustrate various factors contributing to the problem of soil
degradation; (2) identify past and current impacts of soil degradation in countries around the world;
and (3) suggest soil health strategies that could be used to protect our fragile soil resources.

As our global population marches steadily toward projections of 9.5 billion in 2050, natural
and human induced soil degradation, if not mitigated, will undoubtedly increase the potential for
negative impacts such as disease and malnutrition [1]. Currently, those problems are most severe in
mountainous, tropical latitude areas of Central and South America where natural or environmentally
induced soil degradation (e.g., landslides) is prevalent, and in Africa, which unlike Asia, has not been
able to capitalize on benefits associated with the traditional “green revolution” even though the rate of
adoption of improved crop varieties was equivalent to the rate in other developing regions around

Sustainability 2015, 7, 12490–12501 1 www.mdpi.com/journal/sustainability
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the world. In Africa, depletion of soil nutrients and poor water management are the major limiting
factors, not the lack of improved crop varieties. Several recent studies confirm that no matter how
good genetic improvement is, crops cannot grow well without sufficient nitrogen (N), phosphorus (P),
and other essential plant nutrients. Sanchez and Swaminathan [1] also concluded that the root cause
for many of Africa’s malnutrition and subsequent social problems stems from a catastrophic “crisis in
soil health.” For years, Africa’s small-scale farmers have removed large quantities of nutrients from
their soils without returning them through either manure or fertilizer sources. The removal of almost
all crop residues has also resulted in decreased SOM, impaired soil biological activities, weakening of
soil structure, and impaired water dynamics—i.e., infiltration, retention and release for plant growth.
Within the Special Issue, Tully et al. [2] focus on soil degradation in sub-Saharan Africa (SSA), which
we fully recognize is just one area within a vast continent that is struggling to mitigate the problem.
Similarly, as stated above, but not adequately addressed, there are several in countries in Central
America, especially the Andean ones, that are also struggling against soil degradation. In many of
them, the combined impacts of agricultural activity, climate change, and extreme environmental events
have had severe consequences that illustrate the global prevalence of severe soil degradation problems.

Unfortunately, soil degradation is not a new problem for humankind. Greek and Roman
philosophers were well aware of the importance of soil health to agricultural prosperity and
demonstrated this understanding in their treatises on farm management more than 2500 years ago. An
example from Hillel [3] is an account whereby Plato has Critias proclaim:

“What now remains of the formerly rich land is like the skeleton of a sick man, with all the
fat and soft earth having wasted away and only the bare framework remaining. Formerly,
many of the mountains were arable. The plains that were full of rich soil are now marshes.
Hills that were once covered with forests and produced abundant pasture now produce
only food for bees. Once the land was enriched by yearly rains, which were not lost as they
are now, by flowing from the bare land into the sea. The soil was deep, it absorbed and
kept the water in the loamy soil, and the water that soaked into the hills fed springs and
running streams everywhere. Now the abandoned shrines at spots where formerly there
were springs attest that our description of the land is true.”

Hillel [3] provides many other references from current and historical times that address concerns
related to the health of soil and land resources. Similar concerns regarding humanity’s history of
poor soil resource management, apparent lack of concern for soil health, and consequences of our
negligence can be found in writings of Lowdermilk [4], Montgomery [5], and Larson, who often stated
that soil is “the thin layer covering the planet that stands between us and starvation” [6].

2. Global Soil Degradation Perspectives

Several national research councils and advisory boards have published strategic papers related to
soil resources. All reports agree that the state of our soils is deteriorating and that there is an urgent
need to improve soil health (e.g., the National Research Council (NRC), the Royal Society of Chemistry
(London) (RSC), the German Advisory Council on Global Change (WBGU). The most significant
threats to soils around the world are:

(1) Erosion (wind and water)
(2) Loss of SOM (also referred to as carbon, soil carbon, or soil organic matter)
(3) Nutrient imbalance
(4) Salinization
(5) Surface sealing
(6) Loss of soil biodiversity
(7) Contamination
(8) Acidification
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(9) Compaction
(10) Waterlogging

The degree of severity, geographic extent and interaction between these threats are diverse and
complex. Degradation of soil results in the loss of critical functions and ecosystem services. These
functions and services include production of food, feed, fuel, and fiber ensuring sufficient supplies of
clean water, providing a platform for the built environment, acting as a buffer against extreme climatic
events, supporting biodiversity, and providing the largest terrestrial store of carbon and nutrients [7].

Degrading soils cover approximately 24% of the global land area (35 million km2 or 3500 million
ha) [8]. Furthermore, the new global Land Cover Share-database [9] shows that croplands cover 13% of
the global land surface and that grasslands, which are often used for grazing, cover another 13%. While
agriculture is not the sole cause of soil degradation it is a dominant factor. Around 1000 AD cropland
and pasture accounted for 1% to 2% of the ice free land area [10]. As the human population expanded,
2% to 4% of the land was in agriculture by 1700 (Figure 1). By 1900, expansion occurred into North
America and by 2000, intensive agricultural practices expanded further with significant population
increases in South America, Africa and Asia that have resulted in current day totals (Figure 2).

Figure 1. Global land use projected for 1700 [11].

One of the key drivers of soil degradation is land use change (LUC). An example of how LUC is
affecting soil structure in Brazil is shown in Figure 3. Due to increasing global demand for bioenergy
feedstock, native biomes such as the Cerado are being converted first to pasture and then to sugarcane
(Saccharum officinarum). Soil health assessment techniques such as Visual Evaluation of Soil Structure
(VESS) [12,13] are being used to document how LUC is affecting soil physical quality so that better

3
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soil and crop management practices can be implemented. Specifically, those pictures (Figure 3)
show a relatively well-aggregated soil under native vegetation. Transition to pasture maintains an
organic-matter enriched surface, but begins to show signs of compaction due to hoof traffic often
associated with over-grazing. Finally, due to tillage and very heavy equipment associated with
sugarcane production, soil structure is further degraded until productivity diminishes [14] or the site
is restored through deep and aggressive tillage, but that in turn leads to accelerated decomposition
of SOM.

Figure 2. Global land use projected for 2000 [15].

Soil change is a direct result of both population and economic growth. The world’s population
surpassed 7.3 billion in 2015 and is projected by the United Nations to reach 8.4 billion by 2030 and
9.6 billion by 2050. Estimates of global food demand, based on population growth and dietary shifts
associated with economic growth, indicate that production will need to increase by 40% to 70% by
2050 [16]. Amazingly, from the period between 1961 and 2000 food production increased by 146%
while the amount of land in agriculture production increased by only 8%. This was achieved through
increased inputs of nutrients and water. However this intensification puts pressure on the soil resources
and raises the question of whether additional food needs can be met without further degradation?
Traditionally, there has been no consistent monitoring of either the extent or type of soil degradation,
but FAO and the Global Soil Partnership [10] are expected to release a comprehensive State of the
World Soil Resources Report in 2015. It is expected that this report will be the first of a series to
document soil change.

4
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Native Vegetation Pasture Sugarcane 

Figure 3. Land use change effects on the surface soil structure of an Oxisol in Brazil [14]. At
U.S Department of Agriculture (USDA), National Laboratory for Agriculture and the Environment,
Ames—IA, USA.

Another indication that public awareness of the importance of soil resources is finally increasing
is that 2015 has been proclaimed as the International Year of Soils by the United Nations. As a result,
many efforts are being undertaken to increase public awareness of the importance of soil [17,18]. We
suggest the papers contained in the Special Issue of Sustainability entitled “Enhancing Soil Health
to Mitigate Soil Degradation” will contribute significantly to those efforts by highlighting the global
need for more awareness and understanding of how complex soils are and how valuable they are
to humankind.

3. Geographic Consistency in Soil Degradation

“Enhancing Soil Health to Mitigate Soil Degradation” includes in-depth reviews and research
results from Africa, Australia, China, Europe, India, North and South America, and Russia that provide
a very clear, strong and consistent message that soil erosion and depletion of soil organic matter are
two key indicators of and therefore intervention points for reversing soil degradation.

Key points identified by the various authors are briefly summarized below to entice potential
readers explore the problem of soil degradation and potential strategies for its remediation more fully
in the regions that are most important to them. For example, many people consider the U.S. Dust Bowl
to have been the first major event associated with soil degradation in North America [19], but in reality,
the catastrophic wind erosion associated with that event was preceded by soil degradation due to
water erosion in the southern U.S. and nutrient depletion in many New England areas. One of the most
significant effects of the Dust Bowl, however, was that it provided the impetus to improve agricultural
management of soils being degraded by both wind and water erosion. Currently, North American
soils experience soil degradation due to compaction, salinization, acidification, and contamination
by anthropogenic compounds, but wind- and water-induced soil erosion that results in deteriorated
physical properties, nutrient losses, and reshaped, potentially unworkable, field surface conditions
remains the predominant driver. A close second, however, is the loss of soil organic matter which
decreases aggregate stability, weakens soil structure, and negatively impacts soil water availability to
crops. The magnitude of SOM loss is documented by the fact that in North America soil organic matter
concentrations are only about 50% of the level they were when land was converted from forests or
prairies to farmland. In Bolivia, Paraguay, Uruguay, Argentina and southern Brazil [20], unprecedented
adoption of no-tillage, as well as improved soil fertility and plant genetics have significantly increased
yields and altered the role of these countries in helping meet an increasing global food and feed
demand. However, various land use changes such as converting pasture to continuous soybean

5
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[Glycine max (L.) Merr.] or sugarcane have contributed to various levels of soil degradation through
wind and water erosion. In Western Europe [21], the extent and causes of chemical, physical, and
biological soil degradation and soil loss vary greatly, but agriculture and forestry are the main causes
for physical degradation, erosion, and loss of SOM. In Eastern Europe [22], a diverse topography along
with deforestation, changing climatic conditions, long-term human settlement, overuse of agricultural
lands without sustainable planning, cultural difficulties in accepting conservative land management
practices and wrong political decisions have all increased the vulnerability of many soils to degradation
and resulted in a serious decline in their functional capacity. Once again, the predominant causes of
soil degradation were water and wind erosion, organic matter depletion, salinity, acidification, crusting
and sealing, and compaction.

Soil degradation in India [23] is estimated to be affecting 147 Mha which is extremely serious
considering that country supports 18% of the world’s human population and 15% of the animal
population on just 2.4% of the global land area. The causes for this degradation are both natural and
human induced. Natural causes include earthquakes, tsunamis, droughts, avalanches, landslides,
volcanic eruptions, floods, tornadoes, and wildfires; while human-induced soil degradation results
from land clearing and deforestation, inappropriate agricultural practices, improper management
of industrial effluents and wastes, over-grazing, careless management of forests, surface mining,
urban sprawl, and commercial/industrial development. Inappropriate agricultural practices include
excessive tillage, use of heavy machinery, excessive and unbalanced use of inorganic fertilizers, poor
irrigation and water management techniques, pesticide overuse, inadequate crop residue and/or
organic carbon inputs, and poor crop cycle planning. Contributions from both China [24] and
Russia [25] focus primarily on wind erosion. To decrease soil loss and enhance local ecosystems, the
Chinese government has been encouraging residents to reduce wind-induced soil degradation through
a series of national policies and several ecological projects. These measures include conservation
tillage, windbreak networks, checkerboard barriers, afforestation, and grassland enclosures. As a
result, the aeolian degradation of land in many regions of arid and semiarid northern China are being
controlled. In Russia, extensive cultivation of Chernozems that were some of the most naturally fertile
soils in the world, with thick A horizons, lost a significant amount of the original organic matter stocks
and had become much less productive by the second half of the 19th century. Restoration programs
focused on planting windbreaks were implemented to rehabilitate and remediate the degraded soils.
These practices protected cropland from wind and water erosion, improved the microclimate for crop
growth, and provided new refugia for wild animal and plant habitats. During the last several decades,
these windbreaks have begun to be viewed as ecosystems with great potential for atmospheric carbon
sequestration, which plays a positive role in climate change mitigation while also improving soil
quality by increasing soil organic matter concentrations. Soil degradation in Australia [26] is also
dominated by soil erosion. The authors present evidence for three key phases of soil degradation
since European settlement and show a clear link between inappropriate agricultural practices and
soil degradation. Fortunately, modern agricultural practices are significantly reducing erosion losses.
The contribution from Ethiopia [27] pointed out that many of their soils have been exhausted for
several decades due to over exploitation and mismanagement. Using the Soil Management Assessment
Framework (SMAF), they then showed that implementation of agro-forestry practices resulted in
improved water entry, movement and availability through increased water-stable aggregation, soil
carbon and nitrogen. The second contribution from Africa [2] concluded that the primary cause of
soil degradation in SSA is expansion and intensification of agriculture in efforts to feed its growing
population. The authors conclude that to mitigate soil degradation, effective solutions must support
resilient systems and cut across agricultural, environmental, and socioeconomic objectives.

Two of the contributions [28,29] critically examine the factors causing soil degradation in order
to highlight the interconnected nature of social and economic causes of soil degradation. They stress
that as the intensity and frequency of both droughts and flooding increase, consumer confidence and
the ability of crops to reach important new yield goals are also threatened. Glæsner et al. [29] point

6
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out that currently no European-scale legislation focuses exclusively on soil conservation. Rather, they
found that three soil threats (compaction, salinization and soil sealing) were not even addressed in
any of the 19 legislative policies they analyzed. In contrast, erosion, decline in organic matter, and
loss of biodiversity and contamination were covered in existing legislation, but only a few directives
provided targets for reducing the soil threats.

The final two papers [30,31] focus on strategies that may help prevent further soil degradation
or help remediate soil resources that have experienced degradation. Lal (30) summarize strategies
to reverse degradation and concludes they are to: (i) reduce soil erosion; (ii) create a positive soil C
budget; (iii) improve nutrient availability; (iv) increase soil biodiversity; and (v) enhance rhizosphere
processes. However Lal (30) stressed the importance of managing soil organic C as other soil properties
are associated with soil organic C.

In the final paper [31], the authors examine how soil biology influences soil health and how
biological properties and processes contribute to sustainability of agriculture and ecosystem services.
They also critically reviewed what could be done to manipulate soil biology to: (i) increase nutrient
availability for production of high yielding, high quality crops; (ii) protect crops from pests, pathogens,
weeds; and (iii) manage other factors limiting production, provision of ecosystem services, and
resilience to stresses such as drought.

Finally, during the review process associated with this research editorial, it was suggested that
too much blame was placed on human-induced soil degradation and that natural, environmental
causes were not given sufficient attention. Our initial reaction was that the individual contributions
were well balanced, but since the reviewer’s concern focused primarily on Andean and other tropical
regions of Mesoamerica and the Caribbean Basin, and that region was not addressed in the Special
Issue, we decided to provide selected examples of agroforestry projects [32–37] that have addressed
soil degradation in that tropical region.

A detailed evaluation of the selected studies and numerous others in the literature is beyond
the scope of this editorial, but in general, agroforestry systems have been identified as an effective
way to mitigate soil degradation in the humid tropics. Agroforestry systems consisting of various
tropical hardwoods, cacao (Theobroma cacao), and coffee (Coffea spp.), with and without cattle, have been
evaluated to quantify their effects on soil erosion, conservation, pesticide requirements, biodiversity,
nutrient leaching and other ecosystem services. Many agroforestry systems have been successful
because they mimic the natural forest ecosystems that are being lost to agricultural development.
However, others [36] have shown no advantage when compared with pasture areas. We suggest that
as with all soil and crop management practices, the variability associated with the selected studies
simply emphasizes the importance of site specific management and accounting for both anthropogenic
and non-anthropogenic causes of soil degradation.

4. Summary and Conclusions

Humankind’s history of making inappropriate land use and soil management decisions can
be depressing, but we are optimistic that as our knowledge increases through research, sustainable
development, and improved education, our collective decision-making processes will also be improved.
It is our hope that the Special Issue of Sustainability entitled “Enhancing Soil Health to Mitigate Soil
Degradation,” which clearly establishes that erosion and SOM loss are almost universal indicators
of soil degradation, will provide a foundation for studies designed to improve long-term soil and
crop management. Implicit in all of the reports is a recommendation for coordinated planning to
address physical, chemical, and biological properties and processes that are essential for restoring
degraded soils and improving soil health. Addressing soil functions individually has not and will not
be successful because of the multi-functionality of soil resources.

Furthermore, our climate is changing and future weather patterns are increasingly uncertain.
Therefore, the improved management practices must integrate unique differences in climate and
site-specific soil properties. This means that it will be impossible to develop a single, common solution
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or priority for mitigating soil degradation. Prevention and remediation will require integrated solutions
that control all processes governing wind and water erosion, contamination, acidification, salinization,
nutrient depletion, and SOM loss. For agricultural soils, management practices including the use
of cover crops and/or appropriate crop residue management to reduce raindrop impact, maintain
good infiltration rates, and increase soil water retention and release to plants will ultimately increase
crop production, increase carbon sequestration and improve soil health. In other areas, agroforestry
and planting of windbreaks has been demonstrated to be an effective means for increasing C storage,
restoring soil fertility, improving nutrient cycling and availability. The common factor among these
various management practices is improved soil carbon management.

Finally, we argue that continuous monitoring of soil resources is needed to document the direction
and extent of change in soil resources. This information is needed by land managers and policy makers.
Future research efforts should focus on how soil degradation leads to changes in soil ecosystem
services, and what land management strategies make systems resilient and thus, more sustainable.
Information about soils, particularly degraded soils, must be integrated into climate. This will require
cooperation, innovation and communication across many groups, and specifically for soil scientists to
become actively involved in trans-disciplinary studies, to broaden their focus, and to publish their
results in a language that is accessible to others. One of the most promising endeavors where such
interaction is desperately needed is for increased public-private research efforts focused on soil biology.
We consider this of utmost importance because of the three indicator regimes (physical, chemical, and
biological) influencing soil health/quality, biological relationships are by far the most complex and
least understood. Fortunately, many new tools and techniques have been or are being developed to
unravel these complex systems. Ultimately, this new knowledge will be used to develop appropriate,
site-specific management practices that can restore degraded soils and thus enable humankind to meet
rapidly increasing food, feed, fiber, and fuel needs of an expanding global population, while protecting
our vital soil resources.
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Abstract: Feeding the world population, 7.3 billion in 2015 and projected to increase to 9.5 billion
by 2050, necessitates an increase in agricultural production of ~70% between 2005 and 2050. Soil
degradation, characterized by decline in quality and decrease in ecosystem goods and services,
is a major constraint to achieving the required increase in agricultural production. Soil is a
non-renewable resource on human time scales with its vulnerability to degradation depending
on complex interactions between processes, factors and causes occurring at a range of spatial and
temporal scales. Among the major soil degradation processes are accelerated erosion, depletion of the
soil organic carbon (SOC) pool and loss in biodiversity, loss of soil fertility and elemental imbalance,
acidification and salinization. Soil degradation trends can be reversed by conversion to a restorative
land use and adoption of recommended management practices. The strategy is to minimize soil
erosion, create positive SOC and N budgets, enhance activity and species diversity of soil biota
(micro, meso, and macro), and improve structural stability and pore geometry. Improving soil
quality (i.e., increasing SOC pool, improving soil structure, enhancing soil fertility) can reduce risks
of soil degradation (physical, chemical, biological and ecological) while improving the environment.
Increasing the SOC pool to above the critical level (10 to 15 g/kg) is essential to set-in-motion the
restorative trends. Site-specific techniques of restoring soil quality include conservation agriculture,
integrated nutrient management, continuous vegetative cover such as residue mulch and cover
cropping, and controlled grazing at appropriate stocking rates. The strategy is to produce “more
from less” by reducing losses and increasing soil, water, and nutrient use efficiency.

Keywords: soil resilience; climate change; soil functions; desertification; soil carbon sequestration

1. Introduction

Of the 5.5 billion people living in developing countries in 2014 [1], a large proportion of them
depend on agriculture for their livelihood. In fact, one billion of these people are small landholders who
cultivate <2 ha of land [2]. With limited resources and poor access to inputs, management of soil quality
is essential to strengthen and sustain ecosystem services. Soil degradation is a 21st century global
problem that is especially severe in the tropics and sub-tropics. Some estimates indicate degradation
decreased soil ecosystem services by 60% between 1950 and 2010 [3]. Accelerated soil degradation has
reportedly affected as much as 500 million hectare (Mha) in the tropics [4], and globally 33% of earth’s
land surface is affected by some type of soil degradation [5]. In addition to negatively impacting
agronomic production, soil degradation can also dampen economic growth, especially in countries
where agriculture is the engine for economic development [6]. Over and above the environmental and
economic impacts, there are also health risks of soil erosion [7] and other degradation processes [8].

Sustainability 2015, 7, 5875–5895 11 www.mdpi.com/journal/sustainability
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Figure 1. Types of soil degradation.

Soil degradation implies a decline in soil quality [8] with an attendant reduction in ecosystem
functions and services. Conceptually, there are four types of soil degradation: (i) physical; (ii) chemical;
(iii) biological; and (iv) ecological (Figure 1). Soil physical degradation generally results in a reduction
in structural attributes including pore geometry and continuity, thus aggravating a soil’s susceptibility
to crusting, compaction, reduced water infiltration, increased surface runoff, wind and water erosion,
greater soil temperature fluctuations, and an increased propensity for desertification. Soil chemical
degradation is characterized by acidification, salinization, nutrient depletion, reduced cation exchange
capacity (CEC), increased Al or Mn toxicities, Ca or Mg deficiencies, leaching of NO3-N or other
essential plant nutrients, or contamination by industrial wastes or by-products. Soil biological
degradation reflects depletion of the soil organic carbon (SOC) pool, loss in soil biodiversity, a reduction
in soil C sink capacity, and increased greenhouse gas (GHG) emissions from soil into the atmosphere.
One of the most severe consequences of soil biological degradation is that soil becomes a net source of
GHG emissions (i.e., CO2 and CH4) rather than a sink. Ecological degradation reflects a combination of
other three, and leads to disruption in ecosystem functions such as elemental cycling, water infiltration
and purification, perturbations of the hydrological cycle, and a decline in net biome productivity. The
overall decline in soil quality, both by natural and anthropogenic factors, has strong positive feedbacks
leading to a decline in ecosystem services and reduction in nature conservancy. Once the process
of soil degradation is set-in-motion, often by land misuse and soil mismanagement along with the
extractive farming, it feeds on itself in an ever-increasing downward spiral (Figure 2).

The objectives of this review are to: (1) deliberate the role of soil resources in provisioning essential
ecosystem services; (2) illustrate the impacts of soil degradation on decline in ecosystem services; and
(3) identify strategies for improving soil quality to mitigate risks of soil degradation.
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Figure 2. The downward spiral of decline in soil and environment quality exacerbated by indiscriminate
plowing, residue removal and extractive farming.

2. Soil and Ecosystem Services

Soil, the most basic of all resources, is the essence of all terrestrial life and a cultural heritage [9]. Yet,
soil is finite in extent, prone to degradation by natural and anthropogenic factors, and is non-renewable
over the human timescale (decades). Soil quality also has strong implications to human health [8,10],
thus illustrating its important role in both society and the environment. Because of numerous ecosystem
services provisioned through soils (e.g., food, feed, fiber, climate moderation through C cycling, waste
disposal, water filtration and purification, elemental cycling) [11,12], soil quality must be protected or
restored to enhance these services. Increased public awareness and a fundamental understanding of
basic pedospheric processes (i.e., biology, chemistry, physics, pedology, ecology) are essential both to
enhancing long-term productivity and improving the environment [13].

3. Soil Organic Carbon and Its Impact on Soil Quality

The SOC pool, including its quantity and quality, is the defining constituent of soil [14,15]. Indeed,
SOC pool is the most reliable indicator of monitoring soil degradation, especially that caused by
accelerated erosion [16]. Soil degradation depletes the SOC pool, along with it, plant available N and
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other essential nutrients such as P and S. Furthermore, as identified repeatedly in this special issue
of Sustainability, depletion of SOC pool is a global issue and a principal cause of soil degradation,
especially in the European semi-arid Mediterranean regions [17]. Developing strategies to ensure the
SOC pool is to increase and preferably maintain above the threshold or critical level of 10 to 15 g/kg
(1.0%–1.5%), which is essential for reducing soil degradation risks and reversing degradation trends.
Integrated nutrient management (INM) is one strategy that embodies sustainable management of
the SOC pool and its dynamics [18]. Adoption of INM or similar management practices that create
a positive soil/ecosystem C budget can not only increase productivity but also sequester additional
atmospheric CO2 into the SOC pool. This has been documented for many surface soils within the U.S.
Corn Belt which act as C sinks when corn (Zea mays L.) is grown using recommended management
practices (RMPs) such as conservation agriculture (CA) [19]. There also exists a strong relationship
between vegetation cover and the SOC pool, such that excessive reductions in vegetation cover
exacerbates risks of soil degradation and SOC depletion. A study conducted in the sub-tropical humid
grasslands in South Africa indicated that the decline in grass (vegetative) cover from 100% to 0%–5%
reduced the SOC pool by 1.25 kg/m2 and the soil organic N (SON) pool by 0.074 kg/m2 [20], There
were also attendant declines in the C:N ratio and proportion of SOC and SON in the silt + clay fraction
with the decline in aerial grass cover which negatively affected ecosystem functions of the acidic sandy
loam soils. Similarly, transformation of a thicket vegetation to an open savanna (dominated by grasses)
due to intensive grazing decreased soil quality in the Eastern Cape region of South Africa [21]. Indeed,
savanna soils have lower SOC concentration and a greater tendency to crust than thicket soils because
of the decreased quantity and stability of structural aggregates.

The widespread prevalence of degraded soils in sub-Saharan Africa (SSA), a classic example of
a downward spiral, is attributed to over exploitation, extractive farming, low external inputs, and
poor or improper management (Figure 2). Accelerated degradation is shrinking the finite soil resource
even more rapidly in these regions of harsh climate and fragile soils. In this context, enhancing
the SOC pool is important to sustain soil fertility and agronomic productivity [22]. Simply adding
chemical fertilizers or improved varieties, as is often erroneously recommended even by well-intended
advocates, is not enough.

The SOC pool of agricultural soils of West Africa, similar to those of croplands in other developing
counties (e.g., South Asia), is severely depleted by over-exploitation of natural resources [23]. These
soils must therefore be managed to increase both soil C and vegetation [24,25] to restore the degraded
agroecosystem services. Changes in aerial vegetative cover could thus be used as an early indicator
of shifts in soil ecosystem functions within fragile environments. A shift in vegetative cover may be
caused by alterations in land use or climate change. In addition to SOC and SON pools, soil moisture
regime is another important indicator of climate change [26]. In conjunction with changes in soil
moisture regimes, projected global warming may also influence SOC decomposition rates [27,28]
including that of fine woody debris. Field experiments have shown that warming increases mass
loss for all vegetative species and size classes by as much as 30%. However, larger debris and that
with higher initial lignin content decomposes more slowly than smaller debris and that with lower
antecedent lignin content. Indeed, degradation of lignin may not follow the same trend as that of total
mass loss [29]. Along with the adverse effects of soil erosion and other degradation processes, the SOC
pool is also prone to climate change and associated alterations in temperature and moisture regimes.

The self-reinforcing soil degradation process (Figure 2) is strongly exacerbated by the interaction
between processes, factors and causes of soil degradation (Figure 3). Processes include the mechanisms
(types) of soil degradation. Factors comprise agents of degradation related to natural or anthropogenic
drivers such as climate, physiography, socio-economic or ethnic/cultural parameters. Causes of soil
degradation include specific activities which aggravate the adverse effects of processes and factors.
Examples of specific causes include activities such as deforestation, land use conversion, extractive
farming practices or over-exploitation, excessive grazing, excessive plowing etc. (Figure 3). The
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process-factor- cause nexus is strongly impacted by site-specific conditions. Thus, understanding the
nexus or connectivity is critical to restoring soil quality and mitigating degradation.

Figure 3. The process-factor-cause nexus as a driver of soil degradation.

4. Soil Quality Index

The SOC pool is a key indicator of soil quality, and an important driver of agricultural
sustainability. In addition to its amount, other parameters of SOC include its depth distribution,
quality or attributes (physical, chemical, biological), and the turnover rate or the mean residence
time (MRT). Relevant indicators of soil physical quality include amount and stability of aggregates;
susceptibility to crusting and compaction; porosity comprising of pore geometry and continuity; water
transmission (infiltration rate and amount) and retention as plant-available water capacity (PAWC);
aeration and gaseous exchange; effective rooting depth; soil heat capacity and the temperature regime.
Similarly, appropriate indicators of soil chemical quality include pH, CEC, nutrient availability; and
favorable elemental balance and lack of any toxicity or deficiency. Relevant indicators of soil biological
quality are microbial biomass C (MBC), activity and diversity of soil fauna and flora, absence of
pathogens and pests as indicated by a soil’s disease-suppressive attributes. An optimal combination of
these properties affects agronomic productivity; use efficiency of water, nutrients and other inputs; and
sustainability of management systems. Indicators of soil quality differ among soil types, climates and
land uses. For example, there are specific soil quality indicators for the intensively managed soils of the
Indo-Gangetic Plains [30] that will differ from those for tropical Alfisols in semi-arid regions [31–34]. A
spectral soil quality index based on application of reflectance spectroscopy has also been proposed as a
diagnostic tool to assess soil quality [35]. This technique can provide a characterization of physical,
chemical and biological attributes that can be merged together to indicate how well a soil is functioning
for a specific use [36–39].

5. Conservation Agriculture and Soil Quality

Four basic principles of CA are [40]: (i) retention of crop residue mulch; (ii) incorporation of a
cover crop in the rotation cycle; (iii) use of INM involving combination of chemical and bio fertilizers;
and (iv) elimination of soil mechanical disturbances. Properly implemented on suitable soil types,
CA has numerous co-benefits including reduced fuel consumption and increased soil C sequestration.
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Mechanical tillage is an energy-intensive process [41] and its reduction or elimination can decrease
consumption of fossil fuels. For example, conversion from plow tillage (PT) to CA can reduce diesel
consumption by as much as 41 L/ha [42].

In addition, an increase in SOC pool under CA can occur in soils not prone to accelerated erosion,
and those which have optimal management strategies. A modeling study in Western Kenya showed
that site-specific optimal management strategies can lead to SOC pool of 20 to 40 Mg/ha in 0.1 m depth
and corn grain yield of 3.5 to 4.2 Mg/ha [43]. The most desirable tillage systems are those which restore
soil quality, minimize risks of soil erosion, improve use efficiency of rain water and fertilizers [44] and
minimize risks of SOC and nutrient depletion. Impacts of CA on soil quality restoration, an example
of an upward spiral, is outlined in Figure 4.

 

Figure 4. Increase in soil resilience and mitigation of soil degradation by conservation agriculture
(CA). Meta-analyses and any other comparisons among unrelated soil management practices can
lead to misinterpretation of SOC sink capacity by CA [45] and erroneous inferences on agronomic
productivity [46]. The mission is to identify site-specific packages of CA practices to make it functional
(INM = integrated nutrient management).
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Indiscriminate use of plowing, coupled with excessive removal of crop residues and unbalanced
use of chemical fertilizers, can degrade soil quality, deplete SOC pool, and aggravate risks of soil
erosion (Figure 2). In contrast, conversion of plow/traditional tillage to CA, especially on sloping
lands and those vulnerable to accelerated erosion by water and wind under conventional management,
can be conservation-effective, reverse degradation trends, and set-in-motion soil restoration processes
with an upward spiral (Figure 4). Retention of crop residue mulch, and incorporation of a cover
crop (forages) in the rotation cycle while eliminating bare fallows, can conserve soil and water
and improve SOC pool in the surface layer (Figure 4). Increases in soil biodiversity, MBC and
activity of earthworms and termites can all improve aggregation and encapsulate C within stable
micro-aggregates as outlined in the hierarchy concept [47]. Strengthening elemental cycling, in
conjunction with coupled cycling of C and H2O, can increase the solum’s C sink capacity and soil
profile depth through increased bioturbation by earthworms or termites, and use of deep-rooted plants
such as pigeon pea (Cajanus cajan), townsville stylo (Stylosanthes humilis (Kunth) Hester), or alfalfa
(Medicago sativa). Long-term (>10 years) soil quality improvement will increase net biome productivity,
improve water and nutrient use efficiencies, and increase above and below-ground biomass-C within
the ecosystem. Progressive improvements in rhizospheric processes, driven by biotic mechanisms,
would restore soil quality and mitigate degradation (Figure 4). It is important to note, however, that
CA is a holistic and system-based approach. Mere elimination of plowing, while removing an excessive
amount of crop residues and biomass for other uses (e.g., biofuels, industrial purposes) is not CA,
and is rather an extractive farming system with negative impacts on soil and the environment. Thus,
comparative analyses of un-related datasets can lead to erroneous assessments of SOC sink capacity
associated with a properly implemented CA system [45] and misinterpretation of agronomic yields [46].
Furthermore, improvements in soil quality require more than the input of new varieties and chemical
fertilizers [48]. The real issue is improving physical, biological and ecological components of soil
quality, and set-in-motion an upward spiral eventually leading to social and political stability and
international security (Figure 4).

6. Soil Fertility Management to Restore Soil Quality

Sustainable intensification (SI), producing more from less by reducing losses and increasing the
use efficiency, is attainable only through improvement of soil quality including chemical quality or soil
fertility. Although not the only way to increase soil fertility, the use of INM is a very effective approach
for achieving SI. Nutrient depletion and loss of soil fertility are major causes of low productivity [49] in
many developing countries. Use of organic amendments, by recycling organic by-products including
urban waste, is a useful strategy to enhance soil fertility [50], and improve structural stability or
aggregates [51]. While, nitrogen (N) input is important to improving soil fertility, its improper and/or
excessive use can also lead to environmental pollution. China consumes about 30% of the world’s N
fertilizer [52], and is able to feed ~22% of the world population on just 6.8% of the global cropland area.
However, the country has severe environmental problems because of low N use efficiency, leaching of
reactive N into surface and groundwater resources, and emission of N (as N2O) into the atmosphere.

7. Soil Quality and Water Resources

High soil quality or a healthy soil provides the foundation for a healthy economy, environment,
and terrestrial biosphere. Thus, there exists a close link between soil quality and water resources
in close proximity, such as the health of coastal ecosystems [53]. Changes in land use often affect
water quality and pollutant loading [54,55]. Off-site movement of agricultural chemicals is often
a significant source of non-point pollution. Many of the major rivers in countries with emerging
economies have severe water pollution, contamination and eutrophication problems [56]. Downstream
areas are often adversely affected because of adhoc agricultural development activities upstream.
Among the most important adverse impacts are river desiccation, ground water depletion, surface and
ground water pollution, accelerated erosion, sedimentation, salinization, and nutrient depletion [57].
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These problems are especially severe in densely populated regions (e.g., East Asia, South Asia). Rapid
urbanization, industrialization and increases in water demand have created severe water quality
problems and degradation of the Ganges [58]. Land use changes induced by urbanization have had
strong impacts both on soil and water quality in northern Iran [54]. Release of P from agricultural
sources to streams and rivers has become a major factor affecting surface water quality not only in
China [59], but also in the Great Lakes of North America (e.g., algal bloom of 2014). In Thailand,
agriculture [especially rice (Oryza sativa) farming] is the key nutrient source within the Thachin River
Basin [56]. Recent industrialization and community development have exacerbated water pollution
and habitat degradation in the Gulf of Thailand [60]. The problem has been exacerbated by a rapid
decrease in mangrove forest, coral reefs, and fishery resources due to misuse and mismanagement.

Irrigated agriculture, an important management strategy for high agronomic productivity in
arid and semi-arid regions, is a mixed blessing. Mismanagement of irrigation waters has exacerbated
problems with saline-sodic soils which now occupy more than 20% of the irrigated lands [61].
Furthermore, arid wetlands are also prone to contamination by sub-surface agriculture irrigation
and drainage as in the Western USA [62]. These areas often experience toxicity problems in fish and
wildlife due to drainage of water contaminants. In response, provisions must be made to reduce the
amount of contaminants entering wetlands, and to provide for better allocation of freshwater between
agriculture and wildlife [62]. Salinity problems are also often confounded by the reuse of untreated
waste water (gray/black water) in agriculture [63], especially in urban areas prone to water shortages
or those having water resources of marginal quality.

Restoring soil quality within managed ecosystems is critical to improving and sustaining water
quality. To accomplish this goal, it is essential to develop strategies for integrated management of soil
and water resources because of their strong inter-connectivity or the soil-water-waste nexus. While
integrated water management alone is useful [64], the importance of the soil-water nexus cannot
be over-emphasized [24]. Management of sediments, especially contaminated ones [65], is another
important component of the soil-water nexus that must be critically examined.

8. Strategies for Soil Quality Restoration

Restoring the quality of degraded soils is a challenging task, especially in regions dominated by
small, resource-poor landholders. Re-carbonization of the depleted SOC pool, which is essential to
numerous functions, requires regular input of biomass-C and essential elements (i.e., N, P, and S) [66].
Thus, restoration of soil quality is a societal, national and international task that necessitates a
coordinated approach.

There are three basic strategies of restoring soil quality (Figure 5): (i) minimizing losses from the
pedosphere or soil solum; (ii) creating a positive soil C budget, while enhancing biodiversity; and
(iii) strengthening water and elemental cycling. There is no silver bullet or panacea to accomplish
these basic tasks, and site-specific factors (biophysical, social, economic, cultural) play a significant
role. Some examples of site-specific, RMPs are outlined in Table 1. However, each of these technologies
has their own tradeoffs, which must be duly considered and minimized.
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Figure 5. Three strategies of restoring and managing soil quality for mitigating risks of soil degradation.

Table 1. Strategies to improve soil quality.

Strategy Region Process Reference

Litter turnover Tropics
The rate of organic matter
and C supply and nutrient

cycling reactivation
[3]

Forestry Plantations Tropics Silvo-pastoral system for
nutrient cycling [67]

Woodlot Islets Degraded drylands Silvo-pastoral systems in
drylands [68]

Soil Carbon
Sequestration Agroecosystems Optimal management

strategies [69]

Integrated Nutrient
Management Sub-Saharan Africa Soil quality management [17]

Nutrient Management
for SOC Sequestration

Sub-Tropical Red Soils
(China) Soil carbon buildup [70]

Manuring Indus Plains Application of farm manure [71]

Residue Retention as
Mulch Mexican Highlands Improvement of soil

structure [72]

Regular Organic Inputs Western Kenya Nutrient retention and soil
structure improvement [43,73]

Urban Waste Mediterranean Europe Enhancing soil fertility [16,74]

Soil Biological
Management Global soils Enhance ecosystem services

provisioned by SOC pool [15]

Environmental
Awareness U.S. Promoting technology

adoption [75]

8.1. Soil Erosion Management

Soil erosion must be curtailed to within the tolerable limits, which is often much less than the
presumed value of 12.5 Mg/ha per year. Accelerated erosion also depletes the SOC pool and nutrient
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reserves. In general, the enrichment ratio of SOC, clay and essential plant nutrients (N, P, S) is >1 (and
most often as much as 5 or more) because of the preferential removal of these constituents. Conversion
from PT to CA can reduce risks associated with soil erosion and nutrient loss while also providing
numerous on- and off-site benefits (Figure 4) [12]. An important strategy is to establish cause-effect
relationships, alleviate the causative factors and minimize the risks. Accelerated erosion is a symptom
of land misuse and soil mismanagement. Reductions in plant cover caused by over-grazing and the
trampling effect can degrade soil structure, reduce water infiltration, increase runoff, aggravate soil
erosion, and cause severe economic losses [76]. As an example, experiments conducted in South Africa
indicated that plant cover reduction by overgrazing significantly decreased the SOC pool with strong
impact on the C cycle [77]. In arid regions, fire-induced depletions of the vegetation cover can also
exacerbate the problem, especially after a torrential rainfall because ash left on the soil surface can
aggravate hydrophobicity by creating an obtuse contact angle between the solid and liquid phases.
When the protective litter cover is burned, the very first rainfall generally results in high surface
runoff and aggravates erosion as was the classic situation of wild fire in May–June 2000 in hills which
threatened the Los Alamos National Laboratory by runoff and sedimentation. Experiments conducted
in Spain indicated high post-fire soil degradation risks and the need for identification of a short-term
strategy to conserve soil and water on steep slopes with erodible soils [78]. In addition to the adverse
effects on soil quality and productivity, there are also health risks associated with soil erosion [79].
This is especially true for regions prone to wind erosion and dust storms, such as the Harmattan in the
Sahel [80].

8.2. Improving Soil/Agro-Biodiversity

Soil biota are important to soil quality and reduce risks of degradation and desertification. Indeed,
soil biota comprise a major component of global terrestrial biodiversity and perform critical roles
in key ecosystem functions (e.g., biomass decomposition, nutrient cycling, moderating CO2 in the
atmosphere, creating disease suppressive soils, etc.). Improving activity and species diversity of
soil fauna and flora (micro, meso and macro) is therefore essential to restoring and improving soil
quality and reducing risks of soil degradation. Adverse effects of agricultural management on soil
microbiological quality is another global concern. As a management tool, either a microbiological
quality index [81] or a microbiological degradation index [82] can be useful for decision-making
processes [82] Relevant parameters include MBC, respiration, water soluble carbohydrates, enzymatic
activities, dehydrogenase activity and activities of other important hydrolases (e.g., urease, protease,
phosphatas and β-glucosidase) [82]. There are also marked seasonal changes in biotic and abiotic
factors that affect the biological component of soil resources. Vegetative cover, influenced by seasonal
changes, has a strong impact on soil microbiological processes. In degraded soils of arid and semi-arid
regions, changes in soil moisture regimes can also affect MBC and activity [83].

The importance of macro-organisms (e.g., earthworms, termites) for restoring soil quality has
been widely recognized for centuries [84]. Conversion of PT to CA, with crop residue mulch and cover
cropping (Figure 4), can increase earthworm activity and also improve structural properties [85,86],
but the conversion can also have implications regarding transport of agricultural pollutants into the
drainage water [85]. Experiments conducted in central Mexico indicated that conversion of PT to CA
improved soil surface aggregation and aggregate stability, increased water infiltration, and enhanced
most parameters related to soil quality [87]. Therefore, risks of soil degradation can be mitigated
through adoption of land use and management systems which improve soil biological processes, and
introduction of beneficial organisms into soils by selective inoculation. For these and other reasons,
the presence of earthworms, termites and other soil biota are often identified as important indicators
of quality in tropical soils [86,88].
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8.3. Soil Restorative Farming/Cropping Systems

Farming/cropping systems (rotations, soil fertility management, erosion control, grazing/stocking
rate, water management) affect the type, rate and severity of soil degradation by altering the SOC pool,
structural morphology, and other properties. Specifically, crop rotations and grazing can significantly
impact SOC pool and the attendant soil properties [89]. Similar to arable lands, managing quality
of rangeland soils is also essential for reducing risks of degradation. Sustainable management
of rangeland soils is especially challenging because of high variability, harsh environments, and
the temptation for over-grazing. A reduction in the proportion of palatable perennials, increases
in densification (compaction), and declines in SOC are some of the constraints that need to be
alleviated [90–92]. An important strategy to reduce the risks of degrading rangeland soils is to
conserve and efficiently manage soil water through an improved understanding of the hydrological
attributes [93,94]. Under West African conditions, construction of stone bunds and establishment
of contour vegetative hedgerows can be effective for water conservation [95]. Establishment and
management of forage trees (i.e., Acacia fadherbia) [96] and grass-legume mixtures [97] can also improve
the quality of rangeland soils.

9. Soil Resilience

The term soil resilience refers to the ability of the soil to recover its quality in response to any
natural or anthropogenic perturbations. Soil resilience is not the same as soil resistance, because
resilience refers to “elastic” attributes that enable a soil to regain its quality upon alleviation of any
perturbation or destabilizing influence [98,99]. Sound rhizospheric processes are essential for soil
resilience against anthropogenic/natural perturbations. Being a dominant site of microbial metabolism,
it is pertinent to identify management systems that stimulate soil microbiotic activity and related
microbial processes. In this context, an “eco-physiological index” has been proposed to assess the
impact of soil resilience [100] on soil processes. Managing the quantity and quality of SOC pool is once
again a crucial guiding principle in identifying appropriate management practices that will strengthen
resilience and reduce risks for soil degradation [101]. The SOC pool size is strongly related to the
quantity of both above and below-ground biomass-C inputs. It is the assured, continuous input of the
biomass-C that moderates MBC, provides a reservoir of plant nutrients (e.g., N, P, S), influences nutrient
cycling, and improves/stabilizes soil structural morphology and geometry [98,99]. The so-called
“sustainable land management (SLM)” concept is based on similar strategies of preserving productivity
of the resource base for future generations [101]. There are also some organic management options for
reducing soil degradation risk and improving human health [102], that may have site-specific niches.
Biochar, a C-rich soil amendment derived from biomass by pyrolysis, can be produced from human
sewage [103] and used to improve soil resilience [98] while also mitigating climate change.

In addition to biotic techniques, ancient farmers also developed mechanical/engineering
techniques to sustain and improve their soils. Terraced agriculture evolved independently at several
locations around the world (e.g., East Asia, the Himalayan region, Yemen, the Andean region). A study
of pre-Columbian terraces from the Paca Valley, Peru, indicated that soil depletion from cultivation
has compromised soil quality through loss of fine material and SOC. Overall, however, Paca Valley
terraces have improved topsoil retention and supported deep profile with a good soil resilience [104].

There are no universally applicable techniques of managing soil resilience, but there are several
approaches for ensuring sustainable soil management. Each of these approaches has tradeoffs that
must be objectively and critically assessed (Table 1, Figure 6). In view of the heavy demands for
agricultural produce to meet the needs of the growing and increasingly affluent population and
emerging economies (e.g., India, China, Brazil, Mexico), the role of agricultural practices and their
impact on soil, climate, gaseous emission, water resources, biodiversity, along with economic, political,
social and ecologic dimensions [105] must be considered more now than in the past. The ideal strategy
is to meet increasing global food demands while simultaneously restoring soil quality, improving the
environment, and minimizing the tradeoffs.
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Figure 6. Strategies of restoring soil quality.

In the context of social, economic and cultural issues, it would be a serious omission to ignore
poverty, human drudgery and social/gender equity. There is a strong link between poverty and soil
quality. When people are poor, desperate and hungry, they pass on their sufferings to the land. Yet,
some sociologists have questioned poverty as a major cause of soil/environmental degradation [106].
Stewardship and desperateness are mutually exclusive. Yield gaps, due to lack of adoption of RMPs
in SSA and SA, are poverty traps that require a paradigm shift [107]. Since the 1980s, China has
bridged the yield gap, alleviated poverty and improved soil quality [108]. Nonetheless, environmental
issues remain to be addressed, effectively and immediately, to make China’s agricultural revolution a
successful venture [109].

10. Peak Soil vs. Endangered Soil

Endangered soil [110] and peak soil (losing soil more quickly than it is replaced [111] are concepts
that need to be considered philosophically and scientifically because soil resources are finite and
non-renewable over the human time frame. They are also geographically disturbed in a non-uniform
manner. Excessive plowing, accelerated erosion, and over fertilization are all depleting soil resources,
threatening food security, and jeopardizing the environment. Food insecurity is made even more
acute by scarcity of soil resources of good quality (prime land) and risks of soil degradation [112].
Soil degradation is affecting 33% of all soils. Indeed, soil is an essentially forgotten resource [113].
In response, a holistic management approach is needed to improve soil quality. Site-specific and
appropriate land husbandry practices must be identified to restore physical, chemical, biological,
and ecological components of soil quality [114]. The goal should be to increase productivity per unit
area, time, and energy input; while restoring soil quality and reducing environmental degradation
risks. In terms of soil quality, ecosystem services provisioned by the SOC pool cannot be by-passed
by applying commercial chemicals or other technologies [15]. Only by increasing SOC pool can the
need for additional inorganic fertilizer N be reduced, especially in degraded soils. Conversion to CA,
combined with residue retention and other components, is a sustainable option for several soil-specific
conditions (Figure 4). Environmental awareness and stewardship are also important for improving
adoption of RMPs and promoting soil restoration.
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11. Conclusions

Soil resources are finite in extent, unequally distributed geographically, prone to degradation
by land misuse and mismanagement, but essential to all terrestrial life and human wellbeing. Soil
degradation can be physical (e.g., decline in structure, crusting, compaction, erosion, anaerobiosis,
water imbalance), chemical (e.g., acidification, salinization, elemental imbalance comprising of toxicity
or deficiency, nutrient deficiency), biological (depletion of SOC pool, reduction in soil biodiversity,
decline in microbial biomass-C), or ecological (e.g., disruption in elemental cycling, decline in C sink
capacity). Soil degradation leads to reduction in ecosystem functions and services of interest to human
and conservation of nature. The SOC pool, its amount and depth-distribution along with turnover and
mean residence time, is a critical component of soil quality and source of numerous ecosystem services.
Soil degradation depletes SOC pool, and its restoration to threshold levels of at least 11 to 15 g kg−1

(1.1%–1.5% by weight) within the root zone is critical to reducing soil and environmental degradation
risks. Important strategies for soil quality restoration and reducing environmental degradation risks
are: (i) reducing soil erosion; (ii) creating a positive soil/ecosystem C budget; (iii) improving availability
of macro (N, P, S) and micro-nutrients (Zn, Fe, Cu, Mo, Se); (iv) increasing soil biodiversity especially
the microbial process; and (v) enhancing rhizospheric processes. The ultimate goal should be to adopt
a holistic and integrated approach to soil resource management. The finite nature of soil resources
must never be taken for granted—they must be used, improved, and restored.
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Abstract: Population growth and increasing resource demands in Ethiopia are stressing and
degrading agricultural landscapes. Most Ethiopian soils are already exhausted by several decades
of over exploitation and mismanagement. Since many agricultural sustainability issues are related
to soil quality, its assessment is very important. We determined integrated soil quality indices (SQI)
within the surface 0–15 cm depth increment for three agricultural land uses: rain fed cultivation (RF);
agroforestry (AF) and irrigated crop production (IR). Each land use was replicated five times within a
semi-arid watershed in eastern Tigray, Northern Ethiopia. Using the framework suggested by Karlen
and Stott (1994); four soil functions regarding soil’s ability to: (1) accommodate water entry (WE);
(2) facilitate water movement and availability (WMA); (3) resist degradation (RD); and (4) supply
nutrients for plant growth (PNS) were estimated for each land use. The result revealed that AF
affected all soil quality functions positively more than the other land uses. Furthermore, the four soil
quality functions were integrated into an overall SQI; and the values for the three land uses were in
the order: 0.58 (AF) > 0.51 (IR) > 0.47 (RF). The dominant soil properties influencing the integrated SQI
values were soil organic carbon (26.4%); water stable aggregation (20.0%); total porosity (16.0%); total
nitrogen (11.2%); microbial biomass carbon (6.4%); and cation exchange capacity (6.4%). Collectively,
those six indicators accounted for more than 80% of the overall SQI values.

Keywords: soil quality; soil functions; land degradation; land use; Ethiopia

1. Introduction

Land degradation and declining soil fertility are critical problems affecting agricultural
productivity and human welfare in Sub-Saharan Africa [1]. The main soil-environmental concerns
in the region are nutrient depletion, loss of soil organic matter (SOM) and loss of soil functions
(i.e., productivity) [1,2]. In Ethiopia, total cultivated land has reached ~12 million hectares in mid-2013,
but most of the soils are highly degraded [3]. Further, population growth and agricultural production
are not growing at par. As a result, expansion to marginal lands and protected areas has become
a common practice.

Tigray, the northernmost region in Ethiopia, is most known for its serious land degradation
problems. Much of the woodland in Tigray started to disappear in the early 1960s under pressure
from the rapidly growing population [4]. Hengsdijk et al. [5] wrote their observations as follows:
“perhaps nowhere in the world land degradation and soil nutrient depletion are more evident than in
the marginal highlands of Tigray”. In the region, a short and variable rainy season in combination
with degraded soils resulted in low soil productivity and frequent crop failures. As a result, the local
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population is structurally dependent on food aid [6]. If unattended to, land degradation and soil
nutrient depletion would further reduce agricultural productivity and increase pressure on marginal
environments, adversely affecting food security and livelihoods of smallholder farmers in the region [6].

Indeed, Tigray is not only known for its severe land degradation, but also for its vast
environmental rehabilitation efforts in the last two decades [7]. Among the recent efforts towards
enhancing agricultural development in the region, rainwater harvesting has been widely adopted [8]
because supplementary irrigation is essential for crop production in arid regions as it increases soil
water availability during dry spells [9]. Further, farmers in Tigray have a culture of selectively taking
care of trees, which are remnants of the original woodlands. Acacia albida Del. (Syn. Faiderbhia albida
(Del.) A Chev.) trees are among the most selected ones in the region. Nowadays, farmers grow these
trees in and around their farmlands in order to improve soil fertility and increase crop yields [10].

Sustainability of agricultural systems is an important issue in Ethiopia. Many of the issues
of agricultural sustainability are related to soil quality. Thus, its assessment and the direction of
change with time is a primary indicator of whether agriculture is sustainable [11,12]. Soil quality is
a combination of soil physical, chemical and biological properties that are able to change readily in
response to variations in soil conditions [13]. It may be affected by land use type and agricultural
management practices because these may cause alterations in soil’s physical, chemical and biological
properties, which in turn results in change in land productivity [14,15]. Integrated soil quality indices
based on a combination of soil properties provide a better indication of soil quality than individual
parameters. Karlen and Stott [16] developed a soil quality index (SQI) based on four soil functions,
namely the ability of the soil to: (1) accommodate water entry (WE); (2) facilitate water movement, and
absorption (WMA); (3) resist surface degradation (RD); and (4) supply nutrients for plant growth (PNS).
Each soil function was explained by a set of indicators. Several authors among them Glover et al. [17],
Masto et al. [12] and Fernandes et al. [18] used a similar framework.

A soil quality index (SQI) helps to assess the soil quality of a given site or ecosystem and enables
comparisons between conditions at plot, field or watershed level under different land uses and
management practices. Several studies were conducted to assess fertility statuses of soils in SSA [1–8];
however, almost all were only based on evaluation of individual soil parameters. Therefore, this study
was conducted at a typical semi-arid agricultural watershed in Eastern Tigray, Northern Ethiopia, with
the following objectives:

(1) To evaluate effects of F. albida based agroforestry (AF), irrigation based Psidium guajava fruit
production (IR) and a tree-less row-crop management (RF) (Figure 1) on selected physical,
chemical and biological soil quality indicators and,

(2) To compute an overall integrated soil quality index (SQI) for each land use system and compare
among the indices.

 

Figure 1. The three agricultural land use systems at a semi-arid watershed in Tigray, Northern Ethiopia,
with dryland crop production (RF), F. albida-based agroforestry (AF) and irrigation-based P. guajava
fruit production (IR).

30



Sustainability 2015, 7, 2322–2337

The study was conducted to test the hypothesis that land use change from dry land rainfed
cultivation (RF) to F. albida agroforestry (AF) and irrigation based P. guajava fruit production (IR)
systems improves physical, chemical, and biological soil quality indicators and the overall integrated
soil quality index.

2. Materials and Methods

2.1. Descriptions of the Study Site

Mandae watershed is located in Eastern Tigray, Northern Ethiopia. Geographically, it is located
between 15◦26′00N to 15◦32′00N latitude and 55◦00′00E to 55◦60′00E longitude, with an area of about
10 km2, and an elevation of 1960 to 2000 m a.s.l. Average daily air temperature of the area ranges
between 15 ◦C and 30 ◦C in winter and summer, respectively. Mean annual rainfall of the area is
558 mm, with a large inter-annual variation. Soils are classified as Arenosols, and associations of
Arenosols with Regosols according to the World Reference Base for soil resources [19]. These soils are
developed from alluvial deposits and Adigrat sandstones. Their textures are dominated by sand, loamy
sand and sandy loam fractions [20]. Major land uses of the watershed include Faidherbia albida based
agroforestry (27.7 ha), rainfed crop production (11.9 ha), open pasture (23.2 ha), and irrigation-based
guava (P. guajava) fruit production (11.3 ha). Agricultural rotation in the area is usually maize (Zea
mays)-teff (Eragrostis tef )-field beans (Vicia faba)-finger millet (Eleusine coracana) in the agroforestry and
rainfed cultivation land use systems. Fallowing is not practiced in the area due to population pressure
and scarcity of farmlands. Use of chemical fertilizers is minimal and land is prepared for cultivation by
using a wooden plow with oxen. Crop residues and manures are used for animal feed and household
fuel, respectively. No pesticides and other agricultural inputs are used in the area. Irrigation from
shallow wells started in the area in late 1990s and currently most of the irrigated areas are covered by
guava fruits. Smallholder mixed crop-livestock farming is a typical farming system of the region.

2.2. Soil Sampling and Analysis

Fifteen soil samples were collected in May 2010 from the surface (0–15 cm) layer of five sites
randomly chosen at different locations from three agricultural land uses (AF, IR and RF). The summit
position of the watershed was excluded to minimize confounding effects of slope and soil erosion.
The samples were air-dried, mixed, ground, and passed through a 2-mm sieve for chemical analyses.
Core samples were also collected from the same depth using 100 cm3 volume stainless steel tubes
(5-cm diameter and 5.1-cm height). Initial weights of the soil cores were measured in the laboratory
immediately after collection. Simultaneously, soil moisture content was determined gravimetrically by
oven drying the whole soil at 105 ◦C for 24 h to compute dry bulk density (ρb) [21]. No adjustment
was made for rock volume because it was rather minimal. The major parts of the soil analyses were
carried out at Mekelle University soil laboratory, Ethiopia. Soil organic carbon (SOC) and total nitrogen
(TN) were analyzed at the Carbon Sequestration and Management Center (C-MASC) Laboratory (The
Ohio State University, Columbus, OH, USA) using auto CN analyzer (Vario Max CN Macro Elemental
Analyser, Elementar Analysensysteme GmbH, Hanau, Germany) by the dry combustion method [22].
Similarly, water stable aggregation (WSA) was measured at C-MASC soil physics laboratory by the wet
sieving method [23]. Because soils did not show carbonates when tested with 10% HCl, it was assumed
that the total C obtained in the analysis closely estimates soil organic carbon (SOC) concentration.
Available P (Olsen) was analyzed using a standard Olsen method [24]. Cation exchangeable capacity
(CEC) was estimated titrimetrically by ammonium distillation method [25]. Lastly, total porosity was
calculated from particle density of 2.65 g/cm3.

Microbial Biomass Carbon (MBC)

Another set of nine field-moist soil samples (40 g each) from the surface (0–15 cm) depth were
collected in three replications from the three agricultural land uses (AF, IR and RF) in May 2012 for
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the determination of microbial biomass carbon (MBC). The samples were transported in an icebox
to the Norwegian University of Life Sciences soil laboratory, Ås, Norway. The MBC analysis was
carried out following the fumigation-extraction method [26,27]. At first, each sample was divided in
to three subsamples, and one out of the three (10.0 g) was fumigated with ethanol-free chloroform
for 24 h at 25 ◦C in an evacuated extractor. Afterwards, from the remaining two subsamples, one
was used for moisture determination and the other treated as control for each plot. Fumigated and
non-fumigated soils were extracted with 40-mL 0.5-mol·L−1 K2SO4 (1:4 soil:extractant) and shaken
for 1-h on a reciprocal shaker. The extracts were filtered using Whatman No. 42 filter paper of 7-cm
diameter and stored frozen at −15 ◦C prior to analysis. Finally, total organic carbon in the extracts
was measured using Total Organic Carbon Analyzer (SHIMADZU) at NMBU laboratory, Ås, Norway.
Microbial Biomass Carbon (MBC) was calculated as follows:

MBC =
EC

KEC
(1)

where EC = (organic C extracted from fumigated soils) − (organic C extracted from non-fumigated
soils) and KEC = 0.45 [28].

2.3. Soil Quality Assessment

Soil quality assessment tools need to be flexible in terms of selection of soil functions to be assessed
and indicators to be measured to ensure that assessments are appropriate for specific management
goals [29]. Effects of land use on soil quality were assessed following the framework suggested by
Karlen and Stott [16]. We followed this framework because of its flexibility, ease of use and its potential
for interactive use. It is the same approach that became the Soil Management Assessment Framework
(SMAF) [30]. It uses selected soil functions, which are weighted and integrated according to the
following expression:

SQI = WE(wt) + WMA(wt) + RD(wt) + PNS(wt) (2)

where, wt is a numerical weighting for each soil function.
These numerical weights were assigned to each soil function according to their importance in

fulfilling the overall goals of maintaining soil quality under specific conditions of this study. According
to Karlen and Stott [16], the sum of weights for all soil functions must equal 1.0. Karlen and Stott [16]
assigned equal weight to each soil function. However, different weight values of 0.2, 0.2, 0.2 and 0.4
were assigned for this study for WE, WMA, RD, and PNS, respectively (Table 1). For this study, PNS
was assigned with more value than other functions, because use of chemical fertilizers was minimal
in the area and hence nutrient supply was considered the most important production constraint.
Further, sustaining crop production is the major goal of soil management strategies in most developing
countries including Ethiopia. The PNS function was further divided into three second-level functions
viz. nutrient storage, nutrient cycling and nutrient availability (Table 1).

An ideal soil would fulfill all the functions considered important, and would have an integrated
SQI of 1.0 under the proposed framework. However, as a soil fails to meet the ideal criteria, its SQI
would decrease, with zero being the lowest rating. Associated with each soil function are soil quality
indicators that influence, to varying degrees, the specific soil function. Threshold values for each soil
quality indicator were set based on the range of values measured in natural ecosystems (the adjacent
grass pasture in our case) and on critical values in the literature (Table 2). Glover et al. [17] also used
adjacent grass pasture areas to determine critical values for a study conducted in Washington State,
USA. After finalizing the thresholds, the soil property values recorded under the three agricultural land
use systems were transformed into unit-less scores (between 0 and 1), using the following equation [12]:

Non-linear score(Y) =
1

(1 + e−b(x−A))
(3)
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where, x is the soil property value, A the baseline or value of the soil property where the score equals
0.5 and b is the slope of the tangent to the curve at the baseline.

Table 1. Soil quality indexing framework (adapted from Glover et al. [17]).

Function Weight
Indicator
Level 1

Weight
Indicator
Level 2

Weight
Source for

Indicators/Weights

Accommodate Water Entry 0.20

WSA 0.40 [17,31]
BD 0.20 [17]

POR 0.20 [12]
SOC 0.20 [12]

Facilitate Water Movement
and Availability 0.20

POR 0.60 [12,17,31]
SOC 0.40 [17,31]

Resist Surface Degradation 0.20

WSA 0.60 [17,31]

Microbial
Processes

0.40
MBC 0.60 [12,17,31]
SOC 0.20 [12,17,31]
TN 0.20 [12,31]

Supply Plant Nutrient 0.40

Nutrient
Storage 0.40

CEC 0.40 [12]
SOC 0.40 [12]
TN 0.20 [12]

Nutrient
Cycling 0.20

SOC 0.40 [12,31]
MBC 0.20 [12,31]
TN 0.40 [31]

Nutrient
Availability 0.40

SOC 0.20 [12]
pH 0.20 [31]
TN 0.20 [12]

AVP 0.20 [12]
AVK 0.20 [12]

Table 2. Relative importance of the different soil properties used for the soil quality indexing.

Soil Quality Indicator Weight Soil Function

Soil organic carbon 0.264

Accommodate water entry
Facilitate Water movement and availability

Resist Surface structure degradation
Supply plant nutrients

Aggregate Stability 0.200
Accommodate water entry

Facilitate Water movement and availability
Resist surface structure degradation

Bulk density 0.040 Accommodate water entry

Porosity 0.160
Accommodate water entry

Facilitate water movement and availability

Microbial biomass carbon 0.064
Resist surface structure degradation

Supply plant nutrients

Cation exchange capacity 0.064 Supply plant nutrients

Total Nitrogen 0.112
Supply plant nutrients

Resist surface structure degradation

Available phosphorus 0.032 Supply plant nutrients

Available Potassium 0.032 Supply plant nutrients

pH 0.032 Supply plant nutrients

Total 1.00

The score for each indicator was calculated after establishing the baseline, the lower, and the
upper threshold values (Table 3). Threshold values are soil property values where the score equals one
(upper threshold) when the measured soil property is at the most favorable level; or equals zero (lower
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threshold) when the soil property is at an unacceptable level. Baseline values are generally regarded
as minimum target values [12]. There are two baselines for “Optimum” curves, lower base line and
upper base line, which corresponds to 0.5 score of the growth and death curves, respectively [12].

Table 3. Scoring function values and references used for evaluating the soil quality indices (adapted
from Masto et al. [12]).

Indicator
Scoring
Curve

Depth
(cm)

LT UT LB UB OPT Slope
Source of

Threshold/Baseline
Values

Physical properties

BD (Mgm−3)
Less is
better 0–15 cm 1.0 2.0 1.5 - - −2.0832 [31]; Adjacent grass

pasture

WSA (>0.5 mm) More is
better 0–10 cm 0.0 40.0 20.0 - - 0.0339 Adjacent grass

pasture

TP (V%) Optimum 0–15 cm 20.0 80.0 40.0 60.0 50.0 0.0644 [12,31]; Adjacent
grass pasture

Chemical Properties

CEC (cmol (+) kg−1)
More is
better 0–15 cm 0.0 18.0 9.0 - - 0.0757 [12]; Adjacent grass

pasture

pH (1:2.5) Optimum 0–15 cm 3.0 9.0 5.0 8.0 7.0 0.5332;
−0.496 [18]

TN (kgha−1)
More is
better 0–15 cm 0.0 2000.0 1000.0 - - 0.0007 [12]; Adjacent grass

pasture

AVP (kgha−1)
More is
better 0–15 cm 0.0 50.0 25.0 - - 0.0226 [12]

AVK (kg·ha−1)
More is
better 0–15 cm 0.0 400.0 200.0 - - 0.0036 [12]

Biological Properties

SOC (gkg−1)
More is
better 0–15 cm 0.0 10.0 5.0 - - 0.1341 [12]; Adjacent grass

pasture

MBC (mgkg−1)
More is
better 0–15 cm 0.0 300.0 150.0 - - 0.0042 [12]; Adjacent grass

pasture

Using this non-linear scoring curve equation, three types of standardized scoring functions
typically used for soil quality assessments were generated: (1): More is better”; (2) “Less is better”; and
(3) “Optimum” as per earlier studies [12,16–18,31,32]. The equation defines a “More is better” scoring
curve for positive slopes, a “Less is better” curve for negative slopes, and an “Optimum” curve is
defined by the combination of both positive and negative slopes. These scoring curves are presented
in detail by many authors [17,18,31–34].

2.4. Statistical Analyses

Effects of different land use systems on soil quality indicators, functions and integrated quality
indices were subjected to one-way ANOVA. Excel spreadsheet was used for transforming soil quality
indicator values into unit-less scores. Differences between means of parameters were considered
significant at the 0.05 level using the Tukey’s studentized (HSD) test. The data were analyzed using R
version 3.02 software package [35].

3. Results and Discussion

3.1. Soil Physical Quality Indicators

Bulk density ranged from 1.48 Mg·m−3 in AF to 1.57 Mg·m−3 in both IR and RF land use systems
(Table 4). However, there was no significant difference in BD among land uses. Although soils under
AF land use contained SOC concentration twice more than that under RF, the detrimental effects of
tillage may have offset the beneficial effects of SOC on BD [17,32]. Soils under AF land use also had the
highest percentage of water stable aggregates (WSA) of 17.3%, but it was not significantly higher than

34



Sustainability 2015, 7, 2322–2337

that under IR and RF land uses. Addition of more organic matter from leaf and root litters from the
F. albida trees in AF than the other land uses likely explains the improved WSA in AF [36]. Similarly,
a study by Gelaw et al. [37] at the same site found that soils under natural grazing lands adjacent
to cultivated lands were well structured, and contained higher SOC concentrations. Total porosity
(TP) ranged from 35.5% in RF to 43.5% and 44.9% in AF and IR land uses, respectively. However, the
difference among land uses was not statistically significant. Similarly, the detrimental effects of tillage
may have offset the beneficial effects of SOC on TP [17,32,37].

Table 4. Effects of land use systems on selected soil physical, chemical and biological quality indicators
at Mandae watershed in eastern Tigray, north Ethiopia.

Soil Quality Indicator
Land Use

RF AF IR

Physical

BD (Mg·m−3) 1.57 (0.03) 1.48 (0.05) 1.57 (0.02) NS
WSA (>0.5 mm) 11.3 (1.8) 17.3 (2.5) 13.6 (3.6) NS

TP (V%) 35.4 (3.6) 43.5 (2.0) 44.9 (2.7) NS

Chemical

CEC (cmol (p+) kg−1) 5.4 (1.0) b 11.5 (0.8) a 4.8 (1.8) b **
pH 6.6 (0.3) b 6.4 (0.2) b 8.0 (0.03) a ***

TN (kg·ha−1) 809.7 (134.6) b 1568.6 (85.4) a 1042.7 (244.6) a,b *
AVP (kg·ha−1) 24.4 (10.7) 39.1 (4.3) 39.8 (4.7) NS
AVK (kg·ha−1) 216.5 (56.9) b 1019.1 (161.0) a 297.7 (71.8) b ***

Biological

SOC (g·kg−1) 3.2 (0.7) b 6.4 (0.3) a 5.9 (1.1) a,b *
MBC (mg·kg−1) 75.5 (24.1) 95.9 (10.3) 100.1 (31.3) NS

RF, Dryland crop production; AF, Faidherbia albida based agroforestry; IR, irrigation based fruit production; ± Mean
values followed by standard errors in the parentheses; values with different letters are significantly different.* p < 0.05;
** p < 0.01; NS = not significant (Tukey’s test, p = 0.05).

3.2. Soil Chemical Quality Indicators

CEC of the soils studied ranged from the highest under AF (11.5 cmol p+ kg−1) to the lowest
under IR (4.8 cmol p+ kg−1). It was significantly higher (p < 0.01) under AF than that under IR and
RF land uses (Table 4). Generally, CEC was low with an exception of some improvements under AF
land use. Rabia et al. [20] also reported similar results for the same area. Accordingly, up to 90% of soil
samples from this area had extremely-low (<5)-to-low (5–15 cmol p+ kg−1) CEC values [20]. EC values
of the soils were also much lower than the FAO salinity hazard levels for most crops [20] (Table 4).

In general, Arenosols have neutral pH values [38]. However, soils under IR land use showed a
significantly higher (p < 0.001) pH value than that under other land uses, and it was slightly alkaline.
The source of this slight alkalinity development in the soil under IR land use could be from the
supplemental irrigation. Similar results were also reported by Rabia et al. [20].

Soils under AF contained the highest total nitrogen (TN) stock (1568.6 kg·ha−1), and it was
significantly higher (p < 0.05) than that in IR and RF land uses (Table 4). Hadgu et al. [10] reported
similar results in their study in central Tigray, Northern Ethiopia, which compared TN contents of soils
under canopies of F. albida and eucalyptus trees with those from tree-less fields. Similarly, available
potassium (AVK) was significantly higher (p < 0.001) under AF than that under other land uses
(Table 4). In contrast, available phosphorus (AVP) contents did not differ among land uses. The higher
AVK under AF than that under other land uses could be related to the recycling of nutrients in the
aboveground biomass, root biomass or through the recycling of depositions by cattle, which gather for
shade under the tree-canopies during sunny days [39]. Sanchez [40] also reported a significant increase
both in soil K content and sorghum (Sorghum bicolar) yield on soils under the canopy of F. albida trees
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from that on soils 15-m away in two parklands in Burkina Faso. Results presented here are also in
accord with reports by Nair [41] that microsite enrichment qualities of trees such as F. albida in West
Africa and P. cineraria in India have long been recognized in many traditional farming systems.

3.3. Soil Biological Quality Indicators

Both SOC and MBC are among principal soil parameters, which affect biological processes and
soil quality. The highest SOC concentration was measured in AF (6.4 g·kg−1) followed by that in
IR (5.9 g·kg−1), and the lowest was in RF (3.2 g·kg−1) (Table 4). Thus, SOC was significantly higher
(p < 0.05) in AF than that in RF land use. However, it did not statistically differ between AF and
IR, and between IR and RF land uses (Table 4). On the other hand, MBC was slightly higher in
soils under IR (100.1 mg·kg−1) than that under AF and RF, but the differences were not statistically
significant (Table 4). Higher MBC values under IR than that under AF and RF may be explained by
less disturbance of soils under IR than those under the other intensively tilled land uses. The intensity
of tillage in IR was less than that under AF and RF land uses. Besides, irrigation farms under guava
fruits were not convenient for oxen plowing. Weed control and irrigation in IR land use were also
practiced by hand. Soil organic carbon in intensively cultivated soils has less physical protection
than that in less cultivated soils because tillage disrupts macroaggregates and exposes previously
protected SOM microbial processes [14,37]. Similarly, Franchini et al. [42] reported an increase in MBC
under no-till (NT) than that under conventional tillage systems (CT) receiving more plant residues in
Southern Brazil. The lower MBC regardless of more plant residue addition under CT was due to higher
CO2-emissions, which implies little conversion of carbon from plant residues into MBC [42]. Indeed,
parameters associated with soil microbiological activities are sensitive, considered rapid indicators of
effects of soil management, and are useful as indicators of soil quality [42].

3.4. Soil Quality Indicators Integration and Assessment

For this study, four soil functions contributed to the overall soil quality index (SQI) (Table 1). They
were weighted according to their relative importance in fulfilling the goals of maintaining soil quality
in the area. Thus, the major driving soil parameters for the integrated SQI were SOC (26.4%), WSA
(20.0%), TP (16.0%), TN (11.2%), MBC (6.4%) and CEC (6.4%). Those six soil quality indicators together
contributed for more than 80% of the variability in the overall SQI (Table 2). Further, BD contributed
4.0% followed by AVP, AVK and pH with a contribution of each 3.2% to the overall SQI. Regarding the
soil’s function for plant nutrient supply, SOC, TN, and CEC contributed 32%, 24%, and 16% of the PNS
function, respectively. Available P, AVK and pH each contributed 8% of the soil’s function for plant
nutrient supply. The soil’s MBC contribution to this function was minimal (4%). Overall, SOC alone
contributed for more than 25% and 30% of SQI and PNS values, respectively.

Integration of the soil property values into SQI using the framework resulted in a significantly
higher (p < 0.05) score in AF than in RF land use system for its ability to accommodate water entry
(Table 5). The relatively higher WSA, TP and SOC values of the soil under AF land use than those in the
soil under RF were largely responsible for the improvement in its ability to accommodate water entry
in AF (Table 4). Glover et al. [17] also reported higher scores for soil’s ability to accommodate water
entry because of higher WSA and lower BD under integrated and organic management systems than
those under a conventional system in Washington State, USA. Regarding the soil’s ability to facilitate
water movement and availability, AF also scored significantly higher (p < 0.05) value than RF because
of the relatively higher TP and SOC values in AF (Table 5). These results indicated that AF land use
improved the soil’s ability to hold and release water mainly due to its higher SOC content (Table 4).
However, land use had no significant effect on soil’s resistance to surface degradation (Table 5). This
may be a clear indication of the detrimental effects of tillage on soil structure [17,32,37]. In contrast,
AF scored significantly higher (p < 0.05) value for the soil’s ability to supply plant nutrients than RF
largely due to higher levels of AVK, CEC, SOC, TN and AVP in the rooting zones of AF land use
(Table 5). The score for the soil under IR land use was not significantly different from that under RF
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(Table 5). Further, the score for nutrient storage capacity of soils under AF land use was significantly
higher (p < 0.05) than that under RF, but it was not significantly different from that under IR (Figure 2).
However, nutrient cycling was not significantly affected by land use regardless of some improvements
in AF. Trees in agroforestry systems can improve nutrient cycling and increase soil chemical fertility
through bringing up nutrients from deeper layers and minimizing leaching hazards [41]. In contrast,
nutrient availability was affected by land use. Thus, AF scored significantly higher (p < 0.01) value for
its capacity in nutrient availability than that in other land uses (Figure 2).

Table 5. Soil quality ratings for the different land uses at the watershed.

Soil Function
Land Use

RF AF IR

Accommodate Water Entry (0.20) 0.09 (0.00) b 0.11 (0.002) a 0.10 (0.004) a,b *
Facilitate Water Entry and

Availability (0.20) 0.10 (0.004) b 0.12 (0.004) a 0.11 (0.004) a,b *

Resist Surface Degradation (0.20) 0.09 (0.003) 0.11 (0.002) 0.09 (0.005) NS
Source of Plant Nutrients (0.40) 0.19 (0.01) b 0.24 (0.004) a 0.21 (0.015) a,b *

Integrated Soil Quality Index (1.00) 0.47 (0.01) b 0.58 (0.01) a 0.51 (0.02) a,b **

RF, Dryland crop production; AF, Faidherbia albida based agroforestry; IR, irrigation based fruit production; ±
Mean values followed by standard errors in the parentheses; values with different letters are significantly different.
* p < 0.05; ** p < 0.01; NS = not significant (Tukey’s test, p = 0.05).

Finally, the integrated SQI calculated for the land uses using the framework by Karlen and
Stott [16] were in the following order: 0.58 (AF) > 0.51 (IR) > 0.47 (RF) (Table 5). Soil quality
index differed significantly (p < 0.01) between AF and RF land use systems (Table 5). Similarly,
Karlen et al. [31] reported an improvement in soil quality rating from 0.45 to 0.86 in over ten-year
period by retention or addition of crop residues on a no-till (NT) continuous corn in Wisconsin, USA.
In another study, Karlen et al. [32] reported a significant improvement in SQI ratings from 0.48 and 0.49
under plow and chisel, respectively, to 0.68 under NT using selected physical, chemical and biological
soil quality indicators on Rozetta and Palsgrove silt loam soils in Wisconsin, USA. Stott et al. [43] in a
recent study on Vertisols in Texas using the SMAF model also reported an improvement in overall SQI
ranging from 75% to 94% of an optimum when compared with similar soils after 57 years of different
agricultural management systems.

 

Figure 2. Effects of three agricultural land use systems (RF, AF and IR) on nutrient supplying capacities
of soils at the watershed.
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Regardless of a significant improvement in AF than that in RF land use, SQI ratings in all the three
land use systems were very small compared with an ideal soil (Table 5). This result was in agreement
with findings from other authors [5,44] who reported that low organic matter and nutrient stocks are
typical characteristics of soils in Tigray, mainly due to nutrient mining because of crop harvests and
complete removal of crop residues for feed and fuel. One fundamental principle of sustainability is to
return to the soil the nutrients removed through harvests and other loss pathways [45], and one of the
main tenets of agroforestry is that trees enhance soil fertility [45,46]. This is supported by observations
of higher crop yields near F. albida tree canopies in Ethiopia [10,47–49] and elsewhere [50,51], which
showed the potentials of agroforestry systems in improving soil quality and productivity of smallholder
farms in Ethiopia and the wider region.

4. Conclusions

Relatively higher WSA, TN and SOC concentrations measured in soils under AF land use resulted
in improved water entry, movement and availability than those under IR and RF. Soil’s ability to
supplying plant nutrients was also improved under AF than under RF land use largely due to higher
levels of AVK, CEC, SOC, TN and AVP in the rooting zones of AF land use. However, there was no
significant improvement in the soil’s resistance to surface degradation in all land uses, which may be
because of the detrimental effects of tillage. Further, when selected physical, chemical, and biological
soil quality indicators were integrated into an overall SQI, AF land use received a higher soil quality
rating (0.58) than that of RF (0.47). Thus, the result of this study highlighted the potentials of F. albida
based AF systems for improving soil quality and productivity of smallholder farms in the area. Further,
it demonstrated the effectiveness of the soil quality indexing framework in the study area and beyond
to assess soil quality and thus recognized that changes in soil and crop management are needed for a
more efficient and sustainable use of soil resources.
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4 Department of Biosystem Engineering, Gaziosmanpasa University, Tokat 60240, Turkey;

engin.ozgoz@gop.edu.tr
5 Department of Hydrotechnics, Politehnica University of Timisoara, Timisoara 300006, Romania;

raresh_81@yahoo.com
* Correspondence: hikmet.gunal@gop.edu.tr; Tel.: +90-533-738-4759; Fax: +90-356-252-1488
† These authors contributed equally to this work.

Academic Editor: Marc A. Rosen
Received: 14 December 2014; Accepted: 12 February 2015; Published: 16 February 2015

Abstract: A diverse topography along with deforestation, changing climatic conditions, long-term
human settlement, overuse of agricultural lands without sustainable planning, cultural difficulties in
accepting conservative land management practices, and wrong political decisions have increased the
vulnerability of many soils to degradation and resulted in a serious decline in their functional capacity.
A progressive reduction in the capacity of soils to support plant productivity is not only a threat in
the African continent and its large desert zone, but also in several parts of Central and Southeastern
Europe (CASEE). The loss of soil functions throughout CASEE is mainly related to the human
activities that have profound influence on soil dynamic characteristics. Improper management of
soils has made them more vulnerable to degradation through water and wind erosion, organic matter
depletion, salinity, acidification, crusting and sealing, and compaction. Unmitigated degradation
has substantial implications for long term sustainability of the soils’ capability to support human
communities and resist desertification. If sustainable agricultural and land management practices
are not identified, well understood and implemented, the decline in soil quality will continue and
probably accelerate. The lack of uniform criteria for the assessment and evaluation of soil quality in
CASEE countries prevents scientific assessments to determine if existing management practices are
leading to soil quality improvement, or if not, what management practices should be recommended
to mitigate and reverse the loss of soil health.

Keywords: soil health; degradation; land management; erosion; Central and Southeast Europe

1. Introduction

Rapid human population growth, along with the spread of technology and culture have
significantly increased the rate of natural degradation processes in the pedosphere. Several parts
of Central and Southeastern Europe (CASEE) are characterized by severe soil degradation due to
accelerated water and wind erosion, nutrient imbalance, depletion of soil organic matter, waterlogging,
salinization, contamination, acidification, landslides, soil sealing and compaction by both farm
machinery and grazing. Many of these processes cause land abandonment which, in turn, may
accelerate degradation processes due to desertification. Abandoned poor agricultural land in Poland
constitutes at least 1/3 of all waste land (almost 0.5 million ha) [1]. Both policies and planning
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instruments for agriculture in many CASEE countries were missing prior to establishing the European
Union. Therefore, migration from rural to urban areas and the lack of rural infrastructure development
led to an increase in negative anthropogenic influence on soils [2].

The decline in soil quality or degradation of soil, as a consequence of intensive or improper
land use, is a problem with ancient roots. Degradation impairs soil quality by partially or entirely
influencing one or more of its functions [3]. Although some destructive processes occur naturally,
human activity can accelerate the rate of destruction, initially causing a decline in functioning capacity
of soils and finally resulting in a loss of the biological production capacity. Therefore, a desert condition
is often associated with long-term human habitation in a region [4]. For sustainable development,
soils (or soil functions) need to be protected from degradation [5]. Turkey was once the breadbasket
for civilization and food production within the region. It has been inhabited since the Paleolithic
era, including various Ancient Anatolian civilizations and ancient Thracians [6]. Many of the fertile
lands located in semi-arid to semi-humid regions that provided the most favourable sites for the early
development of human culture and were once used by archaic civilizations are now buried in debris,
because of destructive treatment of the land [4]. Tillage-based agricultural production during those
ancient times led to soil degradation resulting in reduced human carrying capacity of the land. Tillage
accelerates the destruction of soil organic matter, diminishes microorganism populations, weakens the
strength of soil aggregates, and impacts many of the soil-mediated ecosystem functions that ensure,
adjust and conserve environmental services. Montgomery [7] concludes that tillage influences soil
stability, resilience and quality. He states that the notion of soil quality is referring to the soil’s capacity
to perform three main functions: economic productivity, environmental regulation and aesthetic or
cultural value.

Soil quality has been defined by Doran and Parkin [8] as “the capacity of a soil to function, within
ecosystem and land-use boundaries, to sustain biological productivity, maintain environmental quality,
and promote plant and animal health.” Maintaining soil quality is essential to meet growing human
needs for sustainable food and fiber production. Unlike air and water, soil is a limited, non-renewable
resource that is not readily movable and does not recover from damage as easily as those resources [9].
Accumulation of salts and in particular sodium in soils when irrigation water is applied to land with
inadequate or inefficient drainage will result in deterioration of soil physical structure that can restrict
crop establishment and growth [10].

As a multifunctional part of the environment, soil is a conditionally renewable natural resource.
It is the most important medium for multipurpose biomass production; the integrator and reactor
of other natural resources; a natural repository of water, heat and plant nutrients; a substance with
a huge buffering and detoxifying capacity for natural and human-induced stresses; a habitat for
soil-dependent organisms; and a mediator of biodiversity. Soil resources may be used and conserved at
the same time, but the preconditions of soil resilience must be ensured: constant attention and special
care are needed to preserve the unique ability of soil resources [11]. Modification of soil physical,
chemical and biological properties through tillage has negative impacts on the functioning capacity of
soils. The alteration of soil conditions caused by tillage might seem useful in lowering bulk density
while increasing porosity and infiltration. However, in the long-term, tillage causes a decline in soil
quality [12] that can eventually threaten the sustainability of food and fiber production in agricultural
lands. This will result in poverty of rural areas, force people to migrate from rural to urban areas,
and increase urban sprawl onto fertile agricultural lands. Urban sprawl is one of the most prominent
threats to agricultural lands surrounding industrialized cities. In order to prevent further degradation
of ever widening bands of current agricultural land surrounding large cities, farmers have to be
convinced that agriculture can be profitable and sustainable if they are willing to adopt conservation
tillage and other management practices that are being developed and demonstrated by researchers
and the Extension Service.
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2. Historical Changes Contributing to Soil Degradation

Economic and social situations in the CASEE countries were quite diverse at the end of the
1980s. Political system changes in the former ‘socialist’ countries had great effects on agricultural
production through land privatization, new farm establishments, market liberalization, and attraction
of foreign capital. However, there were unexpected socio-economic consequences including a decrease
in population, migration of people from rural to urban areas, and an increase in the amount of
uncultivated land. Changes in economic and political circumstances, poverty, shortage of production
inputs and population growth in CASEE countries are the main causes for a decline in soil quality in
agricultural fields [1]. Some of the negative effects of the post-communist land reform in Romania
were the excessive fragmentation of farming lands, emergence of a large number of individual
farms practicing subsistence agriculture and poor services for agriculture (i.e., support for irrigation,
fertilization, and mechanization). All have contributed to severe degradation of soil quality [13].
Secondary but no less important causes of soil quality decline include an aging population, agricultural
industrialization and climate change. Furthermore, in countries like Romania, improper agricultural
water management through intensive land reclamation works (i.e., irrigation and drainage) without
considering climate change forecasts or the links between land reclamation and climate change have
all contributed to severe degradation [14].

The conventional primary cultivation practices that led to loss of soil functions prevailed until the
end of the 1970s and in some CASEE countries until the end of the 1990s. Unfortunately, in countries
like Turkey and Romania, conventional tillage is still the main practice applied for crop production.
Conventional tillage in many of CASEE countries consists of ploughing in autumn to a depth of
18–30 cm to control weeds and bury plant residues, and a secondary tillage operation to create a seed
bed. Özgöz et al. [15], used the Soil Management Assessment Framework (SMAF) to quantitatively
evaluate farmland and pasture management on soil quality of fine, smectitic, active Typic Haplustolls
in Turkey. The pasture had never been cultivated, whereas conventional tillage was used on the
farmland for approximately 50 years. Quality assessment indicated that soils within farmland were
functioning at 71 and 70 percent of their full potential at the 0–15 cm and 15–30 cm depth increments,
whereas pasture soils were functioning at 73 and 69 percent, respectively. The lowest indicator scores
were obtained for total organic carbon (TOC) and bulk density (BD) at both depths, presumably due
to conventional tillage, intensive grazing and compaction. Overgrazing by sheep and cattle actually
resulted in higher bulk density in pasture and a lower overall soil quality index (SQI) than cultivated
areas. A significant reduction in TOC score indicated substantial loss of organic carbon in farmland
soils where soil organic matter was inherently high before conversion.

Traditionally, the importance of creating a good seedbed for plants, including the improvement
of soil fertility, has been emphasized [16] to producers. From a physical perspective, tillage was
regarded as playing a very important role in creating a favorable seedbed. Consequently, a period
of several centuries was dominated by this approach and is referred to as the era of crop oriented
tillage. Over-estimation of the importance of tillage for crop production resulted in damage to soils
that ultimately led to an era of “soil oriented” tillage starting in the mid-1960s. By using soil-preserving
tillage practices, soil quality could be protected and all crop requirements could be met by keeping
the soil in a good physical and biological condition. In addition to causing less damage, soil oriented
tillage also reduced costs of production. Following the recent recognition of increasing climate change
effects, new trends are emerging recognizing that tillage also has a climate effect and must also be
managed with the aim of reducing greenhouse gas (GHG) emissions through improved soil quality.

Strategies for Overcoming Historical Degradation

Arable land use systems can be classified into various categories depending on their impacts
on the soil, environment, and farmers practices: early low intensity (~1000s–1800s), conventional
(~1800–1960s, from the first year of deeper tillage), early intensive (~1960–1980), integrated (~1980–),
modern intensive (~1990–), modern low intensity (~1990–), and ecological/organic (~1980–). The
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factors taken into account in their review and appraisal are yield, productivity, crop species, manure
application, chemical load, weed control, energy input, equipment level, required expertise, tillage and
environmental damage [17]. Soil degradation is considered to be a permanent threat and originated
from the first land use systems (Table 1).

Table 1. Assessment of the land use systems within the CASEE region [17].

Land use pattern
Positive to soil

attributes
Negative to soil

attributes
Long-term

consequences (±)

Early low intensity
(~1000s–1800s)

No chemical soil
contamination;
Moderated soil diseases;
Moderated deepening of
the tilled layer

Soil compaction;
Moderated decreasing
OM resources; Water and
wind erosion

Extending arable area at
the expense of forests,
swamps, etc.; Arable area
exposing to
climate threats

Conventional
(~1800–1960s)

Slight chemical
contamination of soils

OM loss due to
multi-ploughing systems;
Soil physical
deterioration

Decreasing humus
content of soils;
Extending water and
wind eroded area

Early intensive
(~1960–1980)

Recognizing the threats
of reduction in
soil fertility

Declining soil biological
activity due to higher
chemical and
physical load

Increasing intensity of
soil physical
deterioration and expose
soil to different danger

Integrated (~1980–)
Harmony between soil
physical, chemical and
biological factors

More soil disturbance to
limit new pests, diseases
and weeds

Improvement of soil
biological and physical
characters

Modern intensive
(~1990–)

Moderated chemical
load, site specific
physical intervention

Expose to climate
phenomena (silting,
crusting etc.)

Higher input requires to
maintain soil
production ability

Modern low intensity
(~1990–)

Soil condition may be
improved in
longer period

Soil condition may
deteriorate during
non-hoped wet seasons

Soil productivity
affecting by climate, site
and technology level

Organic (~1980–)
Favorable soil biological
activity, great number
of earthworms

More intervention in soil
state requires organic
matter compensation

Ploughing is used as
crop protection
method—soil structure
deterioration seems a
real threat

Tillage has been an important factor of the land use pattern for centuries.Conventional systems
include primary and secondary tillage operations used in preparation of a seedbed for a given crop
and area. On the other hand, conservation systems combine tillage and planting operations striving to
maintain at least 30% surface cover after planting. Erosion is reduced by at least 50% in conservation
tillage compared to bare soils [18,19]. Conservation tillage systems can reduce erosion due to the crop
residue left on the soil surface and improve soil conditions for crop growth, while at the same time
conserving energy and lowering the cost of farming. Crop residue left on the soil surface is especially
effective in reducing evaporation rate, providing plants with nutrients, increasing organic matter levels
in the soil, and increasing soil water content by decreasing evaporation and increasing infiltration
rate and thus can enhance crop growth [19,20]. Conservation tillage can restore soil structure and
improve overall soil drainage, allowing more rapid infiltration of water into soil [21,22]. More recently,
providing soil surface protection with residue cover has been more important during the summer,
because of intense rainfall and periodic droughts.

In Turkey, conventional tillage methods are dominant as conservation tillage has not yet become
a standard practice. However, scientific studies, relevant extension activities and governmental
incentives to adopt conservative management practices have increased in the last two decades. The
result has been an increased use of reduced tillage in some regions [23].Conservation tillage, however, is
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mostly practiced at the research level while the government has been employing policies to promote the
use of direct planters to benefit from conservation tillage system [24]. Considering the disadvantages
of intensive farming and the related costs, direct seeding seems more plausible for farmers with fewer
plant production problems for Turkish farmers [25].

Agricultural tillage practices in Romania have changed over decades. Conservation tillage,
characterized by leaving residues on the soil surface and reduced- or no-till practices have become
more popular [26], but according to Mihovsky and Pachev [27], it has also increased the possibility of
soil compaction (already a problem in Romania) when compared to conventionally tilled soil. They
argue that compaction due to the use of conservation tillage can also increase the possibility of flooding
or occurrence of poor drainage in vulnerable areas.

In most CASEE countries, agricultural-induced environmental loading has remained low. In fact,
the primary problem is not over-fertilization but rather (based on country reports) poor plant nutrition
management.Prior to the years of political change, the predominant fertilization strategy was based
on the crop and/or soil manuring with an attempt to maintain a positive nutrient balance in the soil.
Fertilizer consumption in the CASEE countries declined markedly between 1990 and 2010, but to meet
future agricultural production demand, fertilizer use is expected to increase substantially.

3. Soil Quality Degradation Symptoms in CASEE Countries

The primary threat to soil quality in CASEE countries is related to human activities. Within
the EU, the main symptoms of reduced soil function have been identified as: (1) decline in OM;
(2) erosion; (3) compaction; (4) salinization; (5) floods; (6) contamination; and (7) sealing [3,5]. Some of
the symptoms are obviously related to each other and one problem can often create and accelerate
another (i.e., compaction can cause and in some cases accelerate soil erosion [28]).

3.1. Decline in Organic Matter

Soil organic matter (OM) content is often identified as the most important indicator of soil quality
because of its effect on water entry, retention and release, aggregation, wind erosion and nutrient
cycling. It protects soil from the erosive forces of wind and raindrop, retards water runoff, provides
channels for water to penetrate, increases the water holding capacity of soil and the crop yield [29,30],
and provides important buffering and filtration capacities, a rich habitat for soil organisms, and an
enhanced sink for atmospheric carbon dioxide. Unfortunately, soil OM is not yet rationally managed
for its agronomic, environmental or ecological functions.

A decline in OM began centuries ago and has shown higher levels of decline in three periods:
the era of multi-ploughing (in the 1800s), the 1960s, and the 1990s. These three periods are associated
with the start of the deeper ploughing, the decade of the early intensive land use, and the first years
after land privatization. Loss of OM was greatest in certain soil types, especially dystric Cambisols,
Luvisols, Stagnosols and Gleysols. Liming, irrigation, drainage, deep ploughing and removing plant
residues by either burning stubble prior to ploughing or gathering the material (e.g., cotton and bushy
pasture plants) for firewood also contributed to OM decline. Although there is no data to quantify
the original levels of soil organic matter (soil chemical analysis did not begin until the end of the
1880s), recognition of soil deterioration and possible contributing factors can be investigated through
classic publications. Symptoms of the soil exhaustion have become apparent since the beginning of
the 19th century. This phenomenon may account for the perceptible reduction in soil organic matter
within arable soils. A 2003 survey of SOC throughout the EU [31] indicated that compared to virgin
soil, the decline in organic matter due to long term tillage ranged from 10%–50% for most soils but
was even higher for others (Figure 1) based on data from the European Conservation Agriculture
Federation [32].
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Figure 1. Impact of the years of tillage on changing in organic matter content [32].

The greatest impact on SOM is due to erosion and tillage induced structural degradation. In recent
decades, intensive land use and avoiding organic matter recycling (e.g., FYM, stubble residues) both
had unfavorable influence on soil processes. As the soil degraded, biomass production was reduced
so less was returned to soil and thus the OM content was further depleted [33]. One of the laws of
sustainable soil management proposed by Lal [34] states that the rate of restoration of the soil organic
matter pool is extremely slow, while its depletion is often very rapid.

Pasture area in Turkey decreased by approximately 47% between 1938 and 1991 falling from
41–21.8 million hectare (Mha), while cultivated agricultural fields increased by about 80% from
13.3–24 Mha [35]. Compared to adjacent pasture, conversion to arable lands with the restricted soil
depth resulted in significant loss of OM (up to 49%), decreased in stability of aggregates, reduced mean
weight diameter and decreased hydraulic conductivity [36]. Twelve years of continued cultivation of
former pasture land in Turkey caused 61% and 64% decreases in mean weight diameter for the 0–10 cm
depth and 52% and 62% decreases for the 10–20 cm depth, respectively, when compared to forest and
pasture soils. Degradation of soil physical properties due to the loss of OM through cultivation also
made soils more vulnerable to erosion [36], because of a decrease in the water infiltration rate that
led to increased run-off and soil loss. Montanarella et al. [37] stated that loss of OM, particularly in
arid and semi-arid areas, is closely linked to the process of soil erosion. Erosion reduces the organic
matter content by washing away fertile topsoil that is vitally important for sustaining soil functions.
In Romania, the reduction of organic matter and macro-nutrients content affects more than 3.3 million
hectares representing 14.1% of total country. According to Bireescu et al. [38], the soil organic matter
losses, which are caused by the removal of the topsoil, range between 45% and 90% of the total organic
matter pool in the soil. At the country level, SOM losses are estimated at 500,000 tons per year.

Stubble that was maintained on soil surface, especially in the long-term, increases soil organic
matter content, enhances aggregate stability of soils, and provides soil and water conservation [39].
Monoculture farming and stubble burning are thought to be the major causes of low organic matter
content of soils in Turkey. Stubble burning increased with double-cropping that increased rapidly
following the introduction of machinery into farming operations in the 1960s. Burning stubble is
perhaps the most controversial crop residue management option. There are advantages to burning, but
some of the perceived advantages are not as great as some believed [40]. Stubble burning is important
in assisting normal tillage operations reducing or removing the vegetative cover from the soil surface.
Burning has also been used as a substitute for herbicides and pesticides in the control of weeds, pests
and diseases [39,41]. In minimum or zero tillage systems, burning is often used as means of land
clearing to prepare the field for seeding [42]. However, maintaining plant residue on the soil surface is
favorable for protecting the soil against wind and water erosion. Burning of stubble removes the entire
beneficial plant residue and leaves the soil surface bare and consequently unprotected from raindrop
impact and an increased erosion risk.
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3.2. Soil Erosion

Soil erosion is one of the major and most widespread threats on soil quality. Inappropriate soil
management practices led to physical degradation of soils and are major causes for water and wind
erosion [43]. Physical degradation of soil may be recognized as the loss of soil structural stability and
ability to resist the destructive impacts of wind and water. Structural degradation can be observed
both on the surface, where thin crusts may occur, and below the surface when compacted zones form
in or below the ploughed layer. The absence of aggregate resistance to disintegration reduces water
infiltration and increases runoff and erosion rates [44].Wind or water erosion occurs and is a problem
in agricultural lands within almost every CASEE country; even those with flat topography such as
Lithuania or the other Baltic states [1]. Soil erosion occurs in vast areas of Ukraine, with 41% (17 million
ha) of agricultural land having been characterized as being subjected to water and wind erosion in
1996 [9]. In the Balkan Peninsula, particularly in Bulgaria and Romania, around 40% of land is affected
by soil erosion [45]. According to Debicki [1], in some of these countries (e.g., Bulgaria, Romania,
Albania, Slovenia, FYR of Macedonia, and Georgia), water erosion is very severe and may ultimately
lead to desertification.

Soil erosion, mainly due to water and to a lesser extent wind, is still the most important
degradation process in most CASEE countries. It has resulted in shallow soil depths, loss of most
fertile topsoil and organic matter from eroded surfaces, and irreversible loss of natural farmland over
time-scales of tens to hundreds of years [46]. Even where soil is deep and loss of the topsoil is often not
apparent, the effects are nevertheless potentially very damaging to sustainability. The rate of erosion is
sensitive to climate and management practices, as well as to conservation practices applied at the farm
level. Sauerborn et al. [47] indicated that detrimental impacts of soil erosion are anticipated to increase,
since climate change is expected to influence the characteristics of rainfall in ways that might increase
the intensity of water erosion in central Europe.

In addition to inherent soil properties (e.g., slope and texture), unsustainable agricultural
management practices such as forming large fields with no anti-erosion protection before the change in
political systems, growing wide-row crops (e.g., maize or sunflower) on sloped fields, and overgrazing
are also major causes of erosion. Deforestation and farming in uplands and mountains, overgrazing,
use of heavy machinery, excessive irrigation of vulnerable agricultural fields, and poverty also result
in severe damage to both land and permanent plant cover. Converting natural vegetation cover to
field crops requires mechanical soil cultivation that intensifies the erosion [1].

In Romania, more than 40% of the total agricultural area is situated on the slopes higher than 5%.
Because of their soil characteristics, the main problem Romanian agriculture faces in the hilly areas
is soil erosion. Almost 5.3 million hectares of agricultural land are vulnerable to surface and depth
erosion as well as to landslides. Water erosion is considerable on about 3.5 million hectares of this area.
Approximately 55% of the 4.8 million hectares of pasture and meadow have been negatively affected
by erosion and landslides due to inappropriate management. The areas affected by water erosion,
which includes agricultural lands, forests and the unproductive areas on slopes, are as follows: slight
erosion—46.3%; moderate and high erosion—41.5% and severe to excessive erosion—12.2% [48,49].
In southern Romania, soil erosion has increased because forest belts have been destroyed, droughts are
becoming more frequent, and crop growth is often poor because there are very few irrigation systems.

Deforestation, conventional tillage practices and improper irrigation management have led to
increasing rates of soil erosion for a long time in Turkey [50]. Continuing loss of soil functions is
now threatening some of the country’s most fertile agricultural fields. Although not located within
a desert belt per se, improper agricultural practices led to degradation of agricultural fields and put
many regions of Turkey at the risk of desertification. Furthermore, with 46% of the land area having
slopes of 40% or more, many agricultural practices are complicated and erosion is easily increased.

Overall, 59% of the agricultural land, 64% of rangeland and 54% of forestland are subjected to
erosion in Turkey, and approximately 180 million tons of sediments are transported to seas and lakes
every year. Aykas et al. [51] indicated that sediment lost by erosion is equal to losing 25 cm of soil
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from 400 thousand hectares land. This soil loss is an even greater problem considering the political
instabilities of neighboring countries such as Syria and Iraq that have been continuing for nearly four
decades. Turkey now has to feed almost two million refugees in addition to the 77 million residents
of the country. Therefore, any decline in soil quality due to severe erosion and consequent decline in
agricultural productivity increases food security risks for Turkey.

Wind erosion is common in the plains of the arid and semi-arid climatic regions, as well as
on sandy and silty soils within other CASEE countries. Wind erosion occurs throughout the year
on bare lands, and mainly in the spring and summer months on the overgrazed rangelands and
over-cultivated/tilled soils. Avci et al. [52] reported severe wind erosion in winter months, especially
during the Lodos-south wind in Central Anatolia of Turkey. Lack of plant cover on rangelands and low
organic matter content of arable lands are the major causes of wind erosion. In Turkey, wind erosion
has not been considered to be as important as water erosion since it is generally confined to special
areas such as Karapinar-Konya, Incesu-Kayseri [52], Aralik-Igdir, and coastal regions in Mediterranean
and Aegean Sea (Figure 2).

 

Figure 2. Severe wind erosion, sediments filled the irrigation channel in Aralik-Igdir/Turkey.

Wind erosion is site-specific, especially for the southern part of Romania. The absence of
irrigation and the uncontrolled deforestation of protection belts accelerated the northward extension of
desertification-affected surfaces and movement of sand dunes. It has also been conducive to depletion
of arable-land productivity and, in time, abandonment of those lands [13].

The functions of soils, mainly biomass production, crop yields due to removal of nutrients for
plant growth, and soil filtering capacity due to disturbance of the hydrological cycle (from precipitation
to runoff) are decreased or totally lost by removal of soil [9]. The estimated area (Table 2) damaged
by water erosion calls attention to the need for prevention and alleviation. In the past, loss of
productivity was compensated for by installing modern irrigation systems and applying additional
mineral fertilizers, so that the impact of the erosion did not appear on time [9]. Nowadays, however,
anti-erosion measures must be included in land management plans. Increasing areas of permanent
grasslands in hilly and mountainous regions also represent a positive trend toward reducing soil loss.

3.3. Soil Compaction

Compaction is one of the most common forms of soil physical degradation which can cause a
serious reduction in water penetration and seedling emergence. Soil compaction has been described
as one of the five threats to sustained soil quality by the EU Soil Framework Directive. Where crop
production has been severely affected by compaction of arable soils in many of CASEE countries,
a primary cause has been an increase in field traffic.Globally, more than 68 million ha of land are
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classified as compacted, with 4% being associated with anthropogenic soil degradation [53]. In Europe
alone, compaction accounts for about 17% of the total degraded area [54].

Soil compaction represents damage of several soil physical properties, including the breakdown
of soil structure, decreased loosening, limited water transport and consequently higher risk for water
erosion and drought stress. Soil compaction also negatively impacts other soil processes and can have a
range of negative consequences depending upon the inherent soil properties, bearing capacity, moisture
condition, relief, field patterns, and applied technologies such as irrigation, fertilizer application, and
many other factors [1]. Allen [55] reported that compaction decreases macro porosity and hydraulic
conductivity of soils which increases the susceptibility of soils to erosion. Soil compaction results in
high mechanical resistance to root growth in a compact dry soil and poor aeration in a compact wet
soil (Figure 3) [56]. Both natural and induced compaction can occur because of a high content of fine
clay- and silt-sized particles and may be caused by either drying out or being covered by water. Traffic
induced compaction is caused by heavy machinery and frequent loading on wet soils and is most
common between cultivated and undisturbed layers. Under the less favorable economic conditions
of CASEE countries, tillage-induced soil compaction (plough or disk pan) occurs more frequently
than the traffic-induced variant. Overgrazing can also induce crust formation by surface compaction
of wet or moist soils and mechanical destruction of the surface soil aggregates [57]. In Turkey, low
organic matter and high clay content often leads to formation of a dense plow pans. Çarman [58]
noted that annual yield losses due to soil compaction in Turkey were over one billion U.S. dollars ($).
Furthermore, compaction can also accelerate other threats such as wind and water erosion [28].

Subsurface soil compaction occurs as a result of the forces applied when agricultural machineries
are used on the field [56]. Deep soils with less than 25% clay content are the most sensitive to subsoil
compaction [59]. In contrast to the compaction of surface soils, subsurface compaction cannot easily be
reversed and may last longer until broken by a ripper [60]. In many CASEE countries, compaction
became a very serious degradation agent as the size and weight of farm machinery increased. For
example, since 1955 the mass of tractors and tillage implements have increased by 68% and 200%,
respectively, in the Czech and Slovak Republics [1].

 

Figure 3. Subsoil compaction severely constrains root growth.

Soil compaction and crusting are most prevalent in the plains region of southern and
western Romania, where use of heavy machinery is widespread. Unfortunately, farmers in many
CASEEcountries are not aware of the seriousness of subsoil compaction. Restoring drainage, increasing
plant nutrition, and improving irrigation systems can sometimes mask the detrimental effects of subsoil
compaction on crop production, but those temporary solutions for preventing yield reduction due
to compaction often increase expenses for farmers and contribute to environmental problems due to
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increased use of water and nutrients. Sustainable agricultural production with reasonable management
practices requires no subsoil compaction [61].

3.4. Salinization

Soilsalinization occurs in areas with saline soils such as the solontsak, solonetz, salinemeadow,
and saline chernozems. Itis also a local risk if temporary water logging occurs and brings excess salt
from deeper layers to the surface.One cause for salinization is irrigation which is vital for agricultural
production in arid lands, but with improper management (i.e., lack of drainage)arid land irrigation
can negatively impact soil quality through salinization and alkalinization [57]. Salt-induced land
degradation is a major drawback to optimal functioning of soils in arid and semiarid regions of CASEE
countries. For example, in Romania 4% of the total agricultural land was affected by salinization in
2002. Inappropriate water regulation, land use changes (conversion to from pasture to arable) deep
ploughing, disturbance of deeper soil layers, and irrigation (without proper drainage systems) can
exacerbate the salinization problems. Low amounts of precipitation, dry conditions and very high
temperatures during summer seasons, topographic properties and parent material, along with wrong
(mainly water) management practices, are the major causes.

Salinization and waterlogging are serious problems, especially in areas where large but poorly
managed irrigation systems were constructed. Applying excess irrigation water in the absence of a
well maintained drainage system may cause the water table to rise and can also result in an increase
in secondary soil salinity. To avoid worse effects, strict land use (e.g., avoid deep ploughing) and
water management (e.g., no irrigation, using good quality irrigation water, and keeping the water
table down) practices must be followed. Intensive tillage of saline soils in arid regions will destroy
aggaegates, increase the capillary rise of salts to soil surface and eventually leave soils vulnarable to
wind erosion (Figure 4).

 

Figure 4. Intensive tillage of saline soils in arid soils increases capillary rise of salts to soil surface.

Unsustainable irrigation practices and inappropriate water management at the farm-level
stimulates raising of groundwater and contributes to salt accumulation, particularly in irrigated
fields of arid and semi-arid regions [62], and eventually causes salt-induced land degradation. The
potential of economically irrigable agricultural lands in Turkey is about 8.5 million ha, of which
4.9 million ha are now irrigated. The government has initiated many projects to expand the irrigated
area, strengthen the economy, and meet a growing food demand based on agriculture [62]. The
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Southeastern Anatolia Project, commonly referred to by its Turkish acronym “GAP”, is about to be
completed as a large integrated water resources development project in the semi-arid Southeastern
region of Turkey. The project includes 22 dams in the upper Euphrates-Tigris Basin, and aims to
provide irrigation for 1.7 million hectares of land. However, salinity is a major problem in the GAP
region, and in particular in the Harran Plain which was first opened for irrigation in 1995. Prior
to excessive and uncontrolled irrigation, an insufficient and uncared for drainage system, and an
increase in the groundwater level caused by the improper irrigation management practices [63] have
all contributed to the problem.

Tillage can be used to improve soil permeability in saline soils, but if it is not properly practiced a
compacted plough layer might form and salts will be accumulated above it and potentially bring salts
even closer to the soil surface [64]. Timely and convenient monitoring and assesment of soil quality
will help guide adoption of corrective mesures to control the salinity that might otherwise threaten the
sustainability of crop production. Minimum soil disturbance at a shallow depth is recommended for
seedbed preparation in saline soils. Salts leached to the lower part of the soil profile by winter snow
melts can be returned to the surface by deep spring tillage. Thus, deep tillage operations on saline
land can unnecessarily increase surface salt concentrations [65], and should not be used unless they
are needed to ameliorate subsurface compaction.

In Romania, salinization is primarily a natural process, but some poorly applied, intensive land
improvement works, such as embankment, drainage and irrigation, have aggravated the problem.
Currently, salinization and sodification problems affect less than 600,000 ha of land, and occur mainly
in the eastern part of the Romanian Danube Plain and in the Western Plain. In 1989, Romania had
more than 3 million hectares of irrigated land and another 3 million hectares of land with adequate
drainage systems. By the end of the 1990s, all these projects had been severely degraded, leaving
many areas without any cover against extreme drought or intensive precipitation. By 2006, Romania
irrigated only 3% of the overall managed agricultural land and had suffered a decrease in cereal grain
output of 35%–40%.

3.5. Flooding

Localized flooding is a serious problem, associated with extreme rainfall and unpredictable rainy
periods. The frequency of floods seems to have increased over the last decade in all CASEE countries,
maybe in response to global climate change.

In 2005, the surface exposed to flood danger in natural regime of flow was up to 30,000 km2 (3500
km2 representing agricultural areas), representing about 13% of the Romanian territory. Romania
was severely affected by several floods in recent years that resulted in some important arable areas
being no longer suitable for agriculture. An important factor that increased the severity and impact of
the floods was that several pumping stations associated with land drainage systems were no longer
functioning properly. The drainage canals which were not properly maintained together with an
underestimation of pumping stations discharge capacities contributed to long-term stagnation of
water from floods and implicitly to land degradation. Several other factors have also contributed
to increased flooding problems. These include: (1) a reduced capacity in minor flow paths which
in Romania are exceeded about 30%–50% of the time; (2) various construction projects that divert
overflow in meadows; (3) abundant rainfall which often exceeds the 20–40 ratio between maximum
flood discharge and average discharge; (4) increased hillside runoff; (5) inadequate maintenance of flow
paths; (6) improper bridge construction and maintenance that includes obtrusion of bridge sections
with floats, clogging of canals, inadequate maintenance of gutters in most villages, under dimensioning
of bank requirements and cutting large areas of forests; and (7) an increase in natural maximum flood
discharge due to long banking without measures concerning to take over these effects [66].

As most high fertility soils are located in floodplains, they are also affected by the floods, through
compaction, alluvial deposits, and under certain circumstances, heavy metal pollution. Experts from
academia and land reclamation have issued a disastrous scenario for agriculture in the western part
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of Romania: without rapid intervention inland improvements, floods will cause Romania to lose
more than one million hectares of arable land in the Western Plain. Flash floods, which are specific to
hilly areas and have been a main factor causing massive deforestations during recent years, can also
cause significant land degradation, especially when they are coupled with other phenomena such as
landslides, even though they usually affect a relatively small area.

An indirect factor of land degradation due to flooding is represented by political involvement in
flood management. The current land reclamation system in Romania, which is based on embankments,
drainage and floods, has in recent years passed through a series of perpetual reorganizations making it
very unclear what purpose these actions are intended to have. Currently, the National Administration
of Land Reclamation is reorganizing and has resulted in massive layoffs with a severe negative impact
on maintaining and operating the existing flood management infrastructure. There are numerous
examples in which interventions to restore flood defense works were limited to simply recovering
the affected works and not according to the physical condition and their continued degradation.
Insufficient staff and funds made impossible for maintenance and repair of embankments, dams,
channels, and culverts.

3.6. Soil Contamination

Soil contamination is an important threat in the CASEE contries due to rapid industrialization
and urbanization which often results in soilsbeing used for the disposal of waste products. Fortunately,
pollution with heavy metals and radioactive nuclides has a very local character, so large territories of
the CASEE countries are suitable for producing environmentally clean products. High competition of
soil and land for different uses often causes contamination problems to be particularly high in densely
populated areas [9]. The results of 40,000 soil analyses from all over Poland indicated that 79% of the
soils had heavy metal concentrations at background levels while 18% had concentrations that were
slightly over threshold levels. Less than 1% of the soils (2.3% of agricultural land) were polluted with
heavy metals. Agricultural production that does not directly affect the food chain should be performed
on these lands [67]. Muranyi [68] reported that results of monitoring heavy metal pollution in Hungary
were similar to those reported for Poland. Heavy metal pollution was encountered in only certain hot
spots, but soil acidification and soil erosion problems were noted throughout the country. The case for
pollution of soils with heavy metals in Czech Republic was also similar to other CASEE countries with
high heavy metal concentrations generally being associated with long term industrial emissions [69].
Soil degradation and soil pollution show a manageable rate in some countries (e.g., Czech Republic,
Hungary, Slovak Republic), but cautious monitoring and control of the threatening factors need to be
continued. The buffering, filtering and transforming functions of soils are mostly affected by local and
diffuse contaminates. Soils can absorb toxic metals without harm up to a critical point, but loadings
over the buffering capacity can result in a release of the substance back to the environment [9].

Acidification, both natural and anthropogenic, is the most widespread type of soil contamination
in some Western and Central European countries, with especially large areas having been identified
in Poland and Ukraine. Under acidic conditions, exchangeable base cations (Ca, Mg, K, and Na) are
highly mobilized and leached from soil profile. This leads to a depletion in buffering capacity of soils.
The pH of soils will start to decline and with increasing acidity, ions such as aluminum are mobilized.
Higher concentrations of aluminum are toxic to most plants. Acidification also mobilizes heavy metals
that were accumulated and bound in the soil under higher pH conditions [1].

3.7. Soil Sealing

Sealing means an irreversible loss of soil multi functionality as a consequence of the competition
between their use for infrastructure development versus biomass production. Reviewing the CASEE
country reports it seems that the area affected by surface sealing has increased at an average annual
rate of about 6000–10,000 ha/year for the last two decades. Since approximately 2010, the total area
under agriculture has remained relatively stable because the new economic situation has resulted in
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less investment in industry and only moderate deforestation. Soil degradation due to urbanization
and industrial development in most of the Central and Eastern European countries has significantly
increased, due to recent population shifts and a more extensive urban pattern [9]. Sealing is particularly
apparent in coastal zones, where urban and recreation areas, agriculture, industry, commercial activities
and tourism are all concentrated, and in many cases, in competition for the same land area. Soil sealing
in Romania between 1989 and 1994 increased almost 19% [70]. Based on a 2012 report published by
the Institute of Regional Development Planning at the University of Stuttgart, 45% of the land area in
Hungary was sealed. In contrast, only 20% and 26% of the urban land was sealed in Romania and
Estonia [70].

Sealing of soils through urban and industrial development, such as the construction of roads,
houses, industrial premises, and sporting facilities in Turkey began in the 1950s and accelerated through
the 1960s due to the lack of legal enforcement to prevent conversion of agricultural lands, unplanned
industrial sprawl upon agricultural and natural areas, and increased population growth [50,72]. The
most striking change in demographic structure of Turkey from 1927, when the first consensus of
the Turkish Republic was made, to 2011 was the high population increase in urban regions and the
decrease in rural areas. Urbanization caused particularly intensive use of arable land around cities.
According to the 1927 census, 75.8% of Turkey’s population were living in rural areas and 24.2% in
urban areas. In contrast, the 2011 census showed 23.2% of the population living in rural areas and
76.8% living in urban areas.

The severity of sealing is even more complex than the simple loss of land, since the growth of
many urban regions often affects high quality soils (Figure 5). Fertile soils around rivers and river
deltas are mainly occupied by cities, and valuable land is therefore lost to food production [71]. The
occupation of agricultural lands by settlements and commercial and industrial facilities has reduced
the productivity of the agricultural sector, while at the same time, increasing the likelihood of floods.
Occupation of high quality land for settlements and industrial purposes in Turkey has almost reached
172,000 ha [72].

 

Figure 5. Open dumping of municipal wastes at the edge of agricultural fields in Tokat Province
of Turkey.

53



Sustainability 2015, 7, 2161–2188

Table 2. Percentage of agricultural land affected by natural and human-induced soil degradation in
selected countries.

Selected
countries

Agricultural land
area (1000 ha)

Soil
compaction

Temporary
drought/water-logging

effects

Wind
erosion

Water
erosion

Decline in
OM %

As a percentage of agricultural or total (t) land area
Albania 699 36 ?/18.5 no data 50 0–35
Bulgaria 5123 47 40/35 29 72 10–40
Croatia 3220 25–35 35/25 10 35 F
Czech

Republic 3101 28–34 31/27 33 14 F

Hungary 5585 30–35 27/23 24 39 F
Poland 18,512 20–25 16/24 28 28.5 F

Romania 14,714 5.6 (t) 48/26 1.6 (t) 26.4(t) 14 (t)
Serbia 5109 F 35/30 13 33 10–37

Slovakia 2466 28 F 6.5 43.3 F
Slovenia 480 F 39 (t)/23 23 (t) 44 (t) F
Turkey 28,050 F F 0.65 87.9 F

Note: (t): from total area; F: it was found, but not determined.

4. Other Human Induced Soil Threats in the CASEE Countries

Managing Crop Residues

Crop residues are very important for soil conservation. From the 1800s until the 1970s, crop
residues were managed primarily by using tillage to create suitable soil conditions, often with fine
structure, for plant germination, emergence and growth. As discussed previously, overestimation of
crop requirements for tillage have likely contributed to the deterioration in soil quality [17].

Recently, attention has again been focused on crop residues as a potential source of
“bio-energy” [34]. The challenge is balancing this new demand for crop residue with the traditional
uses that are important for soil conservation. Currently, farmers either burn the stubble and residue or
leave it on the field surface and plant through it using minimum or no-till practices to incorporate some
or all of it into the soil [40]. Surface residue provides protection during the summer and is indisputably
important for water conservation in Eastern, Central, and Southern Europe. Crop residues are also
being recognized for their ability to buffer climate-induced damage that is being observed more
frequently throughout the region during and outside the growing season. Furthermore, although
the amount of summer rainfall has been decreasing, the rain storms have become more frequent and
devastating. Soil resources are being degraded by the kinetic energy associated with those storms.
For example, a 25.4 mm (1 inch) rainfall event applied uniformly across a 0.4 ha (1 acre) surface delivers
a force of 2.7 MPa. This amount of energy hitting bare soil in the fields without any plant residue
will cause a breakdown of soil aggregates, increase the potential for sealing and make the fields more
susceptible to water and wind erosion. Having crop residues on the surface to absorb this energy will
prevent degradation of the soil aggregates [51].

Soils deprived of their protective straw are also increasingly exposed to summer climate stress.
Crop residues are thus needed to not only keep the soil in place but also to alleviate heat stress
and reduce evaporative water loss [74,75]. In addition to crop residues per se, green manure mulch,
chemically treated weeds, and volunteer weeds can also provide protective surface for soils. Where the
crop residue is left on the soil surface, the level of protection is first affected by the ratio of the cover,
and later by the mode and quality of stubble tillage. Table 3 shows that the amount of soil removed
from field was significantly reduced as the amount of crop residue on the soil surface increased [76].
Similarly, Kalmár et al. [77] cited Schertz [78] who stated that soil conserving tillage is characterized by
having at least 30% cover ratio after sowing.

Figure 6 shows surface soil that has no residue cover in a typical fallow-wheat system in Central
Anatolia. This widely used system is incompatible with the conservation agriculture concept due to
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frequent tillage operations for weed control and seedbed preparation during the 16 months of fallow.
Even after planting the crop (wheat, barley or rye), the fields have no residue cover to protect them
from wind and water erosion during the initial part of the growing period [52].

Table 3. The relationship between crop residue on soil surface and soil loss [76].

Crop Residue tons/ha Runoff % Infiltration % Soil Loss tons/ha

0.00 45.0 54 13.00
0.63 40.0 60 7.50
1.25 25.0 74 2.50
2.50 0.5 99 0.75
5.00 0.1 99 0.00
10.00 0.0 100 0.00

 

Figure 6. Fallow-wheat system applied in Central Anatolia.

5. Conservation Farming for Achieving Sustainable Soil Systems

Soil deterioration has occurred for centuries primarily due to “conventional” soil management.
When the processes causing deterioration of soil quality are traced and controlled, both soil-use and
soil quality are sustainable [5]. The concept of sustainability has environmental, economic and social
aspects as well as an institutional dimension. Therefore, processes affecting all of these issues should
be taken into account to maintain soil health.

Beginning as early as the 1860s, the practice of ploughing to depths exceeding 25 cm was
increasingly adopted in response to encouragement for increased sugar beet production. For beets,
tillage depth was significantly relevant to water and soil conservation, because as soil porosity
increased, more water was retained in tilled layer. However, the increased porosity and available water
also stimulated the mineralization of soil organic matter. Burying crop stubble to a depth of 12 cm also
enhanced decomposition such that nearly all the residue was mineralized during the 18 month fallow
period, whereas only 33% of residue was decomposed when left on the soil surface [79].

Tillage has been an integral part of agriculture for several hundred years, although the standards
by which the process was evaluated declined following the two world wars and as a consequence of
land redistribution and privatization. Farmers failed to recognize the importance soil tillage research
but they were quick to respond to changes in economic conditions.

Excessive tillage cannot be directly linked to any particular time period [17,80] or economic
condition, although economizing under the force of necessity has always been a typical human
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response to periods of economic difficulty. Therefore, farmer attitudes with respect to rationalizing
tillage could, in retrospect, be explained by shortage of capital. Often it was easier to follow traditional
methods than to invest in new equipment, fertilizers, or pesticides. Simple tradition may also be an
explanation for farmer aversion to new production methods even though soil deterioration symptoms
that originated due to long-term traditional tillage [81] are becoming increasingly abundant.

Other authors have stated that without remedying the condition of the soils, it will be nearly
impossible to achieve adoption of new techniques introduced into the CASSE region. This conclusion
is supported by soil protection research which has been a key subject for decades. Only now are the
results achieved so far being taken into account for development and application of new cultivation
practices [82].

Table 4 lists several different methods of soil protection with the first of them coming from work
by North-American researchers [83]. The different methods of soil protection have been developed and
are being conducted in parallel with no-till experiments within areas exposed to water and/or wind
erosion [84]. Currently, there is growing interest in other soil conservation techniques (e.g., till-plant,
mulch-till, and strip-till), to some extent perhaps as a consequence of increasing climate threats.

One of the new management strategies, known as conservation agriculture (CA) requires adoption
of supplemental agricultural practices that minimize degradation of the soil organic matter and soil
structure, protect against soil erosion and degradation, and preserve soil biodiversity [85]. The first
step toward adoption of CA involves recognition of the risks (i.e., wrong practices, bad habits, poor soil
quality, extreme climate phenomena) and the desire for improvement, while the second step involves
improvement or conservation of soil quality in harmony with ecological conditions, mechanization
and the farm management conditions.

Table 4. Soil tillage trends, objectives and realization in the CASEE region.

Trends
Time and place of

developing
Aims of the system

In the CASEE region

appearance realization

Minimum tillage 1950s (USA) cutting tillage depth, passes and costs mid-1970s reduced constraint e.g.,
disk tillage

Reduced tillage 1960s (USA) cutting tillage passes and costs mid/end-1970s tool/element
combination

Conservation
tillage 1960s (USA) effectual soil preserving by surface cover

(≥30%) after sowing
end-1980s, first

years of the 2000s

surface cover after
stubble tillage and after
some types of primary
tillage

No-till 1950s (USA) soil and water preserving by minimized
soil disturbance from the 1960s

problems in the first
years limited the
interests

Mulch-till 1980s (USA) soil and water preserving by whole surface
disturbance and by fair surface cover

mid-1980s, first
years of the 2000s

good: by tine, by
loosening, risky:
by disking

Ridge-till 1980s (USA) soil and water preserving in sloped fields 1990s in experiments only

Strip-till—1st 1970s (USA) clean sowing strips, covered inter
rows—reducing tillage intervention and
costs; improved by satellite guidance and
automatic positioning

1990s tepid interest

Strip-till—2nd 2000s (USA) 2010s field trials with hope of
the extending

Climate mitigating mid-1990s (Europe) all systems are adaptable to site and climate
conditions

first years of the
2000s

step by step, however
time presses

Twelve factors have been selected to outline the fundamental requirements of sustainable soil
tillage [86,87]. These are:

(1) Avoiding farming- and tillage-induced soil damage, including occurrence and extension of
soil compaction, degradation of soil structure, water and wind erosion, high CO2 emission, and loss of
organic material.

(2) Maintaining soil moisture transport by improving infiltration and storage during wet periods
and decreasing moisture loss during dry and average seasons. As indicated by Avci [52], crop residue
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cover is very important for meeting this requirement because it reduces wind speed, prevents sunlight
from penetrating the soil surface and increasing evaporation, and if standing traps snow for extra
soil moisture.

(3) Preserving soil organic matter to increase water-holding capacity, structure stability, loading
capacity, and workability while decreasing soil compactibility and vulnerability. Again, leaving
plant residue on soil surface will provide erosion control and lead to an increase in soil organic
matter content.

(4) Managing stubble residues by applying harvest and tillage techniques that leave mulch cover.
Covering the surface for as long as possible after harvest will help preserve soil structure, moisture
and mitigate heat and rainfall stresses outside the growing season. Surface cover, particularly with
small-stemmed crop residues such as wheat or barley, creates a friction with the wind and effectively
reduce the erosion [52].

(5) Recycling stubble residues to increase soil organic matter, promote favorable biological activity,
and improve workability through the mellowing processes.

(6) Optimizing machinery (i.e., tractor selection, tool mass, running gear, working speed) and
arable site factors to reduce energy consumption and decrease environmental load.

(7) Minimizing soil loading from stubble to sowing phases.
(8) Applying optimal crop sequences to reduce fertilizer needs and improve soil biological activity.
(9) Maintaining infiltration, storage capacity, and aggregation on irrigated soils.
(10) Applying tools without creating tillage pans, particularly in wet soils.
(11) Assessing possible risks prior to establishment of new tillage and sowing systems. Soil

condition assessment will have greater importance before tillage interventions, in crop stands and
after sowing.

(12) Selecting the most adaptable soil conservation methods that conform to site and crop
production requirements.

Table 5 provides a summary of tillage and sowing methods that appear to be adaptable to
CASEE soil conditions. Overall, mulch-till with subsoiling or tine tillage appear to be indispensable for
maintaining stability and reliability of cropping in extreme seasons. Tine tillage is also recommended
for gently mixing the upper (0–30 cm) layer of soil after three to four years of strip-till. Mulch-till with
disking should only be applied if deeper soil layers are in good condition, and the soil is dry. Composting
tillage shows similar advantages and risks.

Table 5. Experiences in soil conservation solutions in the CASEE region.

System/method Method Main advantages Main considerations First adoption

Mulch-till Subsoiling
Deep rooting, less climate
dependence due to
improved water transport

Weed infestation in the
first years

-mid 1980s
-from the 2000s

Mulch-till Tine

Soil structure preserving
and improvement, less
dependence on soil
water content

Same diseases, weed
infestation in the
first years

-mid 1980s
-from the 2000s

Mulch-till Disking Saving time and energy
Shallow loosened layer,
higher climate
dependence

-from the 1980s

Till-plant Shallow (2–5 cm) or
deeper (810–15 cm) Saving time and energy State of the root zone -from the 2010s

No-till Continuous or
short term Saving time and energy

Continuous: long-term
soil conversion;
occasional: soil
water content

-1960s, 1990s
-2010s
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Table 5. Cont.

System/method Method Main advantages Main considerations First adoption

Strip-till Depth is varied for
crops

Loosened soil to the
created depth, saving
time and energy

Uncrushed maize
stalks (good habitat to
E. corn borer)

-from the 2010s

Twin-row sowing Deep rooting in
subsoiled variant

Endeavors to
optimizing crop root
development and
placement

-Kolbai, 1956,
Hungary
-2010s (USA)

Composting tillage All crops Soil structure preserving
and improvement

Depth of the
loosened layer

-from the 2010
(Slovenia)

Strip-till is suitable for mid-technology farming because it can create a good soil state with only
a small amount of tillage. No-till is a special cropping method that minimizes soil disturbance but
requires modern machinery, sound experience, frequent technology updates, and adjustments to the
site, year and crop being grown. The risks associated with conservation farming can be minimized
through planning and progressive management. Therefore, considering the disadvantages of intensive
farming and related costs, direct seeding becomes more viable and may have fewer plant production
problems for Turkish farmers [25,52,88].

6. Conclusions

Soil characteristics are directly or indirectly altered and their capacity to function is either limited
or enhanced by humans. Since degradation of lands cannot solely be accounted for by physical or
technical causes, social and political dynamics along with any activities that threaten soil quality
in CASEE countries should be controlled by laws and regulations. Environmental awareness and
improved socio-economic status of people in rural areas are also important incentives for encouraging
farmer adoption of new conservation and agricultural practices. The negative effects of unfavorable
agricultural management on the environment generally originate at the single farm level. Therefore
adaptation of tools for improving soil quality is needed at this level. The main limitations and
uncertainty regarding soil sustainability can often be traced back the economic situation which causes
fluctuations in agricultural activities, including soil remediation.

Most soils have the potential to resist degradation processes to some extent. Therefore, the rate of
degradation can be efficiently decreased and their unfavorable consequences can be at least moderated
by maintaining and continuing to use appropriate land management and water conservation practices.

Finally, we conclude that low productivity soils in CASEE countries and elsewhere around the
world can be eliminated by implementing site-specific tillage and intensive crop production systems
that improve low organic matter soils by minimizing conventional tillage, residue removal, soil
compaction, water and wind erosion.
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Abstract: Our objective is to provide an optimistic strategy for reversing soil degradation by
increasing public and private research efforts to understand the role of soil biology, particularly
microbiology, on the health of our world’s soils. We begin by defining soil quality/soil health (which
we consider to be interchangeable terms), characterizing healthy soil resources, and relating the
significance of soil health to agroecosystems and their functions. We examine how soil biology
influences soil health and how biological properties and processes contribute to sustainability of
agriculture and ecosystem services. We continue by examining what can be done to manipulate
soil biology to: (i) increase nutrient availability for production of high yielding, high quality crops;
(ii) protect crops from pests, pathogens, weeds; and (iii) manage other factors limiting production,
provision of ecosystem services, and resilience to stresses like droughts. Next we look to the future
by asking what needs to be known about soil biology that is not currently recognized or fully
understood and how these needs could be addressed using emerging research tools. We conclude,
based on our perceptions of how new knowledge regarding soil biology will help make agriculture
more sustainable and productive, by recommending research emphases that should receive first
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priority through enhanced public and private research in order to reverse the trajectory toward global
soil degradation.

Keywords: soil biology; sustainable agriculture; soil health; soil management; soil organic
matter (SOM)

1. Introduction

One of the most unexplored frontiers associated with understanding the dynamics of soil resources
and their subsequent health or quality is that of soil biology. We suggest this reflects the challenges
associated with understanding biological properties and processes when compared to soil physical
and chemical manipulations that can be used to influence soil quality/health. As a result, multiple
post-World War II developments leading to agriculture as we know it today [1] placed a greater
emphasis on physical and chemical manipulation than on soil biology [2]. These developments
included: (i) increased availability and use of synthetic fertilizers, herbicides, and pesticides;
(ii) an improved understanding of plant nutrition and an infrastructure for delivering fertilizers to
farmers; (iii) improved tillage, planting, harvesting equipment; (iv) cost-effective subsurface drainage;
(v) increased efficiencies for both animal and crop production systems; and (vi) development of global
markets. Unfortunately, soil biological responses to these developments were often overlooked or not
recognized, so the rapid changes also resulted in unintended consequences, especially with regard to
soil health and long-term agricultural sustainability.

Optimistically recognizing the challenges associated with stopping and even reversing soil
degradation, our objectives are to identify critical soil biological questions and to suggest various
strategies for answering them through enhanced public and private research efforts focused on the
concept of soil health. In order to identify knowledge gaps, we review previous literature on soil health
and the role of soil biology, and frame future prospects in terms of emerging analytical capabilities.

2. What Constitutes a Healthy Soil?

2.1. Definition of Soil Health

Soil is a dynamic, living, natural body that is vital to the function of terrestrial ecosystems [3].
Farmers intuitively recognize the importance of healthy soils and have used qualitative terms (i.e.,
color, taste, touch and smell) to describe soil condition and performance for crop production since
the dawn of agriculture about 10,000 years ago [4]. At the beginning of the 20th Century, qualitative
descriptions were gradually replaced by analytical procedures to assess and evaluate soil almost
exclusively from the perspective of inorganic nutrients and crop yield [5].

Warkentin and Fletcher [6] were among the first to introduce the soil quality concept as an
approach to improve the process of land use planning. The soil quality concept evolved rapidly
during the 1990’s, an outcome of increased emphasis on sustainable land use and a growing consensus
that soil quality in agriculture should no longer be limited to productivity goals [3,7–12]. As the soil
quality concept evolved, methods and tools for soil quality assessment were developed to facilitate
comparisons between soil management systems and to document changes in soil properties and
processes that occurred in response to land-use or soil management decisions [7,9,13–16]. There was
agreement that the design of any generalized soil quality assessment tool must be flexible enough
to capture multiple soil functions in various combinations [14] while respecting the broader goals of
sustaining plant and animal productivity, erosion control, maintaining or enhancing water and air
quality, and supporting human health and habitation [9,15,17].

Soil quality is most simply defined as “the capacity of the soil to function” [9]. Important soil
functions include: water flow and retention, solute transport and retention, physical stability and
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support; retention and cycling of nutrients; buffering and filtering of potentially toxic materials; and
maintenance of biodiversity and habitat [18]. A broader, ecologically-based approach was presented
by Doran et al. [3], where they defined soil health as “the continued capacity of soil to function as
a vital living system, within ecosystem and land-use boundaries, to sustain biological productivity,
maintain the quality of air and water environments, and promote plant, animal, and human health.”
The terms soil quality and soil health are often used interchangeably, although farmers and some
members of the research community favor the term soil health [19] because it more clearly conveys the
idea that soil is a living dynamic system [3]. Most soil scientists, however, reluctantly prefer the term
soil quality because of its focus on quantitative soil properties and the quantitative linkages between
those properties and various soil functions [19].

Soil taxonomy (the set of innate soil characteristics conveyed by the classification) is the foundation
for the soil quality/health framework. Each specific soil has inherent soil quality characteristics that
are determined by the interaction of climate, topography, living organisms (vegetation, microorganism,
humans) and parent material over long periods of time [20]. The term “dynamic soil quality” refers
to the effects of human use and management on soil function [21,22], reflecting changes associated
with current or past land use and crop and soil management decisions. Dynamic soil quality can be
measured and used to compare different practices on similar soils or temporal trends on the same soil.
The inherent properties of different soils may limit the extent of changes due to dynamic processes
and need to be accounted for within management strategies to producer healthier soils.

2.2. Existing Soil Quality/Health Assessment

Assessment of soil quality is usually accomplished through direct measurement of a suite of soil
biological, chemical, and physical properties and processes that have the greatest sensitivity to changes
in soil function [14]. Soil quality indicators should correlate well with ecosystem processes, integrate
soil properties and processes, be accessible to many users, sensitive to management and climate, and,
whenever possible, be components of existing databases [23]. Selected groups of soil indicators, also
referred to as minimum datasets (MDSs), that are used to indirectly measure soil function must also
be sufficiently diverse to represent chemical, biological, and physical properties and processes of
complex systems [23,24]. Researchers have given particular attention to soil indicators that can serve
as early and sensitive indicators of longer-term changes in soil ecosystem function [25]. Frequently
recommended soil quality indicators include: soil organic matter (SOM), particulate organic matter
(POM), microbial biomass carbon (MBC), potentially mineralizable nitrogen (PMN), macroaggregate
stability, electrical conductivity (EC), sodium absorption ratio (SAR), pH, inorganic N, P, potassium (K),
and magnesium (Mg), available water-holding capacity (AWC), bulk density (BD), topsoil depth, and
infiltration rate [9,23,26]. Soil enzyme activity, specifically β-glucosidase activity which is involved
in plant residue degradation, and water-filled pore-space were recently added to the recommended
list of important soil quality indicators because of their association with soil biological properties and
processes [27].

The issue of spatial and temporal scale affects both the sensitivity of assessment and the choice of
indicators that are evaluated. Both scales vary depending upon the type of soil management questions
that are being asked or the purpose for which soil quality is being evaluated [28]. In general, soil
quality evaluations at the farm, watershed, county, state, regional, or national scales are more general
and less precise than those made at the point or plot scale [29]. Large-scale assessments often rely on
databases, simulation models, and remote sensing in conjunction with statistically representative point
sampling to verify the projections [21]. For instance, Potter et al. [30] used a combination of model
simulations and data point measurements across the U.S. to assess soil organic carbon and identify
areas most at risk for soil quality/health degradation and loss of soil function.
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2.3. The Significance of Soil Health to Agroecosystems and Soil Restoration

The single most important soil quality indicator for nearly all soils throughout the world is SOM.
It is also one of the most common deficiencies identified in degraded soils because of the numerous
chemical, physical, and biological properties and processes it influences. Soil organic matter is generally
measured based on the concentration of soil organic carbon (SOC), because about 50% of the SOM is
accounted for by SOC. Increases in SOM, particularly in biologically-available forms, are intimately
linked to changes in the size, activity and composition of the soil microbial community, enhanced
cycling and retention of nutrients, improved aggregate stability, and increased water-holding capacity.

Effective SOM management involves balancing two ecological processes: mineralization of carbon
(C) and nitrogen (N) in SOM for short-term crop uptake, and sequestering C and N in SOM pools for
long-term maintenance of soil quality, including structure and fertility. Agricultural land management
options recommended to increase SOM and improve soil quality nearly always include some reduction
in tillage intensity and implementation of integrated, multifunctional cropping rotations that include
forage legumes, and/or small grains.

Integrated, extended crop rotations that include small grains and forage legumes have been shown
to increase SOC compared to mono- or bi-crop rotations [31–34] with positive impacts being especially
evident in the biologically active fractions of SOM [35–37]. Cover crops increase the complexity of
rotations and extend the duration of photosynthetic capture in annual crop rotations, thus increasing
organic C inputs to the soil and the potential for soil C sequestration—a critical process for restoring
degraded soils and addressing increasing concerns regarding global climate changes.

Cover crops can also provide important ecosystem services when planted within corn (Zea
mays L.) soybean [Glycine max (L.) Merr.] systems and extended cropping rotations. Environmental
benefits such as decreased soil erosion [10,38] and decreased nitrate leaching [39–41] have been
consistently demonstrated in cover crop studies. In general, leguminous cover crops provide the
greatest potential for improving yields, but cereal crops generally result in higher levels of SOM,
greater weed suppression, and more soil N immobilization, which can reduce nitrate leaching during
winter months [42]. Planting small grains and N-fixing cover crops together may be an effective
management strategy to simultaneously increase soil C and optimize soil N cycling processes, and
thereby reduce both leaching and gaseous emission losses of N.

Conservation tillage increases surface SOC content compared to plow tillage [43–45], but some
studies indicate subsoil C content is higher under plowing [46–48]. There is evidence that changes
in tillage management alter C cycling processes, resulting in greater retention of corn-derived C in
no-till (NT) compared to plowed systems. Type and intensity of tillage directly controls substrate
availability to soil organisms and rate of decomposition of substrates by affecting the quantity and
distribution of plant residues and roots [49,50]. Tillage factors can also exert indirect control on residue
decomposition processes by influencing soil aeration, water content, soil temperature, and especially
soil aggregate properties.

Soil management practices that increase SOM and enhance soil health create expanded habitat
and greater niche diversity for soil biological communities. It is the inputs of organic matter from plant
residues and exudates that provide carbon and energy sources for soil organisms. Net increases in
SOM improve soil aeration, temperature, moisture, and aggregate stability, and provide a resilient
resource base for a wide variety of soil organisms through the maintenance of a rich and varied source
of OM and the efficient supply of nutrients. Improving the quality and health of the soil is important
not only for those that manage the land, but for anyone who enjoys a cup of clear water or access to
a plentiful and consistent food supply.
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3. How Does Soil Biology Influence Soil Health, or What’s Missing in a Degraded Soil?

3.1. Soil Biology Overview

Soil biology encompasses the collective biomass and activities of soil-dwelling organisms from
an array of trophic levels that are present in staggering quantities, even though individuals may not
be visible to the unaided eye. For example, it is estimated that there are at least one billion bacterial
cells per gram of soil distributed among thousands to millions of individual species [51]. It has
been calculated that the microbial biomass existing underground may approach the sum of all living
biomass on the earth’s surface [52]. Viewing the tree-of-life (based on genetic relatedness), one begins
to understand the diversity of the unseen microbial world, especially since only the three branches at
the top right (Animalia, Fungi, and Plantae) contain individual organisms that can be seen with the
unaided eye (Figure 1).

 

Figure 1. Tree of life based on genetic relatedness using the ribosomal RNA gene sequence.

One of the three domains (domain is the highest taxonomic level of life), the Archaea, was
first described in 1977. Archaea appear morphologically similar to bacteria; however, they possess
fundamental biochemical similarities with Eucarya and fundamental biochemical distinctions from
Bacteria. In short, Archaea are genetically and phylogenetically as different from Bacteria as they
are from any of the members of the Eukaryotic domain. The discovery of major taxonomic groups
containing microscopic life continues at a rapid pace with a significant modification of the Archaeal
domain now becoming apparent—all within in the last 25 years. In 1987 the domain Bacteria contained
just 12 phyla (phyla is highest taxonomic group within a domain); today over 70 bacterial phyla are
recognized or under consideration for recognition [53].

Each of the primary “Tree-of-Life” branches represents numerous species such that a detailed
view would show each branch giving way to successively smaller branches, which are further studded
with bushes. Within the two prokaryotic domains (Archaea and Bacteria), even the lowest taxonomic
level of species often contains considerable diversity (i.e., microdiversity) that manifests itself in
strains, ecotypes, biotypes, serotypes, etc. For example, all Escherichia coli are considered the same
species, but there are numerous strains that are distinctive not only genetically but functionally as
well. This means that one strain can be a deadly pathogen while other strains are either benign or
even beneficial partners co-existing with plants and animals. This is just one example of the subtle
differences associated with soil biology and why it can be difficult to identify exactly what’s wrong in
degraded soils that simply are not performing as expected.

The variety of physiological capabilities, tolerances, and energy sources of soil microorganisms
are extraordinary, and new discoveries are common. A useful tool to comprehend the physiological
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diversity is the electron tower which displays standard electrode potentials of redox couples (Figure 2).
Plants can photosynthesize by fixing CO2 using water. Animals and plants respire organic compounds
at the expense of oxygen as an electron acceptor. Microbes, on the other hand, can use all of these
compounds (and more) as either an energy source or an electron acceptor so that energy can be
gained from hydrogen gas (H2) and inorganic molecules in their reduced form (e.g., nitrogen, sulfur,
iron, manganese, etc.), while CO2 and those same molecules (e.g., nitrogen, sulfur, iron, manganese,
etc.) in their oxidized forms can be used as electron acceptors. Bacteria that can oxidize ammonium
using nitrite as an electron acceptor have been described in the 21st century and have been found to
play key roles in wastewater treatment. In addition to heterotrophic metabolism using exogeneous
electron acceptors, microbes can ferment organic compounds, reducing one part while oxidizing the
other. Microbes can fix CO2 by not only standard photosynthetic processes, but also by anoxigenic
photosynthesis using other compounds (e.g., sulfur) as electron donors in lieu of water, plus three
other pathways not found in eukaryotic organisms [54]. As recently as 2000, it was discovered
that some bacteria contained a protein, bacteriorhodopsin, which creates energy from light allowing
photo-heterotrophic growth [55]. Similar bacteriorhodopsin molecules had previously only been
detected in extremely halophilic archaea. This previously overlooked bacterial metabolism has since
been found to be performed by a significant fraction of the world’s marine bacterioplankton.

Microbes can even partner with others to perform metabolic processes thought to be energetically
unfavorable such as anaerobic methanotrophy which couples methane oxidation with sulfate reduction.
Anaerobic oxidation of methane has been described largely in the last decade, and new details such as
the use of nitrate (in lieu of sulfate) in this reaction are still emerging.

The physiological tolerances of bacteria far exceed that of eukaryotes. Biological activity of
microorganisms can proceed at environmental extremes including temperatures below freezing and
above boiling, at pH approaching acid and alkaline endpoints, under very low water tensions, at
very high ionic strength, in high radiation fields, and in the presence of high concentrations of toxic
compounds. Viable bacteria have been retrieved from 2 miles below the earth’s surface [56]; in fact, the
existence of a sterile location on earth is difficult to prove.

Several recent findings highlight the on-going transformation in understanding of soil organisms
and their processes. In 2006, it was determined that members of the Archaea were actually responsible
for most of the nitrification occurring in many soils [57]. This completely changed what was “known”
for decades—that nitrification was performed strictly by a very limited number of Bacterial genera.
Bacteria belonging to the phylum Acidobacteria are now thought to be the numerically-dominant
organism in many soils, but were first described in 1991 and virtually unheard of 15 years ago.
Unfortunately, due to their resistance to laboratory culturing, there is yet insufficient information
to establish their functional roles. Clearly, the basic understanding of the microbial world remains
incomplete, and therefore represents an impediment to assessing and promoting soil health. The
continuing exponential increase in soil biological knowledge is also why we are optimistic that the
pathway for mitigation and even reclamation of degraded soils is through an increased emphasis on
research and education.

Frequent gene exchange, even between members of different domains [58], by multiple
mechanisms, further emphasizes the genetic and functional fluidity of the unseen world that exists
in soil. From a scientific standpoint, gene exchange among unrelated organisms greatly complicates
attempts to classify them, to study their ecological relationships, and to develop useful models that
will lead to predictive power necessary for applications. Yet, these difficulties do not diminish the
potential value of understanding and influencing the power of the soil biota.

In addition to the prokaryotic organisms, there are enormous numbers of microscopic eukaryotes
living in the soil. The net result is that in one gram of soil, there may be a million fungi comprised of
hundreds of different species that can produce over 100 m of mycelial filaments. Add to the mix some
thousands to millions of algae (classified as Plants), and millions of Protozoa belonging to several
different phyla, and several dozen microscopic nematodes. Beyond the microbiota, soil supports a great
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diversity of invertebrates, ranging across many Phyla and Classes of organisms that are frequently
larger and termed meso- and macro-biota. Phyla include Annelida, Nematoda, Nematomorpha, and
Arthropoda, of which the last is by far the best studied group. At least five Classes of Arthropods
reside within soil food webs: Arachnida (spiders, mites, etc.), Chilopoda (centipedes), Diplopoda
(millipedes), Crustacea (isopods), and Hexapoda (insects, collembolans, diplurans, etc.). Constraints
of modern taxonomic tools notwithstanding, scientists regard insects, spiders, and mites as the most
diverse macro-taxa within soil food webs, and their numbers are overwhelming. Within conventional
agroecosystems, density estimates reveal 100,000–160,000 insects and spiders per ha near the soil
surface in soybean, and 340,000–680,000 per ha within the soil column in corn. Healthy soil arthropod
communities within agroecosystems are composed of hundreds of species, each with a distinct function
and biology. Altogether, soil inhabitants form a food web (Figure 3) that extends above-ground to
plants and all other living organisms. Some of the more notable roles for soil fauna in contributing
to healthy functioning soils are recognized in the next section; however, the remainder of this review
is largely confined to the consideration of microbiota living in the soil. For literature reviews on the
contribution of soil fauna to soil health, please refer to Lavelle et al. [59] and Blouin et al. [60].

Figure 2. Standard electrode potentials of selected redox couples.

69



Sustainability 2015, 7, 988–1027

 

Figure 3. Soil food web (Reprinted with permission from: Soil Biology Primer. 2000. Soil and
Water Conservation Society, Ankeny, IA, USA). Please note that the graphic does not represent all the
important groups of soil organisms such as enchytraeids and earthworms.

3.2. Relationships between Soil Biology, Soil Quality and Restoration Strategies

Soil was characterized by Doran and Parkin [7] as having good “quality” if it could:

(1) Accept, hold and release nutrients and other chemical constituents.
(2) Accept, hold and release water to plants, streams and groundwater.
(3) Promote and sustain root growth.
(4) Maintain suitable soil biotic habitat.
(5) Respond to management.
(6) Resist degradation.

All of these attributes of soil quality are largely a function of soil biology and why we continue
to emphasize that the most optimistic solution for reversing soil degradation is to enhance soil
biology. It is widely recognized that soil microorganisms enable other forms of life to exist on
Earth [61,62]. By catalyzing redox reactions, soil microorganisms directly mediate the biogeochemical
cycling of carbon, nutrients and trace elements. These activities moderate atmospheric composition,
water chemistry, and the bioavailability of elements in soil. Soil fertility and other properties of
soil (e.g., texture, aeration, available moisture, etc.) that support agricultural production are directly
dependent on the biomass, metabolites, and activities of microorganisms. Specific populations of
microbes are known to exert largely beneficial effects on plants (i.e., symbiotic nitrogen fixing bacteria,
mycorrhizal fungi) while others may exert deleterious effects (i.e., pathogens). These microbes can
be endophytic (living inside the plant) or free-living soil organisms living adhered to the root surface
(i.e., the rhizoplane), in close proximity to roots (i.e., the rhizosphere) or further away in the bulk
soil. At their most basic level, microbes and soil invertebrates are an important source of carbon and
other nutrients. Soil invertebrates alter the structural components of the soil, increasing soil porosity,
changing aggregate structure, and redistributing nutrients throughout the soil column and across the
landscape. Invertebrates return nutrients and organic matter to the soil, either directly by breaking
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down plant material, or indirectly by consuming animal waste (e.g., dung beetles) or saprophytes
like fungi. It follows that a well-poised and active soil biological community will be responsive to
management and resist degradation.

3.3. How does Soil Biology Influence Ecosystem Services that Are Crucial for Well-Functioning Soils?

Soil biota are integral providers of fundamental ecosystem services such as those listed in Table 1.
These are also among the most critical functions that need to be restored in degraded soil resources.
Using a meta-analysis of published studies, Benayas et al. [63] documented the positive linkage between
total biodiversity and provision of ecosystem services in terrestrial ecosystems. The multifaceted
contributions of soil macroorganisms to ecosystem services has been well-described by Lavelle et al. [59].
The overall economic benefit of soil biodiversity to ecosystem services, and thus well-functioning soil
resources, was estimated to be 1.5 quadrillion U.S. dollars [64]. In recent publications, biodiversity was
also shown to influence global C [65] and greenhouse gas budgets [66], enhance water quality [67],
moderate soil organic matter decomposition [68,69], regulate nutrient retention and availability [69],
and determine the susceptibility of soil to invasion by a pathogen [70]. Synthesis papers by Kremen [71]
and Hooper et al. [72] have summarized the established linkage between biological communities and
ecosystems services, while emphasizing the need to understand biological complexity to properly
manage the systems, particularly in agroecosystems.

Table 1. Ecosystem services provided by soil biota †.

Ecosystem Services Provided by Soil Biota

Regulation of biogeochemical cycles
Retention and delivery of nutrients to primary producers

Maintenance of soil structure and fertility
Bioremediation of pollutants

Provision of clean drinking water
Mitigation of floods and droughts

Erosion control
Regulation of atmospheric trace gases

Pest and pathogen control
Regulation of plant production via non-nutrient biochemicals

† Modified from [73].

3.4. The Significance of Soil Biology to Sustaining Agriculture and Restoring Soil Health

Numerous examples of failed societies can be linked to degradation of soils by agricultural
practices [74]; which by definition, must be considered examples of unsustainable practices. The
characteristics of sustainable farming practices which maintain and/or restore soil resources are those
that can be used over the long-term to produce adequate yields without severe degradation of soil,
water and air resources that would limit agricultural production, cause human morbidity and mortality,
and otherwise incur off-site economic costs. In practice, this means the soil and crop management
practices must: (1) maintain soil carbon; (2) control erosion; (3) maintain soil structure; (4) maintain
soil fertility; (5) increase nutrient cycling efficiency; (6) reduce export of nutrients and thus the need
for increased inputs; and (7) reduce pesticide input requirements and potential export of either the
materials or their residuals [73]. Once again, these are all attributes of a well-functioning soil and
thus our premise that to restore degraded soils, the first step must be to enhance and maintain soil
biological properties and processes.

The mechanism to achieve all of these goals is take advantage of inherent biological services
to the greatest extent possible. Obviously, in entirely undisturbed grasslands, there is no human
management to achieve the seven sustainability goals listed above, but on cultivated and range lands,
soil and crop management practices can have positive or negative effects and thus influence the
potential for soil degradation or enhancement. Sustainable agricultural management systems strive to
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integrate complexity into the management approach to include cover crops, filter strips, and non-crop
landscapes such as grasslands and forest areas that provide vital habitats for beneficial organisms and
serve as nutrient sinks to capture soluble nutrients and trap contaminants before these impact aquatic
ecosystems [75].

The biomass of soil organisms nominally accounts for 2% of the SOC, but contribute to a
much larger proportion of the actively cycled carbon fraction. At the decomposer level and higher,
soil organisms represent the transformers of all fixed soil carbon and determine its fate. Soil
microorganisms are well-documented to promote soil aggregation by their biomass and by their
secretions. Microcolonies of bacteria and thin coatings of bacteria known as biofilms are held together
and attached to their substrata by extracellular secretions largely composed of polysaccharides.
Arbuscular mycorrhizal (AM) fungi have been shown to produce a glycoprotein, glomalin, which is
responsible for aggregating soil particles [76]. Filamentous microbes, largely fungi, are particularly
effective in mechanical binding of soil particles with their thread-like morphology. Plant roots,
proliferating throughout the upper soil profile, support microbial communities actively involved
in soil aggregation by providing organic carbon through rhizodeposition and thus helping stabilize soil
structure and abate potential erosion [15]. Macro-invertebrates promote soil aggregation and create
structures at a larger scale by tunneling, ingesting and depositing organic matter, producing secretions,
and transforming organic residues [77]. The activities of ants [78] and earthworms [60] are widely
recognized for promoting soil structure. Naturally, the degree of soil aggregation is directly related
the soil’s resistance to degradation and erosion by wind and water. Soil structure promoted by soil
organisms is also central to soil water dynamics, increasing water infiltration and holding capacity.

Soil microorganisms are responsible for mineralizing organic compounds, including potential
contaminant molecules such as pesticides. Half-lives of agrichemicals are based on the biodegradative
abilities of the soil microbial community, as well as the local environmental conditions. In mineralizing
organic compounds (native or added), microbial communities release combined elements (e.g., N, P)
in their chemically-reduced forms, generally increasing their availability to plants. Soil microbes also
perform direct redox transformations of many inorganic elements using them as electron donors or
acceptors in energy-yielding metabolic processes. In short, microorganisms moderate the abundance,
speciation, and plant bioavailability of nutrients in the soil. Nitrogen-fixing bacteria exist in symbiotic
and associative relationships with plants and as free-living communities in the soil to provide N to
plants. Symbioses of N-fixing bacteria with soil invertebrates have been shown to be particularly
important to the N cycling in some soils [79]. Nitrogen-transforming microorganisms (e.g., nitrifiers,
denitrifiers) also moderate the speciation and therefore mobility of soil N affecting its propensity to
stay or leave the system. Phosphate-solubilizing bacteria and fungi produce organic acids that either
complex P or change microsite local pH to increase plant-available P. General activities of soil microbes
result in the release of extracellular phosphatase enzymes which mineralize organic P, some of which
becomes available to plants. Obligate plant symbiotic fungi, AM fungi, use a variety of mechanisms to
uptake and translocate immobile nutrients (i.e., P, Zn, Cu) and water to their host plants in exchange
for fixed carbon [80]. A healthy soil food web with a diversity of macroinvertebrates has been shown
to increase the release of P via the activities of grazers and predators [81]. The activity of tunneling
organisms such as earthworms redistributes carbon and nutrients in the soil profile [60].

Phosphorus is a major nutrient with dwindling global supplies and rising prices. At the same time,
only a small amount of P applied (20%) to crops is taken up by plants in the year of application [82,83].
The remaining P becomes sequestered in the soil, with limited availability to plants, or is lost by
erosion and leaching (including tile drainage) to the watershed where it impacts other downstream
populations and water quality by eutrophication which may culminate in the formation of marine
dead zones. Similarly, only about one-quarter of annually applied N is taken up by crops in the year
of application; some of the remaining N enters the watershed by leaching through the soil profile,
tile drainage, or by overland flow processes to cause eutrophication and water treatment costs at
downstream sites.

72



Sustainability 2015, 7, 988–1027

Nutrient-use efficiency is often defined based on the amount of N or P accumulated by a crop in
comparison to the amount applied through manures or inorganic fertilizers. However, a portion of the
P and N in the crop has originated from within the soil, where it was already present and probably in a
stable organic form resistant to export. Therefore, traditional nutrient use efficiency calculations often
overestimate the efficiency of fertilizer application and fail to reflect added nutrients that were lost
from the soil by leaching and/or erosion. A more reasonable goal would be to export fewer nutrients
and consider how much of the added nutrient remains in the soil [84]. This should mean that inputs
are reduced, while increasing the amount being provided by the soil through biologically-fixed N,
or mineralization of P and N from organic matter at just the right time. In the case of P, there are
large amounts of P already in the soil, unavailable to plants without the appropriate microorganisms
and proper levels of activity. By considering the nutrient balance of the entire system, agricultural
soils could be managed to stabilize at lower soil nutrient levels that make more efficient use of
resources [85,86]. Some P exported with the crop will have to be replenished from external sources, but
there is great room for improvement in promoting organic P cycling in soils and biological mobilization
of “occluded” P already present in the soil.

There is a long history of using bacteria and fungi as control agents for a variety of insect
pests [87]. One example is the use of the entomophagous fungi to control insect pests such as
aphids [88]. Contemporary use of proteins native to Bacillus thuringiensis, as whole cells, protein
extracts, or expressed by genetically-engineered plants to control insect pests is widespread. Among
the many potential benefits that AM fungi have been shown to confer to their plant hosts is pest- and
pathogen-resistance [89,90]. Predatory insects and spiders within the soil readily attack soil-dwelling
pests, often maintaining these pests at low levels [91]. Invertebrates are also important herbivores of
weeds, and reduce weed seed density and emergence by consuming many of the weed seeds that fall
to the soil surface [92–94]. Microbes also affect weed seed banks, either directly by degradation [95] or
indirectly as symbionts within insects, influencing their consumption of weed seeds [96]. Soils which
inherently reduce weed seed germination are known as “weed-suppressive soils”. Although the exact
biological qualities that contribute to control of weeds are not well known, one of the mechanisms
is the production of allelochemicals that reduce weed germination [97]. Similarly, some soils are
considered to be “disease suppressive” wherein often poorly-defined components of a diverse soil
microbial community confer disease resistance to plants [70,98,99]. Use of inherent (or perhaps added)
organisms to manage pest, disease, and weeds in agroecosystems would provide opportunities for
lowered use of biocidal agrichemical use, export, and residuals.

Soil bacteria that produce a positive effect on plant growth and vigor have been termed “plant
growth promoting bacteria” (PGPB), or if they are located in the rhizosphere, rhizoplane, or inside
the root (endophytic), they are termed “plant-growth promoting rhizobacteria” (PGPR) [100–102].
Sometimes the endophytes are considered separate from other PGPR [103]. There are, of course, also
fungi that are endophytic like AM fungi and some Trichoderma sp. [104] which are often considered
beneficial to the plant host. Soil organisms belonging to these groups have been identified to specific
strains (i.e., Enterobacter sp. 638 [105]) or have been more generally categorized (i.e., fluorescent
pseudomonads [106]). The functional contributions of the PGPR/B include repression of pests
and diseases, and so there is overlap with the phenomena of disease-suppressive soils and pest
protection discussed above. The putative mechanisms for pest and pathogen resistance include
the production of antibiotics and siderophores, the physical (preventive) colonization of root tissue,
interspecific-competition for resources, biodegradation of biogenic toxic substances, and the production
of chemical signals (e.g., salicylic acid) that induce systemic resistance by the plants [102,107–109].
There are also PGPR/B that contribute to plant nutrient acquisition like the well-know symbiotic
nitrogen fixers, Rhizobium, but also free-living N2 fixers such as Azospirillum and Azotobacter [110].
Some PGPR assist in mobilizing P for plant uptake using mechanisms such as production of acidity,
organic ligands including siderophores, and extracellular phosphatases [110]. Other PGBR assist plants
by degrading toxic organic compounds in the soil or immobilizing toxic metals [102].

73



Sustainability 2015, 7, 988–1027

Another distinct soil microbial function is the production of growth factors and metabolic products
that positively influence plant metabolism in ways not directly associated with pest or pathogen
resistance. For instance, the enzyme 1-aminocyclopropane-1-carboxylase (ACC) produced by soil
bacteria degrades an ethylene precursor that, in turn, depresses the plant’s stress response to a
variety of biotic and abiotic stress factors [111]. Soil microbes also can stimulate plant growth via
the production of plant hormones such as auxins and cytokines. The auxin, indole acetic acid (IAA),
is a phytohormone produced by soil bacteria which influences plant physiology, often resulting in
enhanced root growth [112]. Naturally, microbial metabolites that positively influence plant vigor also
impact plant resistance to pests and pathogens.

Biological production and reception of chemical signals are a common feature of the integrated
biome present in agricultural soils and the net outcome of these interactions on crop production may
be positive as described above, or negative [113]. In opposition to PGPR/B is a loosely-defined group
of microorganisms termed “deleterious rhizosphere bacteria” (DRB) [114,115]. These soil bacteria
have been determined to have negative consequences for plant growth and vigor via mechanisms
that include phytotoxin and phytohormone production, nutrient competition, and inhibition of AM
fungi [115]. The DRB are usually not considered to be plant pathogens, but this is not always the
case. Interestingly, groups such as the fluorescent pseudomonads have been identified as DRB [116],
even though other studies have identified them as PGPR/B [106]. One view is that a single organism
can be a DRB under one set of environmental conditions and a PGPR/B under a different set of
conditions [115].

4. How Can Soil Biology Be Used More Effectively to Mitigate Soil Degradation?

4.1. Strategies to Manipulate Soil Biology Focusing on Soil Microorganisms

The benefits of a healthy soil and the role of the biological community in soil health have been
covered in the previous two sections. Therefore, we now shift our focus to examine the potential
for influencing soil biological communities to (i) increase nutrient availability for production of high
yielding, high quality crops; (ii) protect crops from pests, pathogens, and weeds; and (iii) manage
other factors that limit or threaten the stability of production and ecosystem services. As with any
management decision, the process or tools selected to manipulate soil biological communities will
be defined by the desired goals and objectives. With this in mind, we envision two strategies for
management of soil microbial communities to obtain beneficial functions: (i) specific approaches; or (ii)
general approaches. Specific approaches will require knowing the service that specific microbes are
providing (i.e., nutrient acquisition, disease suppression) so they can be targeted to provide immediate
relief for problems or degraded soil conditions identified within a specific field, farm or other location.
Typical options for this approach include selection of disease resistant plants and/or cultivars with
desired exudates. The specific approach is hindered by the lack of reliable information on the specific
role(s) of more than a handful of the diverse taxa in soil. In contrast, the general approach seeks to
provide a suitable environment to enrich the abundance and/or diversity of the entire microbiome
through management practices. However, as with the specific approach, this will require knowledge
of the current plant-soil-microbiome status in order to focus on any missing or limiting conditions for
establishment of a robust and diverse soil microbial community.

4.2. Specific Approach: Plant Selection and Microbial Amendments

Plant root exudates include a variety of sugars, amino acids, flavonoids, proteins, and fatty
acids [117], that can serve as growth substrates, signal molecules for suitable microbial partners, or
growth deterrents for microbes [118]. The composition of plant root exudates can vary by plant species,
and even cultivars within a species [119–121], resulting in concomitant changes in the composition of
the soil microbial community [122–124].
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Despite a general knowledge of the growth requirements for microbes in culture (which may or
may not translate to the field), knowledge of the relative importance of various root exudates with
regard to shaping soil microbial communities or restoring degraded soils is lacking. Can selective
effects be explained by a small number of high-impact compounds? How important are the diversity,
quantity, or consistency of exudation to host plant-selective effects? The impact of particular aspects of
root exudation on soil microbes has begun to be addressed for model plant species [117,125] through
the use of ABC transporter mutants to alter root exudates; however, this should be made a priority for
agriculturally relevant species as well.

With emerging extreme climatic changes, another critical question is whether cropping system
sustainability can be increased by using plants that can interact with a variety of PGPR/B that are capable
of increasing photosynthetic capacity [126,127], conferring drought and salt tolerance [126,128–130],
and improving the effectiveness of the plant’s own iron acquisition mechanisms [129]. A variety
of companies have begun to offer new products that consist of PGPR/B inoculants (soil and/or seed
treatments), or chemicals aimed at increasing root exudation to help foster PGPR/B establishment.
However, field studies with PGPR/B inoculants often result in limited PGPR/B establishment
and colonization, highlighting the need to better understand the factors involved in successful
PGPR/B establishment.

The use of amendments, either as live organisms or solutions applied in small amounts that are
promoted to stimulate microorganisms, is increasing. The use of seed-applied, symbiotic N2-fixing
bacteria to enhance the performance of legumes has a long, successful history. However, there are few
other well-documented success stories to report. The use of AM fungi inoculants has been rising, but
few refereed publications exist to support the benefits of this practice in production agriculture. In a
three-year field study, the application of PGPR and AM fungal amendments was reported to positively
affect plant nutrient uptake and conservation in corn plots [131]. However, for many commercial
live biological amendments, there is little data beyond yield comparisons from company-sponsored
field trials to evaluate these products. It is impossible to determine the potential benefits or risks
of amendments without an increased basic understanding of soil microbial functional groups, their
distributions, and their ecology (e.g., dispersal, survival).

Agricultural chemicals applied to the foliage of crops or in-furrow can also impact soil organisms.
Biostimulants (e.g., products containing plant hormones and other organic and inorganic compounds)
and liquid fertilizers affect soil microorganisms by providing additional nutrients or growth factors
that alter soil and plant metabolic activities for improving crop growth and productivity [132–134].
Biostimulants applied at extremely low dosages affect rates of organic matter decomposition, nutrient
mineralization, and soil microbial activity [132,134]. Depending on the product, amendments could
be classified as either a specific or general strategy. Developing a more complete understanding of
how biostimulants and other formulations could be used to help restore degraded soils also provides
a strong argument for increased public-private partnerships designed to address these complex and
“wicked” [135] problems. Such partnerships could be very effective for overcoming current barriers
to understanding appropriate uses and modes of action for the various amendments created by the
proprietary nature of product formulations.

4.3. A General Approach: Modify the Whole Soil Community

The future of any soil microbial community is determined by the capacity of its individual
members to adapt or modify to “negative” soil characteristics [136], and to challenges such as climate
change. Any potential manipulation of soil microbial communities must consider that ambient soil
characteristics (e.g., water potential, aggregation, salinity, legacy of past management, pH, texture,
SOM content/quality) influence the existing community and will consequently influence attempts
at manipulation. Some of these soil factors can be positively manipulated through management
(within local limitations), with considerable feedback from the soil biota (e.g., SOM, aggregation),
while other soil factors are more resistant to modification (e.g., pH, texture). For example, one of the
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most influential factors on the microbial community is soil pH as different strains exhibit optimum
pH in which they can function. Soil pH not only affects the cell functioning (i.e., enzymes), but also
reactions altering the availability of nutrients and metals. Studies on several soils have observed
a positive correlation between bacterial diversity and soil pH within a range of 4 to 7 [137,138]. In
terms of the response between different groups, the fungal community composition appears to be less
strongly affected by pH than the bacterial community composition, and thus, wider pH ranges are
observed for optimal growth of the fungal community [139].

Different microbial communities can be expected under different soil types due to variation in soil
physical properties (i.e., texture, bulk density, water infiltration), chemical properties (i.e., mineralogy,
SOM, nutrient availability, pH) and other factors (i.e., soil genesis and morphology, climatic conditions).
The challenge of selecting approaches to manipulate the microbial communities is, therefore,
site-specific. For example, soils with higher SOM and clay content will show higher microbial
community size and activities than a sandy soil, but it is still not clear whether a soil that is higher in
organic matter and clay content is more resistant to manipulation. Even within a given soil profile,
distributions of organisms and activities will vary according to heterogeneity in key soil properties.
Further, the plant-microbe interaction is difficult to separate from the influence of soil characteristics
on the microbial diversity as there are many examples of shifts in microbial community composition
without changes in the SOM as affected by vegetation. Vegetation also introduces heterogeneity to the
soil habitat. As studies are designed to determine how to most effectively remediate degraded soils,
they will have to recognize that each set of soil characteristics and environmental boundaries will be
an important determinant influencing the response of microbial communities for that soil.

There is no doubt that agricultural management practices can influence soil biological populations
and processes and thus have a positive or negative effect on soil health. Agricultural management
effects on soil health, in turn, influence the type and magnitude of ecosystem services provided by
the soil biota. One measurement of soil health is biodiversity, which has been shown to influence
global C [65] and greenhouse gas budgets [66], water quality [67], SOM decomposition [68,69], nutrient
retention and availability [69], and the susceptibility of soil to invasion by a pathogen [70]. Many
assessments of soil health based on measurements of soil microorganisms have relied on estimates
of total biomass and activity. The following agricultural practices have been observed to modify the
whole soil biological community (biomass, numbers, diversity, activity) in a generally positive manner:
no till or conservation tillage, cover cropping, elimination of fallow, incorporation of perennial crops,
retention of crop residues, diverse crop rotation, use of organic fertilizer sources, and implementation
of integrated pest management practices (Figure 4) [75,140–142]. Many of these same practices have
been shown to increase PGPR/B and reduce DRB [100,101].

Tillage represents a disturbance of the soil habitat and can mechanically disrupt filamentous
organisms, decrease soil structure, temporarily increase organic matter decomposition, and alter water
and nutrient content and distribution [143,144]. Tillage-induced disturbance often has a negative
impact on soil biota and the services that they supply [144–146]. Tillage most noticeably impacts large
soil biota like earthworms [144] and filamentous organisms like fungi, particularly AM fungi [147].
Reductions in tillage are frequently linked to increased fungal biomass, and therefore have been
suggested as strategies to increase microbial C use efficiency and soil C sequestration potential [148].
Reduced tillage is generally thought to increase microbial biomass in the long term [149] and has
been associated with reductions in DRB in wheat cropped fields [150]. The combination of reduced
or no-tillage with crop rotation or incorporation of perennial crops for integrated livestock and
cropping systems promote AM fungi which enhance plant uptake of phosphorus and water, and
disease resistance potential [151]. Although conservation tillage has been reported to impact beneficial
microbial communities in certain scenarios (e.g., soils in humid regions), Acosta-Martinez et al. [152]
reported that semiarid soils under different cropping systems showed no differences in microbial
community size or structure when no-tillage and conventional tillage systems were compared after
five years.
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Figure 4. Generalized Effects of Agricultural Management Practices on Soil Health (information
compiled from: [75,140–142]).

Cover crops were originally defined as crops grown to protect the soil from erosion and nutrient
losses [153]. However, it has become clear that cover crops have a wide array of benefits that depend on
local soil-climatic conditions [154]. By reducing seasonal fallow, cover crops have enormous influence
on soil biology by increasing the quantity and variety of C entering the soil through plant biomass,
exudates, and residues. Additionally, cover crops increase N in the soil by stimulating the free-living N
fixing bacteria and symbiotic N fixers when leguminous cover crops are planted. The inclusion of cover
crops in a variety of corn production systems has been shown to significantly increase native AM fungal
numbers and diversity [155–157] and P availability [158]. Recent research suggests that the benefits of
cover crops include many additional factors, such as weed suppression and pest management that
are likely connected to the larger soil biological community [159]. A study comparing four different
cover crops in potato systems of the San Luis Valley show that they can support a disease-suppressive
microbiome (Manter, unpublished data). In particular, the soil community under Sudan grass 79
is enriched for siderophore microbes that can not only provide disease suppression against fungal
pathogens but also increase nutrients available to the subsequent crop species.

Conversion of lands for biofuel feedstocks using either perennial vegetation such as switchgrass
(Panicum virgatum L.) or rotations using corn or sorghum (Sorghum bicolor L.) may help meet increasing
national energy demands, but require careful evaluation of impacts on overall ecosystem functioning.
Despite the potential negative impact of excessive corn stover removal on SOM dynamics in the
Midwest [160], other studies have shown that conversion of marginal lands to rotations involving
high-residue crops (e.g., cotton (Gossypium spp.)) to high-yielding sorghum on low SOM soils can
increase microbial biomass and metabolic capacity related to biochemical cycling [161]. In experimental
cellulosic ethanol production systems where corn stover was harvested, no-till and addition of cover
crops limited extensive changes in soil microbial communities [162]. Additional studies quantifying
biofuel-cropping system effects on soil microbial communities are also needed to be sure such practices
are not detrimental to biological soil quality.

Crop rotation has long been noted for disrupting pest cycles and adding N fertility with legume
crops [85,86,163]. In a study of five long-term diversified cropping systems, crop diversity (rotation)
increased soil microbial biomass and activity and was associated with positive changes in soil C and
nutrient dynamics [164]. Crop rotations have been specifically noted for increasing soil fungal biomass,
which in turn aids in soil aggregation and C sequestration [148]. Rotating corn with other crops
increased soil microbial biomass, C availability [165] and numbers of AM fungi [166]. In comparison
to continuous corn, rotating corn with canola resulted in greater microbial biomass, activity, and
functional diversity [167]. On the other hand, continuously cultivated crops are most commonly
associated with increased incidence of DRB which impair plant growth through numerous modes of
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action [115,168]. The absence of a crop (fallow) is an obvious factor in decreased soil health as there
is no plant host for obligate symbionts, no exudates for the rhizosphere community, and no residues
for the bulk soil community. Fallow is associated with poor nutrient conservation [169], lowered AM
fungi populations [140,170] and other impacts to soil health that affect crop production [171]. While
crop rotation is known to benefit crop production via modification of the soil microbial communities,
many details are still unknown [142]. Specific crop sequences have been shown to be particularly
effective for controlling weeds, but often the mechanism remains unexplained, and probably involves
modification to the soil biota [172].

Organic amendments enhance the physical environment for nutrient retention and bioavailability
causing alterations to the existing microbial community. Depending upon their composition and
nutrient content, they can also cause significant shifts in the existing microbial community of
soil by introducing another diverse microbial pool plus their metabolites into the soil. However,
some researchers argue that organic amendments seem to have less prolonged effects on soil
microbial communities than seasonal variations or other anthropogenic factors such as the mechanical
management of the soil [173]. Recent studies using molecular techniques have identified detectable
changes within Proteobacteria, Acidobacteria and Bacteroidetes with the use of organic amendments [174,175].
Another recent study suggested that compost effects were mainly caused by physicochemical
characteristics of the compost matrix rather than by compost-borne microorganisms and that there
was no resilience of microbial characteristics during the study (6–12 months) after applying a high
amount of compost [176]. However, a comprehensive meta-analysis showed that organic amendments
routinely increased soil microbial biomass in agricultural soils [177]. And, while excessive inorganic P
fertilization is known to suppress AM fungi [80,140,178], meta-analysis results show equivocal effects
of mineral N fertilizers on aspects of the entire soil microbial community [179]. Thus, more information
is needed on actual comparisons of the microbial communities within different organic amendments
and the extent of alteration and resilience of the inherent soil microbial community over time.

While the effects of fumigants are relatively easy to predict—they are used as a soil biocide—the
non-target effects of other agrichemicals such as insecticides, herbicides, fungicides on soil biota are
less clear. Determining agrichemical effects on soil biota is complicated by different modes of delivery
(seed applied, foliar, soil drench, etc.), the concentration, mixtures, the specificity of the target(s),
and the mechanism(s) of action. Most agrichemicals represent a C and nutrient source for some soil
microorganisms. The most widely-applied herbicide, glyphosate, is relatively non-toxic to most soil
biota in laboratory bioassays [180]. Largely negligible impacts on soil biota have been observed in field
or greenhouse studies of potential glyphosate treatment effects [181–185]. On the other hand, extensive
research has indicated negative impacts of glyphosate application on symbiotic N-fixing bacteria
when applied to glyphosate-resistant soybean [186]. In the absence of any additional stressor, the
inhibition of these symbiotic N-fixers is transient, and not expected to affect yields [186]. Some recent
reports indicate the potential for indirect effects of glyphosate via its complexation with trace nutrients
resulting in increases in pathogenic soil microorganisms, perhaps due to stressed plants [187,188].
However, there is a lack of consensus in the literature on the potential for glyphosate to select for soil
pathogens [189]. One possible outcome that is not well-documented is that large areas that are devoid
of vegetation due to glyphosate application will have lower soil microbial biomass and activities
simply due to the lack plant hosts, exudates, and residues. The lack of weeds has been shown to
negatively influence the diversity of some insects and birds in agroecosystems [190]. Some agricultural
pesticides have been indirectly linked to increased DRB numbers [114,116,191,192], and it was recently
concluded that the fungicide carbendazim inhibits AM fungal colonization of pepper plants [193]. It is
difficult to generalize non-target effects of agrichemicals (herbicides, fungicides, and insecticides) on
beneficial soil biota because the experimental conditions and results of individual studies are variable.
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5. What Are the Primary Knowledge Gaps Limiting Manipulation of Soil Biological
Communities and Mitigation of Degraded Soils?

Despite the amount of research already conducted, we do not know how soil microbial
communities are controlled. One model proposes that the control is balanced between the soil
(texture), the plant (maize or Arabidopsis), and the particular microorganism (an actinomycete or
Pseudomonas sp.) [99] (Figure 5); however, the actual situation is most assuredly more complicated.
If we are to manipulate soil biology in order to optimize ecosystem services and restore degraded soil
resources, we need to understand what controls soil microbial community structure, function, and
biomass under a given set of conditions, how much it varies according to conditions, and distinguish
these effects from seasonal influences. Further, the duration of effects due to changes in management
or crop is an unresolved question with conflicting research findings.

Figure 5. Conceptual model of the relative strengths of forces shaping microbial communities in the
soil (from Garbeva et al. [99], with permission of the publisher).

While microbial community function should theoretically vary with community structure, it is not
known how common this linkage actually is within soils. If functional redundancy is very high across
different phylogenetic groups, large changes in microbial community structure could occur without
corresponding changes in soil function or possibly resiliency. If functional redundancy occurs across
ecotypes, changes in soil conditions could occur yet function might remain unchanged. The distribution
of soil microbial populations and functions at local and larger scales (i.e., biogeography) and their
colonization abilities are largely unknown for most taxa. The extent of microbial species endemism
and functional redundancy are central to measurement of soil health and resilience, particularly in
relation to biodiversity [194].

We do not know how soil microbial community function is related to microbial biomass.
As biomass increases, the potential for function should increase due to a higher number of organisms
carrying out that function, but other factors may limit gene expression or enzyme activity and therefore
function. While soil microbial community function should be related to the number of copies of
that functional gene in the community and the degree of expression of that gene, in many cases we
do not know how gene expression is controlled or the factors controlling enzyme activity in soil
microbial communities.

A predictive model that combined all of these factors to explain how soil microbial community
structure, relative abundances, and function were controlled would permit us to maximize soil health
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and optimize ecosystem services on a site and management-specific basis. In part our understanding
has been limited by available methodology. Only recently has a method (next- generation sequencing)
been developed which has the potential to identify changes in soil microbial communities at the species
or genus level. Before next-generation sequencing, scientists could detect alterations in microbial
community structure but could not determine which genera changed, or were restricted to the very
small proportion of soil microbes that could be cultured in the laboratory. Similarly, functional genes
and gene expression of the entire soil metagenome can now be measured using microarrays and
next-generation sequencing.

6. What Are the Highest Priority Research Needs to Improve Soil Health and Reverse
Soil Degradation?

6.1. Framing High Priority Research Questions

Soil microbial communities can be manipulated to enhance ecosystem services and improve crop
productivity, but this requires an understanding of the genetic potential of the soil microbiome [195].
Given this enormous amount of functional diversity, substantial research is needed to link microbial
species, or assemblages, with key function(s) in the soil, and in particular how they are influenced
by management [152,196–198]. Furthermore, addressing emerging challenges such as climate change
and land use will be reliant upon the identification of microbial species and/or assemblages that
enhance soil structure, nutrient and water uptake by plants, and protection from pathogens, pests,
and weeds. Our goals are to understand these interactions and apply that understanding to increase
agroecosystem productivity, to document suitable indicators of soil health, and to provide guidelines
for restoring and then maintaining the health of degraded soil resources.

6.2. Fundamental Information Lacking Regarding the Identities, Distributions, Ecology, and Functionality
of Soil Biota

Fundamental information is required to answer simple questions like “What organisms are there?”
and “What are they doing?” Projects such as TerraGenome (www.terragenome.org) are an important
step in our efforts to better understand the true diversity of genes and functions residing in the soil.
When a sufficient amount of the census information exists, the next questions that require more
complete answers are: “How are they distributed?” and “What do we know about their ecology?”
Determining the extent of a biogeography for individual taxa or functional capabilities is key to
understanding how factors influence communities and their function, and what management practices
will inhibit degradation of soil health. For instance, if certain AM fungi with specific functional
abilities or host preferences are endemic to a given soil-climatic region, and they are eliminated by
soil-degrading practices, then appropriate management will be required for re-establishment. The
required management will depend on the ecological characteristics of the AM fungi such as life-cycle
and dispersal abilities. Management options could be creating better conditions (i.e., cover cropping,
crop rotation, avoiding fallow) or inoculation with non-native, commercial AM fungal inocula, or
on-site amplification of native AM fungal inocula [199], depending on what information is available
for local conditions.

Basic descriptive information is required for taxa associated with soil biological functions that
are fairly cosmopolitan (e.g., denitrification), but also for more specialized functional guilds (e.g.,
symbiotic N-fixers). The current information void concerning soil organisms and consortia that are
known, or suspected to be particularly influential to plant development (e.g., AM fungi, PGPR/B and
DRB), limits opportunities to exploit these organisms to improve soil health and function.

The nature of interactions of plants and rhizosphere microbial communities deserve special
attention. Future research should investigate plant characteristics that are related to aspects of
microbiome diversity, i.e., the richness and evenness of species composing the community. For instance,
how important are adaptation or long-term association in maintaining evenness among rhizosphere
microbes? Over long time scales, does rhizosphere microbial evenness increase as many microbial
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community members undergo adaptation or niche differentiation in the context of a stable assemblage
of interacting organisms? Does increasing exudate diversity sustain greater microbial richness in the
rhizosphere? Or, can simple exudates be transformed by microbial activity into sufficiently diverse
metabolites to allow for niche differentiation of many microbes? If so, simply increasing exudate
quantity may be as effective in maintaining a rich microbiome as increasing exudate diversity. The
relative importance of carbon source identity vs. diversity has begun to be explored through simple
studies of resource amendment using defined compounds [200] but much more work of this sort
is needed.

Research should consider the role of soil microbial richness and evenness on plant performance
and address whether a greater functional gene diversity and/or functional redundancy associated
with increased taxonomic diversity leads to a more resilient and consistent functioning of the soil
microbiome across changing environments [201]. Furthermore, while only a portion of the soil
microbial pool is metabolically active (at different rates) at any given time [202], a more diverse
community should increase the metabolically active pool of microbes, but also provide the genetic
diversity to function under changing environmental conditions. A more abundant and diverse
community would also maximize microbial competition and/or niche saturation rendering the soil
more resistant to new invasion. For example, soils with higher microbial biomass and/or diversity
have been found to be more disease-suppressive [203–205] and resilient to invasive organisms [98]. The
role of community evenness has received less attention than richness or diversity; however, evidence
supports an important role for evenness in community functioning and plant productivity, particularly
under stresses or perturbations [206]. The mechanistic basis behind these benefits still need to be
explored; however, like community richness and diversity, may be associated with a more complete
resource utilization that reduces niche space available for invaders. In particular, community evenness
has been shown to be important to limit invasive plants [207] or insect pests [208].

6.3. Defining Relationships among Climate, Edaphic Factors, and management with Respect to Soil Biota

Overall, there remains insufficient information to quantify effects of agricultural management
practices on key soil biological functions under a range of soil-climatic conditions. It is also essential to
incorporate the temporal element as the timing of disturbances (managed or natural) could determine
their significance, and length of time needed to recover critical soil functions.

While numerous studies have found the effect of one or more specific factors (edaphic,
management) on soil microbial communities to be significant, very few researchers have integrated
a wide range of factors into one study, and interactions were generally not identified. In one of the
very few attempts to look at this problem on a broad scale, a study on bulk soil from field plots in
California found that microbial communities were affected by the following variables, in order of
decreasing importance: soil type > time > specific farming operation > management system > spatial
variation [209]. Studies like this need to be repeated with modern methods across a wide range of soil
types and climate. New metagenomic tools including high-throughput sequencing and functional
gene arrays now make it possible to directly address this question. This is a critical question which
must be answered in order to build a model that uses agricultural management and environmental
factors to predict soil biological health and ecosystem services. A step in this direction has been made
with the inclusion of AM fungi in modeling the services provided by cover crops [154].

Both short term and long term disturbances affect the soil biological community and its function.
An example of a short term or acute change would be the transient change in overall biomass or
activity due to a single event such as tillage or fertilizer application. These changes may or may not be
significant depending on the stage of crop growth and its current requirements. Long term changes in
the soil biological community are those occurring in response to persistently applied management
approaches such as tillage regime, crop rotation, or cover cropping. These changes result in alterations
within the soil communities as some members are lost while others become dominant. If an organism
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that is lost has limited dispersal mechanisms, such as AM fungi, then recovery of these populations
may take a lot of time or require intervention by inoculation.

6.4. Development of Improved Indicators of Soil Health

Another challenge is to identify those soil biological functions or variables that are sensitive and
have short-term biological relevance but also integrate management history. Measuring such functions
could then be used to inform management decisions. The natural temporal or spatial scales of some
soil functions will likely not correspond to the scale of management. Highly variable, but biologically
important, soil parameters such as soil moisture, temperature, mineralization rates, and pools of
labile C and N may be most useful for understanding short term, localized patterns of soil functions
but their relatively high spatial and temporal heterogeneity hamper meaningful measurement and
limit their use for determining prescriptive management activities at the field scale [210]. Moreover,
parameters with variable tendencies may not adequately detect baseline shifts in key soil biological
activities without a robust temporal and spatial historical dataset. Conversely, relatively large scale soil
parameters that impact soil biological functions may not be manageable (soil texture) or change slowly
(soil organic matter), making them less useful for modifying management plans in the short term.
A truly defensible measure of in situ biological function remains a challenge, as the act of measuring or
sampling will influence the target measurement. Improved relevance of functional measurements is
imperative for understanding the dynamic processes occurring in soils.

Identification of optimal soil functions and a suitable set of representative soil variables must be
specific enough to be useful at the local scale but also capture information that will allow meaningful
comparisons across geographic gradients or over time. Coordinated research, using standardized
methodology and development of appropriate methods for normalizing soil biological functions
may be one means for such comparisons. A related but more difficult task is the development
of forward-looking information to accommodate anticipated, but uncertain changes to soil-climate
linkages in the future. Future changes are expected to manifest as shifts in the overall trends of
major environmental factors such as temperature and precipitation but accompanying these may be
increasing variability and thus risk.

One challenge to understanding the relationships between management and soil function,
whether under different management options, combinations of soil climate, or scenarios of change,
is to move beyond descriptive soil biology towards mechanistic characterizations of community
composition and activities that are directly related to productivity or sustainability and are amenable
to management [210]. Productivity is relatively easy to measure but sustainability is more complicated
given our imprecise understanding of how the communities of soil biota link to ecosystem functions
and how they can respond to change, whether planned or stochastic. It has proven difficult to
comprehensively define “ambient” or “optimum” levels of soil health in part because these are
context dependent terms that depend on intended land use. Thus further work is needed to provide
suitable baseline criteria about manageable, functionally-related soil traits in order to compare among
various management approaches such as conventional versus low input versus integrated approaches
that combine livestock and crop production. Such comparisons may be at the local scale (e.g.,
nutrient cycling, pathology, or aggregate stability) or have broader consequences (e.g., water quality,
C sequestration, greenhouse gas formation erosion).

One area that demands a comprehensive level of effort is the role of soil biology in improving
nutrient use efficiency by plants. Current nutrient recommendations are primarily based on a
single, point-in-time measurement of soluble and easily-exchangeable soil nutrients. However, the
chemical speciation of nutrients changes frequently, often catalyzed by biological processes. However,
nutrient recommendations are commonly developed under standard test conditions, usually similar
to conventional farming practices, where soil biological contributions to soil fertility are likely to be
minimized. Consequently, while nutrient recommendations do predict the average crop response, they
do not reliably predict plant response and soil fertility under many site-specific conditions, particularly
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where soil biology has been enhanced by management practices [211–213]. Typical calculations of
nutrient use efficiency contribute to excessive nutrient application because they fail to account for loss
of nutrients from the system [84]. Improved nutrient use indexes that account for nutrient loss from
the system implicitly include the extensive effects of soil biota on nutrient dynamics. Plant nutrition
models fail to capture many biological rhizosphere processes, particularly the kinetic aspects, and
enhancement of root-rhizosphere processes is the most probable path for ecologically-sustainable
intensification of agriculture [214]. Managing the nutrient balance of the entire soil system allows
the system to stabilize at lower nutrient levels that take advantage of biological means of nutrient
retention and makes the most efficient use of resources [85,86].

Simple and effective indicators of soil quality/health which have meaning to land managers
remain inadequate for assessing the sustainability of management. Indices and models are needed to
link changes in microbial community composition and activities to a change in metabolic functions
(i.e., C cycling, and nitrous oxide (N2O) and methane (CH4) fluxes) for different soils and crop scenarios.
A recent report by a group of scientists for the American Academy of Microbiology (AAM) stressed
the importance of incorporating microbial processes into climate models [215]. Currently, no index
includes the microbial portion of soil, which poses another challenge to assess the success of benefits
to soil health provided by conversion of cropland to conservation programs (i.e., The Conservation
Reserve Program). Quality and quantity of SOM is coupled with composition and functioning of
the microbial community and therefore, SOM quality assessments must also be a component of
future research/indices. Perhaps, soil microbial community characteristics (e.g., size, composition
and specific activities) and changes occurring with management can be assigned a ranking number to
guide management decisions and policy.

The proposed introduction of several new organic amendments or 21st Century by-products (e.g.,
biochars or nanomaterials) that can last longer in the environment than traditional amendments, create
another level of complexity. Critical assessments are needed to quantify the impacts of these products
on resident microbial communities and their associated—but largely unknown—activities. Similarly,
the use of microbial amendments and stimulants are difficult to justify without better understanding
of the baseline contributions of soil biota and suitable indicators to evaluate if modification of the soil
biota results in significant improvements to soil health and function.

7. Soil Biology Research Investments Needed to Ensure Our Future by Promoting Soil Health
and Mitigate Soil Degradation

The challenge for agriculture in the 21st century is to implement more sustainable farming systems
that are economically viable and accommodate changing technologies and climate. The production
of food and fiber continues to increase agriculture’s C footprint through the increased use of fuel
and fertilizer, and contributes to widespread soil and water quality degradation, and loss of habitat
diversity and biodiversity. To decrease this footprint, nutrient management in sustainable systems
must be a top priority [216]. Soil biology is the foundation for soil health and the biological processes
which moderate nutrient availability to plants, in addition to buffering plants from changes in water
availability and pest, pathogen, and weed pressures. The health of the soil biota is strongly linked
to the resistance of soils to erosion. Soil biological diversity is positively linked to ecosystem level
processes such as C and nutrient dynamics [69] and has a central role in agroecosystems that are
operated in an environmental- and economically-sustainable manner [217,218]. Soil biology is the key
to ensuring the ability to “Feed the World” [219] and reversing the degradation of soils that support
crop production.

As farming systems constantly change due to economic and technical drivers, soil biological
functions need to be continually re-evaluated [220]. Synthesis papers by Kremen [71] and
Hooper et al. [72] detail the linkages between biological communities and ecosystems services;
understanding soil biological complexity is essential to properly manage agroecosystems. Recent
advances in DNA and biochemical methods in characterizing biological activity and biodiversity
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will help better understand the complex nature of life in soil, provide new insights into functional
mechanisms of soil microbial communities, and thus be useful for restoring degraded soil resources.
This new knowledge will also greatly aid and drive development of innovative agricultural production
systems that are economically and environmentally sustainable [220].

Climate change models suggest that modified cropping systems will be needed for optimal
production under extreme weather events, such as the recent drought facing much of the U.S. The
resiliency and resistance of agroecosystems depends, in part, on the functioning of the microbial
community. Changes in cropping systems resulting from an earlier growing season, emerging plant
pathogens and lower yields, and cropping sequence disruption due to drought cycles in certain regions
will challenge land and water resources to maintain food, fiber, and feed production for the growing
population. For example, frequent drought cycles in the U.S. Southern Plains have resulted in transition
from irrigated to dryland production with possible total crop abandonment and/or interruptions in
production cycles [152,221]. Identification of key soil microbial assemblages and the soil management
practices that support these key microbial assemblages may assist the recovery of soils from major
disturbances. Climate change may result in even more soil degradation through greater wind erosion
and increased use of fallow periods to compensate for periodic droughts in some rotations. Greater
knowledge of microbes and their roles in essential soil processes will aid in quickly adapting to
these climate changes and other factors contributing to soil degradation. As cropping systems evolve
with changing technologies, producer views and environmental constraints, specific bacterial-fungal
assemblages that foster efficient nutrient and water uptake under modified or new cropping systems
will need to be identified.

Research investment is required to significantly advance basic knowledge of soil biology and
to properly assess soil biological responses in agricultural systems. Research should be designed
with particular agricultural applications in mind and sites need to accommodate regionally- different
soil-climatic regimes and agricultural practices. Long-term, multi-location, multidisciplinary team
research with shared goals and protocols is required to thoroughly and productively advance this area
of research.

Significant progress toward enabling predictable application of soil biology manipulation in
agricultural systems could be made using currently-available analytical tools provided a critical mass
of effort is assembled. A hierarchical set of analyses should be applied, such as that proposed by
Kowalchuk et al. [222] to assess the effects of GM plants on soil microorganisms (Figure 6). These
analyses would include basic measures of the size of the microbial community (e.g., biomass and
numbers), bulk activities (respiration, enzyme activities), community composition (PLFA, molecular
profiles) as well as quantification of subsets of microbes and their activity potentials using molecular
probes and soil metagenomic approaches.

 

Figure 6. Hierarchy of soil microbial analyses to characterize soil microbial communities. Modified
with permission from Kowalchuck et al. [222]).
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8. Summary and Conclusions

After reviewing what’s known and unknown regarding soil microbial communities and their
relationships to soil health, we remain optimistic that one of the most promising strategies for
mitigating and even reversing soil degradation around the world is to significantly increase
public-private research efforts focused on soil biology. Of the three indicator regimes (physical,
chemical, and biological) influencing soil health/quality at all scales, biological relationships are by
far the most complex with large deficiencies in basic understanding. Many new tools and techniques
have been or are being developed, thus making it more feasible to unravel these complex systems.
Ultimately, this new knowledge will be used for informing management to restore the degraded soils
that humankind desperately needs to meet the rapidly increasing food, feed, fiber, and fuel needs of
an expanding global population.
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Abstract: The physiographic region of the Central Russian Upland, situated in the Central part of
Eastern Europe, is characterized by very fertile grassland soils—Chernozems (Mollisols in the USDA
taxonomy). However, over the last several centuries this region has experienced intense land-use
conversion. The most widespread and significant land-use change is the extensive cultivation of
these soils. As a result, Chernozems of the region that were some of the most naturally fertile soils
in the world with thick A horizons had become, by the second half of the 19th century, weakly
productive, with decreased stocks of organic matter. When not protected by plant cover, water
and wind erosion degraded the open fields. The investigation of methods for rehabilitation and
restoration of Chernozems resulted in the practice of afforestation of agricultural lands (mainly by
windbreak planting). Preferences of agroforestry practices were initially connected with protection of
cropland from wind and water erosion, improvement of microclimate for crop growth, and providing
new refugia for wild animal and plant habitats. During the last several decades, tree windbreaks
have begun to be viewed as ecosystems with great potential for atmospheric carbon sequestration,
which plays a positive role in climate change mitigation. For the evaluation of windbreak influence
on Chernozem soils, a study was developed with three field study areas across a climatic gradient
from cool and wet in the north of the region to warm and dry in the south. Windbreak age ranged
from 55–57 years. At each site, soil pits were prepared within the windbreak, the adjacent crop fields
of 150 years of cultivation, and nearby undisturbed grassland. Profile descriptions were completed to
a depth of 1.5 m. A linear relationship was detected between the difference in organic-rich surface
layer (A + AB horizon) thickness of soils beneath windbreaks and undisturbed grasslands and a
climate index, the hydrothermal coefficient (HTC). These results indicate that windbreaks under
relatively cooler and wetter climate conditions are more favorable for organic matter accumulation in
the surface soil. For the 0–100 cm layer of the Chernozems beneath windbreaks, an increase in organic
C stocks comparable with undisturbed grassland soils (15–63 Mg·ha−1) was detected. Significant
growth of soil organic matter stocks was identified not only for the upper 30 cm, but also for the
deeper layer (30–100 cm) of afforested Chernozems. These findings illustrate that, in the central
part of Eastern Europe, tree windbreaks improve soil quality by enhancing soil organic matter while
providing a sink for atmospheric carbon in tree biomass and soil organic matter.

Keywords: Russian Chernozems; soil organic carbon; degradation of soils; restoration of
soils; afforestation
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1. Introduction

One of the main natural resources of Russia are its Chernozem soils or Chernozems. The history
of soil science evolved from studies of these soils. The founder of soil science, Vasily Dokuchaev
called Chernozems the “Tsar of soils” [1]. As for any other science, the foundation of soil science was
connected with “demands of practice”. In 1876, the Free Economic Society of Russia, with support of
the Russian government, developed a project to study the causes that led to agricultural depletion
of Chernozems. The research program included detailed study of Chernozems, their properties,
formation, and patterns of spatial distribution within Eastern Europe. A young Quaternary Geologist,
V.V. Dokuchaev, was selected as research leader of this project. During the several years following the
execution of the project, he had proposed and argued the main foundations of pedology or soil science
using the example of Chernozem soils [2]:

• The soil is an important separate component of the environment with its own history of
development, connected by properties and processes with other components of the environment;

• The soil is a product of influence of soil forming factors: parent material, relief, climate, plants
and animals, and age of the territory;

• The soil consists of a few genetically interrelated layers or horizons with individual properties,
reflecting the history of soil formation;

• The soil is a mirror of the environment, the focus of all natural processes which form landscapes
and biosphere in the whole.

Further (after 1883) development of soil science in Russia was associated with expeditions by
Dokuchaev and his students with different goals: soil cartography and descriptions of soils in a series
of administrative Russian units (provinces), study of soil zones (elevation zones in mountain systems),
and the founding of special scientific stations for long term instrumental observations of soil properties
and soil regimes in different climatic zones [3]. However, one of the most important activities of
Dokuchaev at the end of the 19th century was organization of the so-called “Special Expedition” to
Kamennaya Steppe of the Voronezh province to study the effects of a drought that affected the southern
provinces of European Russia in 1891–1892. Detailed studies of all components of the environment
in the Kamennaya Steppe led Dokuchaev to the scientific evaluation of the idea for the necessity of
agroforestry within steppe landscapes, crop fields and grasslands—to improve the soil resistance
to adverse climatic changes and to improve their productivity [4]. Since this time, Russia began to
systematically introduce agroforestry as an effective way to protect soils from erosion and improve
soil and climate conditions for increasing crops yields.

Until the end of the 1940s, many agroforestry activities within steppe agricultural lands were
concentrated in experimental scientific stations such as Kamennaya Steppe. Only in the 1950–1960s did
afforestation become public agricultural policy in the Soviet Union [5]. The “Plan for the Transformation
of Nature”—a comprehensive program of scientific management of nature in the Soviet Union was
implemented in the late 1940s. The plan was adopted on the initiative of Stalin and put into effect the
decision of the Council of Ministers of the USSR on 20 October 1948 as “On the plan of shelterbelts, the
introduction of grass crop rotations, construction of ponds and reservoirs to ensure high crop yields in
the steppe and forest-steppe regions of the European part of the USSR”. In print, the document is called
“Stalin’s Plan for the Transformation of Nature”. The plan was unprecedented in the global experience
in terms of scale. The program included a plan to plant windbreaks to block the hot, dry winds and
together with ponds and reservoirs to increase water storage and ameliorate climate change in an area
of more than 120 million hectares, which is equal to the total territory of England, France, Italy, Belgium
and the Netherlands (Figure 1). The centerpiece of the plan was field-protective afforestation and
irrigation. In the course of the project, afforestation of agricultural lands covered four major watershed
basins of the rivers Dnieper, Don, Volga, and Ural in the European South of Russia. The first designed
windbreak was to stretch from the Ural Mountains to the shores of the Caspian Sea, with a length of
more than a thousand kilometers. The most intensive planting of windbreaks took place in 1949–1953
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when 2.1 million hectares of windbreaks were planted. In the 1950–1960s, afforestation of the Southern
part of Eastern Europe continued, but not as intensively as from 1949–1953. The main result of this
State plan for agricultural lands afforestation was an ecological situation of stabilization as well as in
increase of crop yields [5].

Given this background, what were the reasons for degradation of Chernozem soils that were
the impetus for the emergence of soil science, and then the introduction of windbreak planting? The
answer to this question can be found in the history of natural and soil resource management. As a
model region, we can observe one subject of the Russian Federation, Belgorod Oblast, located on the
southern slopes of the Central Russian Upland. Of the 27,134 km2 area of Belgorod Oblast, 77% has
Chernozem soils [6]. Economic development of the Belgorod Oblast (as in many regions of the South
of European Russia) began in the end of 16th–early 17th centuries. Notable anthropogenic changes
of the steppe vegetation began in the 16th century with the beginning of the construction of Tatar
roads [7], although some lands remained unsettled for a long time. Substantial transformations of
steppe vegetation during this time were caused by destruction of natural steppe vegetation on Tatar
roads, and fires on the steppes.

 

Figure 1. Poster showing the plan for the steppe zone transformation in the European part of the USSR
through afforestation according to plan of 1948 (photo from the Museum of Kamennaya Steppe).

Transformation of forests in relation to the steppe transformation occurred quickly. First, forests
were affected by construction of settlements and fortifications. At the end of 17th to the first half of
the 18th century, forests were reduced significantly to build the Azov-Black Sea fleet [8]. In the 18th
century, the average annual consumption of wood had increased by at least five times as compared
with the 17th century. Figure 2 provides a visual representation of the spatial and temporal variation
of the natural vegetation changes within Belgorod Oblast over the past 400 years. Areas of forest
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and virgin steppe declined, being replaced by settlements, arable lands, and pastures. Calculations
on maps show that in the 1780s virgin steppes occupied about 22% of the total area, and forest only
16%. By the middle of 19th century, forests covered 13% of the area and the area of untilled steppes
dramatically decreased to just a few percent. In the 1880s, the last virgin steppe areas were plowed
except for accidentally surviving islets of steppes in the eastern and northern parts of Belgorod Oblast,
which now have the status of natural reserves. The last large-scale deforestation ended in 1917, after
which the area of forests varied only slightly, accounting for about 8% of the area. Currently, forest
harvests continue to be carried out with selective felling of trees, so the age of trees is young (the vast
majority of trees less than 80 years). Artificial planting of Scots pine (Pinus sylvestris) on sandy river
terraces of the study area [9] can be considered a positive anthropogenic effect of man’s influence to
restore lost elements of flora.

Figure 2. Distribution of forests and grasslands in the Belgorod Oblast in different historical periods
(compiled from archival sources and literary and cartographic materials).
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It is well known that forests have an important impact on the environment—they play a role in
regulating surface runoff as well as form more wet/humid climatic conditions. Therefore, deforestation
of Belgorod Oblast impacted the climate (which become drier), which may have also contributed to
the further deterioration of soil quality and reduction of crop yields.

Aside from deforestation, significant degradation of Chernozem soils has occurred due to
long-term cultivation without or with sporadic replenishment of nutrients with fertilizers. According
to Chendev and Petin [10], the mean duration of Chernozem soil cultivation in the Belgorod Oblast
is approximately 240 years. Thus, at the beginning of the research by Dokuchaev for 1877–1879 [1],
the soils had been already under agricultural management no less than 100 years. The lack of organic
fertilizers (manure) in a large area of arable soils at the end of the 19th century (Figure 3) certainly
influenced the appearance of an ecological crisis due to Chernozem soil nutrient depletion.

 

Figure 3. Distribution of arable lands (A) and use of manure (B) in the Southern part of European
Russia at the end of the 19th century (1887) [11].

The unfavorable state of agricultural land fertility was exacerbated by the natural relief with a
large proportion of relatively steep slopes and by the practice of plowing along, not across, slopes.
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From year to year, plow furrows along slopes led to gully network formation. Realistic documentation
of the 19th century cultivation practices were captured by artist’s paintings demonstrating these
phenomena (Figures 4 and 5).

 

Figure 4. Painting of I. Levitan “The evening on arable land” (second half of the 19th century) (in the
painting plowing along the slope is visible).

 

Figure 5. Painting of N. Sergeyev “Summer Landscape” (second half of the 19th century). In the
enlarged fragment, plow furrows are visible along the slope, with the formation of a new, expanding
gully downslope.
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The sheet and rill water erosion of arable lands along with the practice of plowing along slopes
led to the increase in the number of fields intersected by gullies (Figure 6).

 

Figure 6. Slope of natural ravine with secondary forms of relief—earthen plowed rampart along
old (beginning of 20th century) edge of arable land, and gullies associated with this edge. (Photo in
Korocha district of Belgorod Oblast).

It is estimated that, for the history of agricultural management in the Belgorod Oblast, the average
rate of gully network growth was equal to 56.5 km·year−1 and the annual loss of land by new gully
formation was approximately 1.1 km2. The total volume of soil and rock eroded by gully formation
over the history of land management in the study region was estimated to be 2–2.5 km3, which is equal
to a 7-cm layer of soil with bulk density1.15 g·cm−3 distributed over the entire area (27,134 km2) of
Belgorod Oblast [10].

So, we see that many factors contributed to the depletion of Chernozem soils in the 19th–early
20th centuries. Separate consideration is given to historical changes in tillage technologies and their
impact on soil fertility. According to an analysis of land use history in the study territory, soils before
the 1930s were tilled with wooden and iron plows to a depth of 10–20 cm. Mechanical plowing with
tractors led to a gradually increasing depth of the plow layer. At present, primary tillage penetrates to
a depth of 30–37 cm. The wide using of mineral and organic fertilizers began only after World War II.
However, volumes of fertilization were relatively low. The annual input of farmyard manure has never
been higher than 4 Mg·ha−1—at least until the end of the 20th century. Another factor is that, since the
1960s, more sugar beet and other industrial crops have been cultivated in addition to the cereal crops.
These crops require higher use of farm machinery on fields. This led to further deterioration of arable
Chernozems’ physical properties through compaction and destruction of soil structure [12,13].

Therefore, we conclude that cultivation practices for almost all of the history of agriculture did
not favorably affect soil quality and soil fertility. An exception to this pattern has occurred only
during the last few years in the Belgorod Oblast. Agricultural development with new land owners and
agricultural holdings has begun to use advanced technologies of cultivation such as minimum and zero
tillage. They use scientifically recommended rates of soil mineral and organic fertilizers. To protect

102



Sustainability 2015, 7, 705–724

soils on sloping lands from soil erosion, some cultivated fields have been sown to forage grasses. Soil
conservation farming systems are being increasingly introduced in the practice of modern agriculture.

Tillage practices and other agricultural technologies during the historical changes of Chernozems
in the Belgorod Oblast—like other regions of the Southern part of European Russia—which did not
serve to improve soil quality. Many current practices add to this long (several centuries) agricultural
management of these soils with an accumulation of negative effects on the current properties of
these soils.

As has been shown above, V.V. Dokuchaev [2] founded a new science about soils, which today is
known as soil science or pedology, based on the study of Russian Chernozems. The initial reason for
their study by Dokuchaev was the Russian government’s concern over the decrease in fertility of these
soils. The initial focus of soil science after 1883 was to find ways to decrease the rate of Chernozem
degradation as well as improve their condition and fertility. Again, Dokuchaev was the first scientist
who drew attention to afforestation of agricultural lands within Chernozem area as the most effective
measure for their protection and restoration [4]. Further agricultural land management practices in the
Soviet Union (since the beginning of 1950s) through afforestation brought positive results until the end
of the 20th century. However, afforestation of agricultural lands during the last two decades (since
1991) declined due to changes in the political and economic status of Russia. Many older windbreaks
have been removed [5]. In spite of the introduction of new crop production technologies and tillage
practices in recent years in Russia, significant rehabilitation of windbreaks has not occurred. There is a
need to re-focus attention on soil rehabilitation, and special attention should be given to agroforestry
practices as one of the most effective ways to improve, protect and rehabilitate Russian Chernozems.

Afforestation of steppe agricultural lands is a well-known practice and it has a long history
of practice in cropland management not only in Russia, but within other regions of Northern
Hemisphere [5,14,15]. In the 19th and 20th centuries, preferences for this practice were connected with
protection of croplands from wind and water erosion, improvement of microclimate for crop growth,
and creation of new refugia for wild animal and plant habitat. At the end of the 20th to the beginning
of the 21st centuries, windbreaks were often viewed from the ecosystem perspective for atmospheric
carbon sequestration, having positive influence on the climatic balance of CO2 [16–19]. Therefore, the
current objectives of this study are the collection and analysis of new data, reflecting opportunities for
windbreaks to sequester soil organic carbon and rehabilitate degraded soils. One such perspective
region, naturally presented by Chernozems, is the Central Russian Upland, situated within the central
part of Eastern Europe.

2. Materials and Methods

This study focuses on Chernozems of the Central Russian Upland under different types of
vegetation—virgin grasslands, crops, and windbreaks. For selection of the study key areas, the authors
were guided by the following requirements: key areas must be situated in the forest-steppe zone
(a transitional zone between forest and steppe); topographically they must be located on flat summits;
and all key areas must be in close proximity to each other. Sub-areas under virgin vegetation, arable
land, and a windbreak planted on formerly cultivated land were identified within the same kind of
soil having homogeneous parent material. The location of the study key areas is shown in Figure 7.
Historical stages of agricultural and agroforestry management of the study soils is illustrated in
Figure 8.
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Figure 7. Locations of the study areas.

 

Figure 8. Historical changes of land management within the study areas in the Central Russian Upland.

Prior to undertaking field studies it was necessary to carefully select the key areas. This
work included analysis of maps of different ages, selection and study of remote sensing data, and
consultations with experts in the fields of geography, geobotany, and agroforestry. Reconnaissance
visits to prospective areas of planned field research were also completed. The Central Russian Upland
is an agricultural region (arable lands currently occupy about 60% of the total area); thus, it was
challenging to find native grasslands in many places within the study area. Therefore, as a base,
we selected sites located in the immediate vicinity of three State steppe preserves: near the Central
Chernozem Preserve (key area Streletskaya Steppe, Kursk Oblast), in vicinity and on the territory of
preserve “Belogorye” (key area Yamskaya Steppe, Belgorod Oblast), and in the preserve “Kamennaya
Steppe” (key area Kamennaya Steppe, Voronezh Oblast). Information about elevation, parent materials,
and classification status of the studied soils and some climatic indicators of the key areas are given in
Table 1. An overview of the virgin Chernozem profiles, in particular thickness of their humus horizons,
are shown in Figure 9.
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Table 1. Some natural indicators of the key areas studied in the Central Russian Upland.

Topographic
Structure

Name of
Key Area

Elevation
above Sea
Level, m

Parent
Materials

Soils
Annual

Precipitation,
mm

Annual Mean
Temperature,

◦C
HTC

Central
Russian
Upland

Streletskaya
Steppe 240 1 Leached

Chernozems 580 +5.3 1.23

Yamskaya
Steppe 230 1 Typical

Chernozems 530 +5.6 1.1

Kamennaya
Steppe 190 2

Ordinary
Chernozems,
transitional
to typical

480 +5.8 1.0

Parent materials: 1—loess carbonated loams; 2—loess carbonated clays. HTC—Hydrothermal Coefficient, 10R/Σt,
where R—precipitation in millimeters for the period with temperatures above 10 ◦C, Σt—the sum of temperatures
in degrees Celsius for the same period [20].

Croplands of the study areas are either located in research sites (in Yamskaya Steppe and
Kamennaya Steppe) or they are in farm use (Streletskaya Steppe). Age of cultivation after transfer
of virgin grassland to arable land at all sites is approximately the same and estimated at 150 years.
All key areas are using crop rotations with predominance of cereals, but in more cool and wet
climatic conditions, (in areas Streletskaya Steppe and Yamskaya Steppe) crop rotations have increased
proportions of fodder and sugar beet, and in the more drier climatic conditions (Kamennaya Steppe),
increased proportions of cereals and sunflower.

 

Figure 9. The profiles of virgin Chernozems of the study areas within the Central Russian Upland:
1—Streletskaya Steppe; 2—Yamskaya Steppe; 3—Kamennaya Steppe.

In all key areas, the windbreaks have multi-rows and a full/dense design. Their width varies from
20 (Streletskaya Steppe) to 35 m (Yamskaya Steppe) with intermediate width at Kamennaya Steppe
of 25 m. Shelterbelts were created in the middle to second half of the 1950s, and are 55–57 years old.
The dominant trees are at Streletskaya Steppe—Black poplar (Populus nigra) and Silver birch (Betula
pendula); at Yamskaya Steppe—Box elder (Acer negundo); and at Kamennaya Steppe—English oak
(Quercus robur) and Balsam poplar (Populus balsamifera).

In spite of the desire to find homogeneous soil cover within each key area, we have not completely
escaped its natural heterogeneity. Therefore, the study sub-areas in every key area are characterized by
certain differences of soil, and therefore could not be considered as a single statistical sample. However,
detection of general trends in soil properties (in particular, the thickness of humus profiles, content and
stocks of organic carbon) under the windbreaks compared to arable lands on different sites suggests
a certain direction of windbreak effects on soil organic matter.
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Studies in all key areas were carried out using consistent methodology. Soil samples were collected
along three equally spaced (5 m) transects across the windbreak including arable lands on both sides
at spacings of 4–5 m. Soil was sampled to 30 cm at every point in triplicate followed by compositing
into one sample. The total number of points along each transect was equal to 18, six of which were
under the windbreak, and four from both sides of the neighboring arable lands. With three transects
within every key area, the total numbers of samples were: 18—under windbreak, and on 12 in every
sub-area of arable land. Based on the variation of windbreak width (20–35 m), total area of sampling
under tree plantations varied from 200–350 m2 (band with 10-m width), and in arable lands on both
sides of plantations—120–150 m2 (also in form of a band with 10-m width).

This technique of soil sampling with subsequent statistical analysis of results is widely used in
the study of soils in agroforestry areas in the United States [18].

Additionally, in each sub-area, a large soil pit was prepared by hand to a depth of 1.5 m. All soil
horizon boundaries and profile descriptions were prepared from observations of three exposed soil
faces. Horizon boundaries were measured at five locations on each exposed face. Sampling of soils
in every soil pit was executed to a depth of 1 m in two opposite soil faces with following meaning
of laboratory analysis results. Soil pits were located in central parts of the windbreaks, and in the
fields on both sides of the windbreaks adjacent to of the soil sampling transects at the greatest distance
from the edge of windbreak. Distance between soil pits on arable lands and under windbreaks varied
depending of windbreak width from 25–35 m. Soils of virgin sub-areas were studied in large pits and
with a series of auxiliary deep soil cores.

Thus, within every key area 48 soil samples to depth 0–30 cm and double selections from four soil
pits in every 10 cm to depth 1 m were collected for a total of 80 soil samples. After drying, preparation
of soil samples for laboratory analyses was executed according to standard methods. Soil samples
were analyzed to determine soil organic carbon (SOC) content and bulk density (for the following
recalculation of SOC content into soil carbon stocks). Sampling for bulk density in pits at selected
points in the profile were collected with steel rings.

The SOC content was determined by dry combustion analysis NA 15000 Fison (ThermoQuest
Corp., Austin, TX, USA) at the National Laboratory for Agriculture and the Environment of USDA
(Ames, IA, USA). Visible roots were removed and a subsample passed through a 2 mm sieve, air
dried, and roller-milled before SOC content analysis. Results are presented for the means of pit and
point samples.

In statistical analysis of data in Tables 2 and 3, a 95% confidence level (p = 0.05) was used.

3. Results

An important morphogenetic indicator characterizing the direction of change with time of the
studied soils transition from “grassland—arable land—windbreak”, are the thickness of their humus
horizons (A) and humus profiles (A + AB horizons) (Table 2). For the three study key areas, humus
horizon thickness of virgin Chernozems varied from 44.7–52.9 cm, and their humus profiles—from
70.3–75.5 cm. After 55–57 years of soil formation of Chernozems under windbreaks, the thickness
of their humus horizon relevant to background (virgin) analogues (at Streletskaya Steppe), were
significantly higher than background (at Yamskaya Steppe—by 7 cm, and at Kamennaya Steppe—by
5 cm). In Chernozems under windbreaks, humus profile thickness is significantly higher than in
virgin grasslands (in Streletskaya Steppe—by 11 cm, in Yamskaya Steppe—by 5 cm). This index
is significantly lower in the area Kamennaya Steppe—9 cm, by comparison with the windbreak’s
Chernozem. At each location, there were significantly greater thicknesses of the A + AB horizons
in soils beneath tree plantings compared to the adjacent cultivated soils. The difference in A + AB
thickness between tree and crop soils was 18.3, 10.9, and 5.6 cm for the Streletskaya Steppe, Yamskaya
Steppe, and Kamennaya Steppe locations, respectively (Table 2). It is likely that these differences
in thickness of the A + AB horizons are due to both continued SOC loss from cropping practices,
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especially tillage, and SOC accumulation beneath the trees where there is both greater biomass input
and limited soil disturbance.

Table 2. Statistics of humus horizons and humus profiles thickness of soils within three study areas in
the Central Russian Upland.

Sub-Area Horizon/s n Min–Max, cm X ± δX, cm δ, cm V, %

Streletskaya Steppe, Kursk Oblast

Grassland
A 15 40–54 44.7 ± 0.9 3.30 7.4

A + AB 15 60–77 70.3 ± 1.0 3.87 5.5

Windbreak
A 15 35–50 44.6 ± 1.3 5.19 11.6

A + AB 15 75–85 81.4 ± 1.0 3.80 4.7

Cultivated land
Ap + A 30 33–48 37.3 ± 0.6 3.48 9.3

Ap + A + AB 30 47–80 63.1 ± 2.0 10.83 17.2

Yamskaya Steppe, Belgorod Oblast

Grassland
A 15 47–58 52.9 ± 0.9 3.45 6.5

A + AB 15 69–80 75.5 ± 0.9 3.36 4.5

Windbreak
A 15 46–64 60.1 ± 1.9 7.31 12.2

A + AB 15 71–92 80.1 ± 1.6 6.29 7.9

Cultivated land
Ap + A 30 39–56 45.3 ± 0.9 4.65 10.3

Ap + A + AB 30 54–82 69.2 ± 1.3 6.87 9.9

Kamennaya Steppe, Voronezh Oblast

Grassland
A 15 41–55 44.7 ± 0.9 3.56 8.0

A + AB 15 69–88 75.5 ± 1.3 4.91 6.5

Windbreak
A 15 46–55 49.6 ± 0.8 3.09 6.2

A + AB 15 57–70 64.1 ± 1.0 3.80 5.9

Cultivated land
Ap + A 30 37–47 41.0 ± 0.4 2.37 5.8

Ap + A + AB 30 49–64 58.5 ± 0.6 3.52 6.0

A plot of the difference of A + AB horizon thickness of tree and grass soils vs. HTC for the three
studied sites exhibits a linear dependence (Figure 10).

In accordance with the observed trend (Figure 10), the humus profile thickness in soils under
artificial forest plantations increased by 10 cm for every 0.1 unit increase in HTC. For the area of the
Central Russian Upland, this corresponds to an advance in a northwesterly direction of a distance of
30–70 (average 50) km.

Statistical analysis of SOC stock distribution in the 0–30 cm of study soils (Table 3) shows an
increase of this index in native grasslands from the cool-wet part of Central Russian Upland to its
warm-dry locations. In leached Chernozems of Streletskaya Steppe they are 126.2 ± 2.3 Mg·ha−1,
in typical Chernozems of Yamskaya Steppe—138.0 ± 3.9 Mg·ha−1, and in ordinary Chernozems of
Kamennaya Steppe—152.5 ± 4.7 Mg·ha−1. Spatial variation of SOC stocks in virgin soils in this
direction also increase with coefficients of variation of 4.4, 6.8 and 7.5, respectively (Table 3). In the
areas Streletskaya Steppe and Yamskaya Steppe, no significant differences between virgin Chernozems
and their windbreaks analogues on SOC stocks were determined. In these sites, arable soils were
significantly lower on this index than soils of grasslands or windbreaks. At Kamennaya Steppe, SOC
stocks in soils under the windbreak were about the same as in arable lands—125.0 ± 3.3 Mg·ha−1

(on arable lands—123.6 ± 2.2 Mg·ha−1) and significantly lower than in virgin Chernozems—152.5 ±
4.7 Mg·ha−1 (Table 3).
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Figure 10. Difference of humus profile thickness in soils under tree plantings and uncultivated
grassland soils vs. hydrothermal coefficient (HTC) within the Central Russian Upland.

Thus, we conclude that under windbreaks in more cooler and humid climatic conditions of the
northern and central forest-steppe of the Central Russian Upland (Streletskaya Steppe and Yamskaya
Steppe), an increase of humus reserve by decay of ground litter and roots under windbreaks is obvious
in the 0–30 cm layer of Chernozems, while in more dry and warm south-east conditions of the study
region, this process is manifested more weakly.

Characteristics of individual soil profiles on SOC stocks to a depth of 100 cm, which have been
studied in three sub-areas within every key site, are presented in Table 4. As in the 0–30 cm layer
(Table 3), in the layers of 0–50, 50–100 and 0–100 cm, SOC stocks of virgin Chernozems regularly
decrease from cool-wet to warm-dry forest-steppe of the Central Russian Upland (Table 4). The
0–50 cm layer of virgin Chernozems contains 66%–72% of the SOC in the surface meter of the soils.
In Chernozems under windbreaks, there has been some vertical redistribution of SOC. In the 0–50 cm
layer, SOC stocks have decreased to 59%–63% of its total stocks in the meter layer of soils due to
replenishment of the organic carbon pool in the 50–100 cm layer. In the adjacent croplands, SOC stocks
also decreased in the 0–50 cm layer to 60%–67% of the total stocks in the 0–100 cm layer (Table 4).
However, the cause of this decline is likely associated with more intensive decomposition of organic
matter in the upper soil layers as a result of continued cultivation.
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Table 3. Statistic indexes of spatial distribution of SOC stocks (Mg·ha−1) in study soils, layer 0–30 cm
(Central Russian Upland).

Sub-Area n Min–Max X ± δX δ V, %

Streletskaya Steppe

Grassland 6 119.9–135.4 126.2 ± 2.3 5.55 4.4
Windbreak 18 109.9–241.1 126.4 ± 7.0 29.74 23.5

Cultivated land 24 91.5–126.7 109.3 ± 2.1 10.24 9.4

Windbreak—Grassland = +0.2; LSD05 = 15.2

Windbreak—Cultivated land = +17.1; LSD05 = 14.7

Yamskaya Steppe

Grassland 6 131.2–155.9 138.0 ± 3.9 9.44 6.8
Windbreak 18 119.3–163.2 142.1 ± 3.0 12.81 9.0

Cultivated land 24 111.2–156.8 127.2 ± 2.4 11.80 9.3

Windbreak—Grassland = +4.1; LSD05 = 10.1

Windbreak—Cultivated land = +14.9; LSD05 = 7.7

Kamennaya Steppe

Grassland 6 135.9–170.0 152.5 ± 4.7 11.40 7.5
Windbreak 18 104.4–156.5 125.0 ± 3.3 14.10 11.3

Cultivated land 24 100.0–140.7 123.6 ± 2.2 10.98 8.9

Windbreak—Grassland = −27.5; LSD05 = 11.8

Windbreak—Cultivated land = +1.4; LSD05 = 8.1

Note: LSD05—Least significant difference at 95% confidence level.

Table 4. SOC stocks in study soil profiles under virgin grasslands, windbreaks, and adjacent to the
windbreaks crop fields within the Central Russian Upland.

Layer, cm
Key Site

Streletskaya Steppe Yamskaya Steppe Kamennaya Steppe

SOC Stocks,
Mg·ha−1

% of Stocks in
Layer 0–100 cm

SOC Stocks,
Mg·ha−1

% of Stocks in
Layer 0–100 cm

SOC Stocks,
Mg·ha−1

% of Stocks in
Layer 0–100 cm

Grasslands

0–50 175.0 72 208.2 66 227.9 67
50–100 68.5 28 105.7 34 113.6 33
0–100 243.5 100 313.9 100 341.5 100

Windbreaks

0–50 178.6 63 237.3 63 208.6 59
50–100 104.6 37 139.7 37 147.3 41
0–100 283.2 100 377.0 100 355.9 100

Cultivated lands near windbreaks (mean on 2 profiles)

0–50 188.5 67 186.6 60 189.9 67
50–100 93.8 33 126.2 40 95.3 33
0–100 282.4 100 312.8 100 285.2 100

The vertical redistribution of SOC in soils beneath windbreaks cannot be explained by these soils
having such profiles from their arable period before afforestation since the growth of relative stocks of
SOC in the 50–100 cm layer beneath the tree plantations has been identified together with an excess of
their absolute values in comparison with the same layers of the virgin Chernozems (Table 4, Figure 11).
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Figure 11. Vertical distribution of SOC stocks in profiles of study soils within the Central Russian
Upland. In diagrams, reflecting arable and virgin Chernozems, the profile for soils beneath windbreaks
is shown for comparison. Reproduced from [21].

Also, we identified reliable differences in SOC stocks between windbreaks and grasslands, and
between windbreaks and cultivated lands within the 50–100 cm layer as average indexes for all key
plots (Table 5). This may serve as further evidence of SOC stock accumulation in Chernozems under
windbreaks, the result of windbreak influence on soils.

Thus, according to our study, we confirm that 55 year-old windbreaks within the Central Russian
Upland forest-Steppe lead to improvement in the quality of Chernozem soils by addition of SOC. This
finding is supported by similar studies in other geographic regions, however, not all afforestation
projects yield such positive results. Studies from past plantings may also have produced different
results than plantings today may produce in the future under potentially different climate conditions.
At present, opinions of different authors vary: some of them detected increases of SOC under
windbreaks of Europe and the USA [16,18,22,23]; others found changes in comparison of these soils
with the initial SOC state of virgin grasslands soils [4,24,25]. A further complication is the change in
SOC, and other properties under windbreaks vary with time. For example, a study of windbreaks of
different ages in the state of Iowa in the USA found varying responses in Mollisols to sequestration of
organic carbon with a tendency of this process slowing 30 years after windbreak planting [26].
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Table 5. Average SOC stocks (Mg·ha−1) in soils under virgin grasslands, windbreaks, and crop fields
adjacent to the windbreaks on three study areas (Streletskaya, Yamskaya, Kamennaya Steppe), Central
Russian Upland.

Sub-Area
Layer, cm

0–50 50–100 0–100

Windbreaks, n = 6 208 ± 11 131 ± 8 339 ± 18

Grasslands, n = 6 204 ± 10 96 ± 9 300 ± 18

Cultivated lands, n = 6 188 ± 1 105 ± 7 293 ± 6

Windbreaks—Grasslands +4 +35 +39
LSD05 33 30 57

Windbreaks—Cultivated lands +20 +26 +46
LSD05 25 24 45

4. Conclusions

Chernozems of the Central Russian Upland respond rapidly to anthropogenic influences in
the form of plowing and afforestation of agricultural lands. Tree cover improves soil quality by
increasing A and A + AB horizon thickness and total SOC stocks. Maximum effect of this favorable
soil development was found in relatively cooler and wetter conditions of central and north-western
forest-steppe (Streletskaya Steppe and Yamskaya Steppe).

Depth of the SOC-enriched surface horizon was strongly correlated with a climate index, the
HTC. A 10 cm growth of humus profile thickness in soils under windbreaks was observed for
every HTC increase by 0.1. For the Central Russian Upland, this corresponds to an advance in a
northwesterly direction of 50 km. In every key site, an increase in soil organic carbon stocks in the
0–100 cm layer of afforested (beneath windbreaks) Chernozems was greater than in the virgin grassland
Chernozems. More significant change was especially evident in the 30–100 cm layer: at Streletskaya
Steppe—40 Mg·ha−1, at Yamskaya Steppe—59 Mg·ha−1, and at Kamennaya Steppe—42 Mg·ha−1.

Afforestation in the form of field windbreaks is an effective means to increase C storage, restore
soil fertility by improving nutrient cycling and availability, protect Chernozem soils from water and
wind erosion, and produce high and stable crop yields in southern European Russia. Regarding
the problem of global climate change, sequestration of atmospheric carbon into tree phytomass and
organic matter of soils of the windbreak ecosystems can be seen as a positive effect in the biosphere.
Agroforestry management, which had a high significance in the Soviet Union (period from 1948–1960s,
during rapid economic growth and industrial reconstruction, needs to continue and expand across
agricultural lands today and in the future.
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Abstract: There is currently no legislation at the European level that focuses exclusively on soil
conservation. A cross-policy analysis was carried out to identify gaps and overlaps in existing EU
legislation that is related to soil threats and functions. We found that three soil threats, namely
compaction, salinization and soil sealing, were not addressed in any of the 19 legislative policies
that were analyzed. Other soil threats, such as erosion, decline in organic matter, loss of biodiversity
and contamination, were covered in existing legislation, but only a few directives provided targets
for reducing the soil threats. Existing legislation addresses the reduction of the seven soil functions
that were analyzed, but there are very few directives for improving soil functions. Because soil
degradation is ongoing in Europe, it raises the question whether existing legislation is sufficient
for maintaining soil resources. Addressing soil functions individually in various directives fails
to account for the multifunctionality of soil. This paper suggests that a European Soil Framework
Directive would increase the effectiveness of conserving soil functions in the EU.

Keywords: European Union; soil policy; soil degradation; soil conservation; soil threats; soil functions;
grand societal challenges; DPSIR

1. Introduction

Despite growing pressures on European soils and the danger that these pressures pose to the
services that healthy soils provide, there is no common EU policy on soil protection. In 2002, the
Commission presented its approach to soil protection in a Communication that was titled “Towards
a Thematic Strategy on Soil Protection” [1]. The main threats that lead to soil degradation were
identified as erosion, decline in organic matter, contamination, sealing, compaction, loss of biodiversity,
salinization and floods and landslides. Floods and landslides were later addressed in a separate
Directive on flood risk management prevention (2007/60/EC) and have therefore been excluded from
the Thematic Strategy on Soil Protection. The Commission stressed the importance of integrating soil
aspects into other directives, but also indicated the need for legislation that focuses exclusively on
soil. To fill the gap in European environmental legislation and to provide a more holistic approach to
soil protection in the EU, the European Commission presented a new policy in 2006 that was titled
“Thematic Strategy for Soil Protection” [2]. This followed a comprehensive stakeholder consultation
and included a proposal for a Soil Framework Directive [3]. However, the proposal was not adopted.
Germany, France, The Netherlands, the United Kingdom and Austria opposed the proposal [4] on
the grounds of the subsidiarity and proportionality principles, expected costs and the administrative
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burden. They also questioned the value that the new policy added to existing Union law [5]. The
proposal had been pending since 2006, but was finally withdrawn in May 2014 [6], because the Soil
Framework Directive had been pending for eight years during which time no effective action had been
taken [7].

The Impact Assessment (IA) [8] that supplemented the proposed Soil Framework Directive
was focused on the costs of soil degradation, which were divided into different soil threats. Impact
assessment (IA) has been an obligatory EU tool for achieving evidence-based policymaking since
2002 for all new directives to address the three pillars of sustainability, i.e., social, environmental and
economic impact. However, the IA could not justify the activity at the European level, because it
provided little evidence of the impacts of soil threats. Estimates of the costs of soil degradation and
soil threats at the European level were speculative, because the impacts of soil degradation on societal
challenges, such as food production, could not clearly be shown, as the range of economic evaluation
for each threat was very large and the estimations were not precise enough. Ongoing activities under
the EU Soil Thematic Strategy are therefore currently narrowed to raising awareness, conducting
research and integrating policies [9].

In addition to identifying soil threats, the 2006 proposal for a Soil Framework Directive introduced
the functions that soil provides for humankind, but the impacts on those functions of measures to
ameliorate the threats were not mentioned, even in a qualitative sense. Within research, focus has
shifted from soil degradation (soil threats) to soil functions in the last decade [10–12]. This is reflected
in the international conferences that were titled the “Wageningen Conference on Applied Soil Science”
that was held in The Netherlands in 2011 [13] and “Protection of soil functions—challenges for the future”
that was held in Pulawy, Poland in October, 2013. [14]. The concept of soil functions originates from a
descriptive analysis by Blum [15]. Bouma [16] further elaborated on soil functions as a fundamental
concept for linking soil science to policy and decision support. Indeed, the concept of soil functions
can be seen as an early embodiment of the concept of ecosystem functions and services. The ecosystem
service concept was developed to express the value of nature to human societies [17]. This concept
is used to formulate policy recommendations or, more generally, to support decision-making and is
relevant at the interface of science and policy, where it can play two roles: it can translate the link
between ecological processes and human wellbeing in a way that is understood by decision makers,
and it can also communicate the scientific knowledge that is relevant to decision-making [18,19].
Considering the importance of the services provided by terrestrial ecosystems, Dunbar et al. [20], for
example, evaluated the impact of various EU policies (Common Agricultural Policy (CAP), Biodiversity
Strategy 2020, Habitat Directive, Bird Directive, Soil Thematic Strategy) on those services. The
ecosystem service concept distinguishes between “functions”, which are defined as the “capacity of
ecosystem components and processes to provide goods and services that satisfy human needs” [21]
and “services”, which are defined as the actual “benefits people derive from ecosystems” [17]. The
concept of soil functions seems to include both [12,16].

Current grand societal challenges have been identified at the EU level in “Horizon 2020”, which is
the Common EU Framework for Research and Innovation (2014–2020). “Horizon 2020” is intended to
secure Europe’s global competitiveness. The main soil-related challenges to competitiveness are food
security, energy security and resource-use efficiency. Food security is becoming increasingly important
in light of the growing worldwide food demand that results from an expanding and wealthier world
population. Increased resource-use efficiency (“doing more with less”) is crucial to increasing the
production of food, feed and energy crops while reducing the use of resources, such as energy, water,
land and nutrients, and reducing environmental impacts. The maintenance of soil resources plays
a vital role in meeting these grand societal challenges and underpins the actuality of the topic of
soil protection.

Current EU strategies and communications that are related to soil challenges include the 7th
Environmental Action Programme (7 EAP) and the Resource Efficiency Roadmap (COM/2011/571),
which are leading to a revival of the political discussion of the importance of soil protection in Europe.
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This was reflected in the communication from the European Commission (EC) on the implementation
of the soil thematic strategy [9], which argues that the status of soil degradation remains alarming
despite considerable efforts to raise awareness, conduct research and integrate policies. Information
about the continued soil degradation throughout Europe is gathered in the European Soil Data Centre
(ESDAC) [22]. This is done with the aim of not only presenting information relevant for soil policies, but
also for other policies, such as CAP, climate change policy, the EU forest action plan, rural development
and water management, further illustrated in a recent report by the Joint Research Centre [23]. The
report estimates that 20% of European soils are being eroded by water and wind. The 7 EAP sets
this at 25%. Within the 34 European countries in Europe (EU 28 plus Norway and Balkan States),
moderate and high levels of land susceptibility to wind erosion are further predicted, corresponding
to 5.3 and 2.9% of total area [24]. Spatial maps of European soils have been created for estimating
organic matter content [25] and soils subject to salinization [26], indicating that 45% of European
soils have a low organic matter content (defined as having less than 2% organic carbon) and that 3.8
million ha of soil are subject to salinization [23]. European subsoils have been classified into very high
(9%), high (28%), moderate (44%) and low (20%) susceptibility to compaction [27]. This implies that
more than a third of the European subsoils are classified as having a high or very high susceptibility
to compaction. Potential contaminated sites are estimated to more than 2.5 million, and identified
contaminated sites are around 342 thousand [28]. Further, at least 275 ha of soil per day is lost to
permanent soil sealing [23]. Finally, soil biodiversity is reported to be declining throughout Europe,
mainly because of the abovementioned soil degradation processes. These trends appear to indicate
that current legislative action is not adequate, especially considering that safeguarding important soil
functions at the European level is a necessary precondition for meeting the upcoming grand societal
challenges. The proposal to withdraw the Soil Framework Directive stated that it “opens the way for
an alternative initiative in the next mandate” [7].

The general aim of the present study is to analyze the need for such a common EU soil protection
framework in view of existing soil-related policies. Addressing grand societal challenges justifies
action on soil conservation at the European level (European added value). We therefore analyze the
contribution of soil to society and the ways in which existing policies address soil. We identify gaps
and overlaps that exist between those policies and whether there is a need for a new soil directive to
replace the one that is currently withdrawn.

2. Materials and Methods

2.1. Analytical Framework

A policy analysis was carried out to assess the need for a separate soil directive at the European
level. The analysis addressed the state of existing soil-related policies in terms of soil threats and soil
functions and identified gaps and overlaps in soil protection in existing policies. The paradigm shift
from soil degradation to the societal value of soil (which are both mentioned in the proposal for a Soil
Framework Directive [3]) is the rationale behind using the concept of soil functions in combination
with soil threats. Protection of soil resources plays a vital role in meeting the grand societal challenges.
Therefore, the shift of focus from soil degradation (soil threats) to soil functions is relevant because of
their relationship to the grand societal challenges at a European level (Figure 1).

Figure 1 shows how the DPSIR approach [29] is used to illustrate the links among existing policies
(drivers of change) of sectors that affect soils (pressures) and soil threats (states), soil functions and
grand societal challenges (impacts), as a way to address the need for new policy targets (separate
legislation on soil conservation) (responses). Note that a DPSIR structure of policy evaluation had
been mentioned in previous studies that were related to the implementation of a soil protection
strategy [30–32], but those studies focused on a source-pathway-receptor approach, such as a health
risk assessment, to support effective country-specific regulatory decisions for managing contaminated
land [31]. We did not make this type of assessment in the present study. Rather, we evaluated the
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need for separate legislation on soil conservation by assessing whether existing policies adequately
prevent or reduce soil threats and prevent the reduction of or improve soil functions in view of grand
societal challenges.

The concept of soil functions connects physical, chemical and biological processes with the
benefits of soil to society in environmental, economic and social terms. Similar concepts are
“ecosystem services”, which include provisioning, regulating, supporting and cultural services [17], and
“landscape services”, which was introduced as a bridge between landscape ecology and sustainable
landscape development [33]. The term “soil functions” has been limited to agricultural soils by
Schulte et al. [34], who distinguished five agricultural soil functions: (i) biomass production; (ii) water
purification; (iii) carbon sequestration; (iv) biodiversity habitat; and (v) recycling of nutrients and
agro-chemicals. We have chosen to address all soils, not just those that are related to agriculture, so
that we could use the soil functions concept that is mentioned in the proposal for a Soil Framework
Directive [3].

Figure 1. The analytical DPSIR framework that links policies to soil threats [1], soil functions [2,16] and
grand societal challenges (Horizon 2020).

2.2. Cross-Policy Analysis (Gap and Overlap Analysis)

A sector’s having a direct relationship with soil constituted the criterion for policy selection. The
main sectors that lead to soil degradation (pressures) fall into four main categories (Figure 1). The
agricultural management category is related to the decline in soil organic matter, salinization, erosion
and compaction as a result of biomass production for food, feed and energy. The industry category
is related to the contamination that is associated with industrial sites; the urbanization category is
related to soil sealing and land take for urban structures and infrastructure and for tourism; and the
climate change category is related to greenhouse gas emissions and carbon pool changes. We therefore
selected policies from these four sectors, as well as nature conservation policies for the analysis. Nature
conservation policies were included in the analysis because of their role in preserving environment,
including soil. A total of 19 legislative policies and two recent EC communications that were related to
soil were analyzed (Table 1). Based on this analysis, gaps and overlaps in soil threats and soil functions
that were addressed in existing policies were identified (Table 2). The criterion for inclusion was
directly addressing a specific soil threat or soil function. Directives that may have indirect effects, such
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as livestock grazing, which results in greater soil compaction, were not included. A distinction was
made between directives that “prevent acceleration” and those that “reduce” soil threats and similarly
between those that “prevent reduction” or “improve” soil functions (Table 3). The analysis was related
to the counterfactual issue that no policy (directive) was in place. The analysis was carried out at the
EU level, therefore, national policies were not included.

Table 1. Policies analyzed in the study.

Policies Number Title

Agricultural policies

Common Agricultural
Policy (CAP) 1305/2013 European Agricultural Fund for Rural Development (EAFRD)

1306/2013 European financing, management and monitoring of the common
agricultural policy

1307/2013 Common rules for direct support schemes

1308/2013 European common organization of the markets in agricultural products

Plant Protection
Products Directive 91/414/EEC Concerning the placing of plant protection products on the market

Nitrates Directive 1991/676/EEC Concerning the protection of waters against pollution caused by nitrates
from agricultural sources

GMO Directive 2001/18/EC Deliberate release into the environment of genetically-modified organisms

Pesticide Use Directive 2009/128/EC Action to achieve the sustainable use of pesticides

Industrial policies

Industrial
Emissions Directive 2010/75/EU Industrial emissions (integrated pollution prevention and control)

Landfill Directive 1999/31/EC Landfill of waste

Mining Waste Directive 2006/21/EC Management of waste from extractive industries

Biocidal
Products Regulation (EU) 528/2012 Concerning making available on the market and use of biocidal products

Waste Directive 2008/98/EC Waste

Urban policies

Sewage Sludge Directive 86/278/EEC Protection of the environment and, in particular, of the soil, when sewage
sludge is used in agriculture

Urban Waste
Water Directive 91/271/EEC Concerning urban waste water treatment

Climate policies

Carbon Storage Directive 2009/31/EC Geological storage of carbon dioxide

Renewable Energy
Directive 2009/28/EC Promotion of the use of energy from renewable sources

Nature conservation policies

Habitat Directive 92/43/EEC Conservation of natural habitats and of wild fauna and flora

Water Framework
Directive 2000/60/EC Establishing a framework for community action in the field of water policy

Air quality Framework
Directive 2004/107/EC Relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic

hydrocarbons in ambient air

Environmental Liability
Directive 2004/35/CE Environmental liability with regard to the prevention and remedying of

environmental damage

Floods Directive 2007/60/EC Assessment and management of flood risks

Non-binding EC communications

Resource Efficiency
Roadmap COM/2011/571 Roadmap to a Resource Efficient Europe

7 EAP 7th Environmental Action Programme to 2020 “Living well, within the
limits of our planet”
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3. Results and Discussion

3.1. States: Soil Threats

The existing soil-related policies that were identified in the cross-policy analysis as addressing soil
threats and soil functions are presented in Table 2. The relationships of these existing policies to the
states of soil threats are outlined below, as well as a discussion of the relevance of each soil threat and
the extent to which it is covered in existing legislation. A summary of the results of the cross-policy
analysis is presented in Table 3.

Soil Threat 1: Erosion

Soil erosion causes adverse on-site effects that include damage to land-based production (reducing
crop yields) and loss of topsoil that is rich in nutrients and organic matter. It also causes adverse
off-site effects that include blocking infrastructure and drainage channels, property damage, pollution
of water bodies and destruction of wildlife habitats. The main pressures affecting the state of soil
erosion are conversion to arable land, inappropriate land management, deforestation, overgrazing,
forest fires and construction activities. Sites are especially at risk when incomplete plant coverage
coincides with strong winds (wind erosion) or heavy rainfall (water erosion) [35,36].

Erosion is covered by four binding laws and two EC communications (Table 2). The Common
Agricultural Policy (CAP) supports agricultural production, which tends to accelerate soil erosion.
However, the CAP includes incentives for landowners to implement land management practices
that limit soil erosion. A framework was established that set Good Agricultural and Environmental
Conditions for land (GAEC). Those standards are intended to prevent soil erosion. Assessment and
management of flood risk are set as targets in the Floods Directive. Management of flood risk is not
related directly to soil erosion, but flood risk management implies the management of erosion control.
The Renewable Energy Directive encourages conservation of areas that provide watershed protection
and erosion control. The Mining Waste Directive states that construction of a new waste facility or
modification of an existing waste facility must include measures that ensure that soil erosion that is
caused by water or wind is minimized to the degree that is technically possible and economically
viable, but the directive does not mention specific measures.

With regard to the non-binding EC communications, the Resource Efficiency Roadmap includes a
milestone of the area of land in the EU that is subject to soil erosion of more than 10 tons per hectare
per year should be reduced by at least 25% by 2020 and encourages Member States to implement
actions that are needed for reducing erosion. The 7 EAP states that more efforts to reduce soil erosion
are encouraged.

Hence, only the Floods Directive and a few measures of the CAP are the legislations that aim to
reduce soil erosion. The Renewable Energy and Mining Waste Directives include only measures that are
intended to prevent the acceleration of erosion (Table 3). On top of this, the Renewable energy Directive
encourages the cultivation of crops (corn, oil seed, sunflowers) that are more erosive compared to
wheat and prevents residues returning to the soil, which are an accelerator of soil erosion. More
legislative emphasis on reducing soil erosion seems warranted because of the serious consequences of
soil erosion.

Soil Threat 2: Decline in organic matter

Soil organic matter plays a vital role and is often defined as the most important indicator of soil
quality, because it affects such physical, chemical and biological processes as water retention, nutrient
cycling, contaminant retention and decay and providing habitat for soil organisms [37]. However,
decline in soil organic matter is mentioned only in the CAP and the GMO Directive, as well as in
the non-binding EC communications. The GAEC standards in the CAP are intended to maintain soil
organic matter levels by means of appropriate practices, which include a ban on burning arable stubble.
However, soil cultivation for agriculture itself reduces soil organic matter stocks [38]. The GMO
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Directive requires an environmental risk assessment before releasing genetically-modified organisms
into the environment, and the assessment is to include potential changes in the soil decomposition
of organic material. However, the GMO Directive relates only to changes in the decomposition of
organic matter that might occur as a result of releasing genetically-modified organisms. Both the
GMO Directive and the CAP place more emphasis on preventing the acceleration of the loss of soil
organic matter than on reducing its decline (Table 3). Of the non-binding EC communications, the
Resource Efficiency Roadmap includes a milestone that by 2020, soil organic matter levels should
not be decreasing overall and should increase for soils with currently less than 3.5% organic matter.
Furthermore, it encourages Member States to implement actions that are needed for increasing and
restoring organic matter content in soils. The 7 EAP also mentions the need to enhance efforts to
increase soil organic matter.

Soil Threat 3: Compaction

None of the existing EU laws and neither of the two EC communications address the threat of soil
compaction (Table 2). The GAEC of the CAP touch upon appropriate machinery use for maintaining
soil structure, but do not specifically target soil compaction. Compaction results from the mechanical
stress that is caused by heavy agricultural machinery, especially during fertilizer application and
harvesting [39,40]. Compaction can also be caused by repeated trampling by grazing animals. These
activities expose the soil to high pressure that reduces its porosity, aeration and biological activity.
Consequences include reduced water infiltration, increased water run-off, increased erosion and
reduced crop root growth. Decreased root growth may substantially decrease water and nutrient
uptake efficiency, which decreases food production [41,42]. Topsoil is loosened annually by tilling, but
soil compaction increases over time [23]. Therefore, site-adequate management practices that address
these pressures are required to reduce the threat of soil compaction.

Soil Threat 4: Loss of biodiversity

The diversity of above-ground plants and animals is addressed frequently in existing policies,
but there is no specific focus on soil biodiversity. The relevance of these policies, which are intended
primarily to prevent acceleration of biodiversity loss, is discussed in Section 3.2 under “Soil Function 3:
Habitat and gene pool.”

Soil Threat 5: Salinization

None of the existing EU laws and neither of the two EC communications address the threat of soil
salinization (Table 2). Salinization occurs naturally in some European soils, but the accumulation of
salts results mainly from inappropriate irrigation practices [23]. Salinization is therefore expected to
increase with the increased need for irrigation in response to climate change and anticipated increases
in drought conditions, especially in Southern Europe [43], where salinization problems are already
widespread [23]. Legislation that specifically targets the pressures of soil salinization would be useful,
because salinization is likely to increase.

Soil Threat 6: Contamination

Contamination results from the use and presence of dangerous substances in industrial
processes [44]. Contamination of soil is addressed in 13 existing legislative policies (Table 2), which
is far more than any other soil threat. Directives regarding the disposal of wastes, which are the
Waste, Landfill, Mining waste and Sewage sludge Directives, and directives regarding the application
of chemicals, which are the Biocidal products Regulation and Plant protection and Pesticide use
Directives, require that disposal and application of contaminants should be conducted in a manner
that does not cause risks to soil. The Industrial emissions Directive addresses the prevention of
emissions from entering soil. The Carbon storage Directive addresses the technology of CO2 capture
from industrial installations, its transport to storage sites and its injection into a suitable underground
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geological formation for permanent storage and ensures that there are no unwanted risks to the soil,
such as deposition of impurities that are related to the technology. The Water Framework Directive
addresses the identification and estimation of significant point-source pollution that originates from
soils. Finally, the Air quality Framework Directive targets the effects of arsenic, cadmium, mercury,
nickel and polycyclic aromatic hydrocarbons on human health and includes deposition limits to avoid
accumulation of these substances in soil and related food chain impacts. All these directives are
intended to prevent further acceleration of contamination, but none is focused on reducing this threat.
The Renewable energy Directive recommends an increase in the amount of land that is available for
biofuel cultivation by restoring heavily-contaminated land that cannot be used in its present state
for agricultural purposes. The Environmental liability Directive also introduces the “polluter-pays”
principle to prevent further soil contamination and measures for remediating land damage.

The two EC communications also address contamination. The Resource Efficiency Roadmap
provides an inventory of contaminated sites and a schedule for remedial work by 2015, and it
establishes a goal of remedial work on contaminated sites being well underway by 2020. The 7
EAP targets contamination by encouraging remediation of contaminated sites to be well underway
by 2020.

However, 11 of the 13 directives aim only at preventing acceleration of soil contamination, because
these directives derive from sectors that are pressures to soil contamination by applying waste or
chemicals to soils. Only two directives (Table 3) address remediation of contaminated soil. The
Renewable Energy Directive addresses the restoration of contaminated soil, and the Environmental
liability Directive introduces remediation of land damage. Remediation of existing soil contamination
is a relevant topic for legislation.

Soil Threat 7: Sealing

Sealing is both a soil function and a soil threat. Sealing serves urbanization (see “Soil Function 4:
Physical and cultural environment”), but all other soil functions are lost when soil is permanently sealed
in the course of urban construction. Increasing land take due to urbanization threatens fertile soils
throughout Europe [45].

None of the existing EU legislation addresses the threat of soil sealing (Table 2). However,
the European Commission does acknowledge soil sealing in its two communications (Resource
Efficiency Roadmap and 7 EAP), which both set targets of no net land take by 2050. An upcoming EC
communication, which is titled “Land as a Resource”, also includes this goal. The Resource Efficiency
Roadmap further mentions the aim of reducing the annual land take from 1000 km2 per year to 800
km2 per year at the EU level by 2020. The Commission also launched “Guidelines on best practice to
limit, mitigate or compensate soil sealing” (SWD(2012)101 final/2) in 2012 to confront the challenge of
increasing land take by urban construction. Until now, there have been only strategies to address this
soil threat, but there has been no binding legislation. Soil sealing would therefore be another important
threat to address in legislative policies. Urban soils are, in general, a gap in existing legislation.

In summary, despite targets that are set in existing legislation for erosion control, organic matter
decline, minimizing contamination and minimizing loss of biodiversity, these threats continue to
cause soil degradation in all of the EU Member States. This raises questions about whether the
existing legislation is sufficiently comprehensive and is effectively implemented in the Member States.
Additionally, soil compaction, soil salinization and soil sealing are not addressed in binding legislation.
Several laws do mention “sustainable management”, which is a term that indirectly covers all threats to
soil functions (including salinization, compaction and sealing). An earlier analysis of the indirect effects
of existing legislative policies on the conservation of soils for agricultural production highlighted that
existing policies have the potential to address all recognized soil threats across the EU [46]. However,
we believe that it is crucial that policies address soil threats and soil functions directly to ensure
that all soil threats and soil functions are managed. This includes targeting specific soil threats and
functions to simplify and optimize the implementation of new soil management procedures that are
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intended to prevent soil degradation. There are many agricultural management options for preventing
or reducing soil threats in Europe [38,47]. It goes beyond the scope of this paper to go into detail about
existing conservation management practices. However, there is a lack of implementation, and the use
of such general terms as “sustainable management” may hinder the establishment of specific goals for
conserving soil resources.

3.2. Impacts: Soil Functions and Grand Societal Challenges

The seven soil threats are very closely linked to the seven soil functions, because each soil threat
leads to decreased functions of soil (Figure 1). Hence, in maintaining soil functions, all soil threats
must be addressed. Shifting the policy paradigm from soil threats to soil functions addresses the
values of soil for society and, therefore, better justifies policy action for maintaining and supporting
soil functions. This is because it also lays focus on the public good character of soil processes and
services, rather than private goods, which are only of value to the land owners. However, the concept
of soil functions is less specific than the concept of soil degradation processes. We therefore believe
that the focus of soil protection should be based on soil functions and that the targets should be based
on soil threats, because it is the threats that impact soil functions (Figure 1).

Soil Function 1: Food and biomass production

The most obvious function of soil is the production of food for people and feed for farm animals.
This relates to the grand societal challenges of food and energy security and sustainable agriculture
(Figure 1). The need to produce food is increasing, because globally, productive arable soils will
have to satisfy the needs of nine billion people by 2050, with an estimated increase in the demand
for food production by around 70% [48,49] or even 100% [50]. In addition to providing food and
feed, soil is the resource for meeting the increased demand of the growing world population for
non-food biomass that is dedicated to energy and fiber products. One of the key challenges for soil
protection is to simultaneously conserve soil while increasing productivity to ensure food security and
provide bio-energy.

The CAP is the most important document for addressing agricultural food and biomass
production. The CAP promotes increased production of agricultural products, and this has been
its main focus. However, the focus has changed to include more measures for sustainability. The
“greening” of the new CAP (which is planned for the period 2014–2020) will include additional support
for farmers that implement management practices or establish ecological focus areas that benefit the
climate or the environment. This coincides with GAEC standards that are intended to contribute
to the maintenance of the landscape, water protection, climate action and management practices
that increase the levels of soil organic matter and prevent soil erosion (see above). The Renewable
energy Directive provides direct support for farmers by requiring that the GAEC standards also apply
to biofuel production. This Directive attempts to assess the impacts of the competing demands of
food and biofuel production. The Directive encourages restoration of severely degraded or heavily
contaminated land that cannot be used in its present state for food production purposes.

In addition to these laws, the two EC communications, (the Resource Efficiency Roadmap and 7
EAP) both mention that high biomass production must be maintained to meet the increasing demand
for agricultural products. Both communications promote sustainable management of agricultural
production to ensure protection of soil resources. The 7 EAP includes a specific target that all land
in the EU is to be managed sustainably, and soil is to be protected adequately by 2020. The Resource
Efficiency Roadmap recommends the development of “innovation partnerships” that meet resource
efficiency goals that pertain to productive and sustainable agriculture.

Because agricultural productivity is so specific, it is addressed only in policies that address
biomass production, although almost all directives mention arable land. The incentives for GAEC that
are included in the CAP and in the Renewable energy Directive are intended to prevent a reduction of
this function. However, because all soil threats are applicable to agricultural productivity (Figure 1),
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it is crucial to target reductions in all soil threats to maintain and improve this soil function in the
future. In addition, contrary to the targets of the Renewable energy Directive, the analysis of its
implementation has shown that it creates trade-offs that compromise soil quality and reduce the soil
function of biomass production in the long run [51].

Soil Function 2: Storing, filtering, transformation

The storing, filtering and transformation function of soil refers to the role of soil as a storage
reservoir for nutrients and wastes, as a filter for water and air contaminants and as a transformation
medium for chemicals. Water quality is particularly dependent on this soil function, because chemical
inputs to soil may cause severe water pollution if they are not captured by the soil [52]. This function
serves all of the grand societal challenges that are related to soil, which include food and energy
security, climate action and resource efficiency (Figure 1). Storing, filtering and transformation is the
single soil function that is most commonly addressed by existing policies (Tables 2 and 3). These three
processes are discussed separately here.

Many of the directives address the storage function, including waste deposition on land (Waste,
Landfill, Mining waste, Sewage sludge and Urban waste Directives, although the latter directive
does not directly address soil or land), industrial emissions (Industrial emissions Directive) and the
technology of CO2 capture and geological storage (Carbon storage Directive). These directives, which
all utilize the storage function of soil, target the avoidance of soil contamination for preventing a
reduction in the function, but they do not target the maintenance of the soil function.

The filtering function is addressed in the Water Framework, Nitrates, Air quality Framework
and Pesticide use Directives and in the CAP. These laws address soil as a filter for water and air
purification. The Water Framework Directive requires identification and estimation of significant
point-source pollution from urban and industrial sites and regional pollution from agricultural land,
but only the Nitrates Directive and the CAP specifically address water pollution from agricultural
sources. Agricultural management practices (GAEC), such as introducing buffer strips to protect
waterways from pollution from agricultural runoff, are mentioned in the CAP, Nitrates Directive and
Pesticide use Directive. These directives directly target maintenance of the filtering function of soil,
but their focus is on off-site impacts, i.e., avoiding contamination of soil or water bodies. No policy
targets on-site impacts.

The transformation function is addressed in the Plant protection products Directive and Biocidal
products Regulation (in relation to products that have disinfectant, preservative and pest-controlling
properties). These directives address toxic chemicals and ensure the authorization of only those
products that have no unacceptable effects on soil. It requires that ecotoxicological studies be carried
out with respect to degradation, adsorption/desorption, mobility and the possibility of destruction
or decontamination following the release of the products into soil. The GMO Directive requires
an environmental risk assessment of the effects of releasing genetically-modified organisms on
biogeochemical cycles, specifically on carbon and nitrogen recycling. These directives, which recognize
the regulating function of soil, are intended to minimize the effects on soil and, therefore, can then be
described as preventing a reduction of the function. However, they do not target the maintenance or
improvement of this soil function.

The 7 EAP includes recommendations to integrate water protection into planning and decisions
that are related to land use by reducing nutrient release from inefficient fertilizer management and
inadequate wastewater treatment. The 7 EAP encourages investment in research and improvements
in the coherency and implementation of Union environmental legislation to achieve these protective
measures. The communication also recommends phasing out the deposit of recyclable or recoverable
waste in landfills and more sustainable and resource-efficient management of the nutrient (nitrogen
and phosphorus) cycle by 2020.

The storing, filtering and transformation function is mentioned in most policies, because this
soil function is relevant to many sectors of land use. The goal in all of these policies is to protect soil
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resources (soil quality or avoiding soil contamination) by preventing the reduction of the function
of soil as a medium that stores, filters or transforms contaminants to avoid risks to soil. However,
simply avoiding contamination is not sufficient for improving the storing, filtering and transformation
function in the future. This soil function is largely dependent on physical, chemical and biological
properties, such as carbon content, soil pH and ground water level. Soil conservation measures are
therefore needed for maintaining and improving this soil function over the long run. The CAP is
intended to contribute to a minimum level of maintenance of this function by preventing soil erosion
and maintaining soil organic matter and soil structure, particularly in high-threat areas.

Soil Function 3: Habitat and gene pool

Loss of biodiversity is receiving increased global awareness, but the biodiversity of soil is rarely
considered. There is increased scientific interest in soil biodiversity, because soil provides habitats
for many organisms, and many of functional traits of soil are yet to be discovered [53,54]. Such
scientific interest includes platforms, such as globalsoilbiodiversity.org, as well as European Atlas of
Soil Biodiversity (http://eusoils.jrc.ec.europa.eu/library/Maps/Biodiversity_Atlas/). Soil organisms
play an important role in the release and/or retention of nutrients during the decomposition of
organic matter. These organisms affect soil fertility and food production and, therefore, serve the
grand societal challenge of food security (Figure 1). Soil biodiversity indisputably provides soil
resistance and resilience against disturbance and stress, but the extent and dynamics of these effects
are not completely understood [55]. Increasing attention is being given to the role of functional soil
biodiversity, as contrasted with species diversity, for the provision and stability of soil processes and
functions [53,54,56]. The soil fauna additionally serves as a large gene pool that could be a source of
new drugs to fight infectious human diseases.

Several of the policies that we examined are intended to preserve biodiversity in general, but
they do not mention soil biodiversity. The Habitat Directive includes the establishment of a coherent
ecological network of special areas for the conservation of natural habitats and for the protection of wild
fauna and flora within the EU (Natura, 2000). Member States are required to establish conservation
measures to prevent the deterioration of natural habitats in these areas and to prevent the disturbance
of the species for which the areas have been designated. The CAP supports agricultural practices
and mitigation strategies that protect, improve, restore, preserve and enhance biodiversity. These
include conservation practices in special areas (Habitat Directive) and establishment of ecological focus
areas to safeguard and improve biodiversity on farms. These ecological focus areas should consist of
areas that directly affect biodiversity, such as fallow land, landscape features, terraces, buffer strips,
afforested areas and agroforestry areas, or that indirectly affect biodiversity by means of reduced use
of inputs on the farm, such as areas that are covered by catch crops (fast-growing interseasonal crops)
and green winter cover. Payments are given to farmers that convert to or maintain organic farming and
to forest holders that provide environmentally-friendly or climate-friendly forest conservation services
that are intended to enhance biodiversity. The CAP supports the exchange of best practices, training
and capacity building and demonstration projects that relate to biodiversity. This is emphasized
for projects that relate biodiversity and agroecosystem resilience, as contrasted with monocultures
that are susceptible to crop failure or damage from pests and extreme climatic events. Although the
Habitat Directive and the CAP are intended to improve biodiversity, they do not directly address soil
biodiversity and, therefore, do not address the soil function, habitat and gene pool.

Many of the policies mention risk to fauna and flora. The GMO Directive addresses the long-term
effects that the release of genetically-modified organisms have on the environment and on biological
diversity and nontarget organisms. The Environmental liability and Mining waste Directive assesses
the risks that are posed by harmful substances to organisms in the environment. The Renewable
energy Directive does not target soil biodiversity directly, but it does target conservation of biodiversity
in general by means of incentives when it can be proven that biofuel production does not originate
in biodiverse areas (habitats). The Carbon storage Directive mentions that proximity to habitat

127



Sustainability 2014, 6, 9538–9563

conservation areas (as specified in the Habitat Directive) should be considered when choosing a
new storage site. This directive additionally requires sensitivity tests on particular species that
would be affected by leakage events. The tests involve the effects of elevated CO2 concentrations,
reduced soil pH and the effects of other substances that may be present in leaking CO2 streams. Laws
that apply to chemical substances, such as the Plant protection products Directive and the Biocidal
products Regulation, ensure that authorization of chemicals occurs only after toxicity tests on the
active substance, degradation products and additives show that there are no unacceptable effects on
earthworms and other nontarget soil macro- and micro-organisms. The Plant protection products
Directive additionally requires toxicity tests on soil microflora. The Pesticide use Directive promotes
integrated pest management by means of such agricultural practices as crop rotation and biological
control to suppress harmful organisms by low-pesticide pest management. Additionally, pesticides
that are applied are required to be as target-specific as possible and have the fewest side effects on
nontarget organisms and the environment. Note that none of these directives is intended to increase
biodiversity. They are instead intended to reduce the deterioration of its function.

The Resource Efficiency Roadmap supports innovative solutions for the preservation of
biodiversity and sets as a goal that improved efficiency in the transport sector will deliver reduced
impacts on biodiversity by 2020. The Resource Efficiency Roadmap also supports increased biodiversity
by means of good farming practices. Finally, the 7 EAP recommends the integration of biodiversity
conservation into land-use planning and decisions. These non-binding EC communications also relate
only to biodiversity in general and not specifically to soil biodiversity.

The habitat and gene pool function is frequently addressed in existing legislation (Table 2), but
the targets of these laws are related to improving biodiversity in general and not to soil organisms
(Table 3). The CAP includes measures for enhancing and improving biodiversity on farms, but it must
be remembered that conventional agricultural production itself accelerates biodiversity decline. The
policies that do target soil organisms address only the prevention of harm to nontarget organisms when,
for example, plant protection chemicals are used. They do not address the decline in soil biodiversity
or the need to maintain populations of organisms that are beneficial to soil. However, it is difficult to
capture this aspect in legislation, because there is little knowledge of the significance of soil organisms
and the diversity of functional traits among soil microbial communities. Neglecting soil biodiversity
may have severe impacts on most of the other functions of soil (Figure 1). Addressing biodiversity in
general and not soil biodiversity in these laws and communications neglects the abundance of soil
organisms and their importance for soil quality [54].

Soil Function 4: Physical and cultural environment for mankind

The function of the physical and cultural environment for mankind relates to urbanization,
recreational areas and nature tourism. This function is therefore strongly linked to land take, which is
increasing rapidly in all Member States of EU [45]. This function does not relate directly to any of the
grand societal challenges.

The CAP addresses rural development, which includes the creation and development of new
economic activities that are related to healthcare and tourism in rural areas. The CAP also supports the
development of local infrastructure and basic services in rural areas, which include leisure and culture
services and renewal of villages. The Pesticide use Directive addresses this function by minimizing
or prohibiting the use of pesticides in areas from which drinking water is extracted, along transport
routes, on sealed or very permeable surfaces, in public parks, recreation grounds, school grounds
and children’s playgrounds and in proximity to healthcare facilities. This directive targets protection
against pollution of areas that act as physical and cultural environments for mankind and, therefore,
prevents the reduction of this soil function. The Landfill Directive also considers the distance from
residential and recreational areas when locating landfills.

128



Sustainability 2014, 6, 9538–9563

The Resource Efficiency Roadmap and the 7 EAP both target the growing issue of land take due
to urbanization, and both have set a target of no net land take by 2050, as mentioned above under “Soil
Threat 7: sealing”.

This function is not mentioned extensively in soil-related policies. However, with the current
trend of increasing land take [45], this function is not under threat, but is rather threatening the
other functions, because this function often results in losses of other functions. For example, there
are measures in the Landfill Directive that prevent the reduction of this soil function in one area by
not locating landfills close to residential and recreational areas, but this reduces the soil function
(establishing residential and recreational areas) in other areas where a landfill is already located.
A recent study addresses how the impact of land take affects other functions, specifically food
production [57]. They estimated that 19 EU countries lost approximately 0.81% of their potential
agricultural production capacity between 1990 and 2006, with large variability between regions.
Regions around the largest cities experienced the greatest loss of fertile soils [57].

Soil Function 5: Source of raw materials

Soil also functions as a source of minerals, fertilizers, gravel and other elements that are extracted
or excavated by different industries. The grand societal challenge of resource efficiency and raw
materials (Figure 1) requires proper and efficient use of this soil function. Development in the past
century has been based on the ever-increasing use of natural resources. However, reduction in
the current patterns of consumption is necessary if irreversible depletion of soil resources is to be
avoided [58].

The Landfill and the Mining waste Directives both address preservation of soil as a source of
raw materials. The Landfill Directive is intended to make the wasteful use of land unnecessary
by encouraging prevention, recycling and recovery of waste and use of recovered materials in a
resource-efficient way. The Mining waste Directive prohibits abandonment, dumping or uncontrolled
deposition of extractive waste by putting it back into the space that was created by excavation after
minerals have been extracted, by putting topsoil back in place after a waste facility is closed or by
reusing topsoil elsewhere.

Under the Resource Efficiency Roadmap, the Commission will develop “innovation partnerships”
for meeting resource efficiency goals that pertain to raw materials and will focus on Union research
funding (EU Horizon 2020) and on key resource efficiency objectives that support innovative solutions
for the management of natural resources and environmentally-friendly material extraction. The
roadmap additionally sets milestones of no net land take by 2050, assuring a sustainable supply of
phosphorus and reversing soil loss. It also promotes efficiency in the transport sector with optimal
use of resources, such as raw materials, by 2020. The 7 EAP sets a goal of more sustainable and
resource-efficient management of the nutrient (nitrogen and phosphorus) cycle.

The source of raw materials is not covered extensively in these soil-related policies. The mining
industry promotes reuse of waste, but the mining directive is targeted only at the prevention of
reduction of this soil function (Table 3). The rationale for improving soil that serves as a source of
raw materials is unclear unless further extraction is prevented. In fact, a recent study considered the
extraction of raw materials as a soil threat rather than a soil function [12].

Soil Function 6: Carbon pool

Soil has been estimated to store globally 1500 Gt of carbon [59] with 73 Gt of carbon stored in
European topsoils [25] and 17.63 Gt in agricultural topsoils in Europe [60]. Soil carbon sequestration is
especially important for the mitigation of the grand societal challenge of climate change (Figure 1).
Carbon storage by soil is also very important for soil fertility, which ensures food and energy security
(other grand societal challenges, Figure 1). Peatlands store particularly large amounts of carbon, and
conversion of peatlands to arable land releases vast amounts of CO2 into the atmosphere [60,61].
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A comprehensive study has been carried out on estimating the effect of different agricultural
management practices on the carbon sequestration of topsoils in Europe [60].

The CAP supports carbon sequestration in soil and maintenance of high organic matter levels
in soil. However, an analysis of the CAP by Henriksen et al. [51] reports that although GAEC is an
important component to encourage soil management practices for mitigating carbon stocks, there
are failures of implementation in Member States. The Renewable energy Directive addresses the soil
carbon pool by allowing land conversion for biofuel production only if the loss of soil carbon stock that
is caused by conversion can be remediated by savings in greenhouse gas emissions that accrue from
biofuel production within a reasonable period. The Commission provides incentives for sustainable
biofuel production that minimizes the impacts of land use change. The directive attempts to avoid a net
increase in arable land and related carbon losses by encouraging increased productivity on land that
is already used for crops and encouraging the use of degraded land for biofuel production. Further,
biofuel production is not allowed on land that has high carbon stocks, such as wetlands and forests.
It should be noted that both the CAP and the Renewable energy Directive are intended to prevent
the reduction of the soil carbon pool, but do not improve this function (Table 3). Additionally, the
Renewable energy Directive implies that such carbon sources as crop residues, animal manure and
other types of organic waste are not returned to the soil, which reduces the carbon pool of the soil.

To combat climate change, the Carbon storage Directive establishes a legal framework for
environmentally safe geological storage of CO2. However, this directive relates only to CO2 storage in
deep geological formations and is therefore not directly related to what is usually understood to be soil
(for example, agricultural topsoil) that is involved in the soil carbon storage function. This is similar to
the manner in which this directive addresses Soil Threat 2, organic matter decline of soils (Table 2).

The 7 EAP includes targeted priority objectives to sequester CO2.
At a global level, the Kyoto protocol aims to protect and enhance greenhouse gas reservoirs

and CO2 sequestration technologies. The protocol states that countries shall formulate, implement
and publish measures to mitigate climate change and to facilitate adequate adaptation to climate
change. These efforts are to be based on the assessment of net changes in carbon stocks by sources and
removals by sinks resulting from direct human-induced land use change and afforestation, reforestation
and deforestation.

Soil Function 7: Geological and archaeological archive

Soil provides a geological and archaeological archive of natural and human history.
The CAP mentions preservation of the archaeological archive in the Rural Development Policy,

which promotes protection of natural and cultural heritage by means of sustainable and responsible
tourism in rural areas. The Floods Directive recommends establishment of a framework to assess and
manage flood risks to reduce the adverse effects of floods on human health, the environment, cultural
heritage and economic activity in the EU. The Landfill Directive addresses the protection of natural
and cultural patrimony when locating landfills.

The geological and archaeological archive affects multiple sectors, but is not frequently mentioned
in the policies that we reviewed. This may result from less public awareness of this function, because it
is not mentioned in the media as often as, for example, biodiversity loss and climate change or because
this soil function is not directly linked to the grand societal challenges (Figure 1).

In summary, all soil functions are addressed by existing legislation, but the usual focus is on
the way in which soil currently serves a particular function and how to prevent a reduction of that
particular function. Very few policies include targets that would improve the functions of soils over
the long run (Table 3). Only nature conservation policies address maintenance and improvement of
soil functions in a long-term perspective. The CAP includes some improvement strategies and does
recommend a European innovation partnership (EIP) that would facilitate the establishment of pilot
projects that would be related to soil functionality. However, as mentioned above, the CAP uses the
nonspecific term “sustainable management” and does not directly address the specific threats to soil
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functions or provide specific targets for improving or maintaining soil functions. Other studies [62]
have also criticized the subjectivity of the term “sustainable soil management.” Further, the CAP is
based on incentives that are given to farmers, and its provisions are not legally mandated. This results
in the implementation of only some of the recommendations. It also implies that farmers would lose
incentives that are important for their livelihoods if sustainable land use were to be made mandatory.
Farmers also receive incentives for practices that prevent the acceleration of one soil threat even though
those practices may cause the acceleration of other soil threats. For example, reduced tillage reduces
erosion, but may increase contamination by increasing pesticide input [63].

4. Conclusions: Responses in Light of New Policy Targets

This cross-policy analysis shows that three of the seven soil threats, compaction, salinization and
sealing, are not covered by existing legislation. Compaction and salinization are also not addressed
in the EC communications. The decline in soil organic matter is barely mentioned. Biodiversity in
general is addressed, but soil biodiversity is also barely mentioned. Soil erosion and especially soil
contamination are two threats that are frequently addressed in existing legislation (Table 2). However,
the analysis showed that almost all of the policies are intended to ‘prevent acceleration of threats’, but
only a few target a reduction of the threats (Table 3).

The failure to address all seven soil threats threatens soil functions. The analysis also showed that
all soil functions are addressed in the existing legislation, but nearly all of the directives are intended
to prevent the reduction of a particular soil function. Few directives are intended to improve soil
functions in the future (Table 3). It is therefore unclear if existing soil-related legislation is actually
protecting the soil from soil threats and improving a soil function. Soil degradation is ongoing in
Europe [23], which suggests that existing policies are not sufficient for maintaining soil functions.
There appears to be a need for a new common, soil conservation policy at the European level. Soil
degradation exists throughout the EU, but only a few Member States have enacted comprehensive
national soil legislation [64]. The existing national soil protection laws of those Member States will
not be threatened by common EU legislation, because Member States may adopt laws that are more
protective than EU legislation. There are transboundary aspects of soil degradation even though
soil is generally immobile; these include erosion, chemical contamination and international markets.
European added value would also include the fact that common EU legislation would benefit internal
market issues in cases where some Member States have strong soil conservation policies and others do
not. Common legislation would also facilitate the export of expertise and technologies from the EU.
The costs of inaction may surpass the costs of action within only a few years [65]. Furthermore, the cost
of soil degradation is challenging due to both direct, indirect and non-use values of soil [62]. A further
limitation for addressing the cost of soil degradation is the limited soil function monitoring [62]. When
directives address soil functions individually, they neglect the multifunctionality of soil. Sustainable
land use is often based on the multifunctionality of land or soil and is intended to maintain all soil
functions [66]. Indeed, the specific functions of soil are site-specific and depend on the natural potential
of soil to provide these functions. Often, these functions can be mutually exclusive, leading to trade-off
situations. The multifunctionality of soil may be lost when soil functions are addressed separately in
different directives.

A directive that is focused exclusively on soil might also be useful in the case of new technologies
that affect soil (e.g., fracking). Common legislation could protect soil before specific laws that are
related to new technologies can be passed.

Policy legislation and planning that maintain the non-economical functions of soil over the long
run are required to ensure comprehensive soil functions. The policy legislation could be in the form of
a Soil Framework Directive. This paper emphasizes that a common European soil conservation policy
would provide added value to the EU by addressing the grand societal challenges that have been
set forth by the European Commission. An IA based on soil functions provides the direct link to the
societal value of soils and may better justify soil legislation. We believe that policies must address soil
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threats and functions directly to ensure that the threats and functions are targeted by new sustainable
soil management practices. Because existing legislation fails to address soil threats and functions
directly, a common European soil policy is needed to ensure the conservation of soil functions.
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Abstract: The primary cause of soil degradation in sub-Saharan Africa (SSA) is expansion and
intensification of agriculture in efforts to feed its growing population. Effective solutions will support
resilient systems, and must cut across agricultural, environmental, and socioeconomic objectives.
While many studies compare and contrast the effects of different management practices on soil
properties, soil degradation can only be evaluated within a specific temporal and spatial context
using multiple indicators. The extent and rate of soil degradation in SSA is still under debate as
there are no reliable data, just gross estimates. Nevertheless, certain soils are losing their ability to
provide food and essential ecosystem services, and we know that soil fertility depletion is the primary
cause. We synthesize data from studies that examined degradation in SSA at broad spatial and
temporal scales and quantified multiple soil degradation indicators, and we found clear indications of
degradation across multiple indicators. However, different indicators have different trajectories—pH
and cation exchange capacity tend to decline linearly, and soil organic carbon and yields non-linearly.
Future research should focus on how soil degradation in SSA leads to changes in ecosystem services,
and how to manage these soils now and in the future.

Keywords: soil degradation; sub-Saharan Africa; baselines; indicators; sustainability; resilience

1. New Perspectives for Examining Soil Degradation in Sub-Saharan Africa

Soil degradation is a major global problem, the effects of which may be felt most strongly in
developing countries where large proportions of the population reap their livelihoods directly from
the soil. In this review, we will focus on soil degradation in sub-Saharan Africa (SSA), where declines
in crop productivity have been linked to hunger and poverty [1,2]. While the reality of hunger in SSA
is undeniable, the nature and extent of soil degradation, and the role it plays in the vicious cycle of
poverty, is still under debate [3]. Across SSA, 75 percent of the population depended on subsistence
farming at the end of the last century [4,5]. Livelihoods are diversifying [6] and urbanization is on
the rise [7], but in the near-term, soils in SSA must currently sustain a largely subsistence population.
Using the Brundtland Commission’s definition of “sustainability”, sustainable soils meet the needs
of present populations without preventing future generations from meeting their needs [8]; thus,
soil degradation can be defined in contrast to this, as the processes by which soils can no longer
maintain the provisioning, supporting and regulating ecosystem services required by current and
future generations. In order to reverse soil degradation, it is critical to understand the factors that
affect the stability and resilience of soils.
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Unfortunately, there are few data on soil degradation across SSA, so rigorous assessment
frameworks are lacking to guide research on the topic. In this review, we will highlight the handful of
studies that have evaluated soil degradation in SSA in a comprehensive way by clearly defining the (1)
temporal and (2) spatial scale of analysis and (3) examining multiple degradation indicators. We then
provide a description of useful methods for measuring degradation in remote regions. Finally, we will
provide a brief overview of practices that may reverse soil degradation in SSA.

1.1. Time Horizons

Long-term data are crucial for evaluating soil degradation, as a snapshot of soil properties can
be misleading. Soil phosphorus (P) levels in tropical forests, for example, can fluctuate within a
day [9], year [10], and across centuries [11,12]. Capturing one point in time could incorrectly suggest
soil P depletion or P surplus. Humans can drive change in soils. Their activities, such as farmer
management practices, play a large role in soil degradation and may vary greatly between seasons
and across years [13,14]. Thus, longitudinal studies that follow specific sites for years provide the
most reliable data on the changes in soil properties over long time scales. Unfortunately, longitudinal
studies require continuity of access to study sites, funding, and infrastructure. While difficult to secure
in any region, this is especially true in SSA, where land tenure, political systems, and local markets are
frequently unstable, and there has been low and inconsistent investment in national universities and
research institutions.

Chronosequences are often used in place of longitudinal studies and substitute space for time.
A primary assumption of chronosequence studies, with respect to soil degradation, is that the soil
properties at sites characterized by different times since conversion to agriculture were initially the
same when under natural vegetation. This approach further assumes that differences among these
sites represent the trajectory of change in soil properties during periods of cultivation. While this
approach can be useful, it is limited by (1) the fact that farmers tend to clear the best land first;
(2) ability to find sites that have similar soil textures and horizon structures; and (3) selection of an
appropriate benchmark or baseline site. We will examine a number of chronosequences to evaluate
and contextualize their findings.

In order to understand the extent of soil degradation in SSA, we need clear baselines from
which to examine the differences in physical and chemical properties. Studying fossil plants (e.g.,
pollen grains and macrofossils) allows scientists to reconstruct the history of forest loss [15], and river
sediments to provide insights into erosion rates over several centuries [16]. Still, there is a paucity
of data on early forest cover and practically no data on historical soil fertility in SSA (even from
this last century). Appropriate selection of a baseline or reference state is particularly crucial for
any study on degradation. When a forest becomes a farm, a land use shift occurs, and suddenly,
the controls on ecosystem structure and function change as the system settles into a different state
(stability domain) [17,18]. For example, monitoring the system on any stable branch before or after the
switch would lead one to conclude that little change occurred, but monitoring during the rapid state
change might suggest “catastrophic” losses in SOC [17]. Thus resilience, like soil degradation, must
be evaluated over a long time period in order to observe the ability or inability of the ecosystem to
continue to perform its desired functions when confronted with stress or external shocks [19].

Sub-Saharan Africa itself underwent a major land use change about 3000 years ago when much
of the Central African rainforest was rapidly replaced by savannas. Though often linked to climate
change, recent evidence suggests that the transformation may have been related to a major population
expansion of the Bantu people across Central Africa, which led to the clearance of vast swaths of
land for shifting cultivation and charcoal production [20]. Such strong ecosystem shifts indicate
that ecosystem resilience itself can be changed or degraded by both natural and human forcings.
At the same time, the persistence of ecosystems and societies suggests that resilient systems must be
adaptive systems [21,22]. The resilience conceptual framework is particularly useful for evaluating soil
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degradation in SSA as both degradation and resilience must be evaluated within its spatial, temporal,
economic, environmental, and cultural context [23].

1.2. Spatial Scales

Sub-Saharan Africa is an enormous region of 24.6 million km2, with a huge range of soil and land
management types [24]. The predominant soils (Table 1) are Arenosols (21.5%), Cambisols (10.8%),
and Ferralsols (10.4%), and Leptosols (17.5%). The type and degrees of soil constraints vary widely.
Nearly 40% of soils in SSA are low in nutrient capital reserves (<10% weatherable minerals), 25% suffer
from aluminum toxicity, and 18% have a high leaching potential (low buffering capacity; [25]; Table 3).
A region’s initial soil fertility will affect the extent of soil degradation—with regions of low soil fertility
degrading more quickly than regions with higher natural soil fertility. If (plant-available) soil nutrient
stocks are initially high, the process of nutrient depletion can take a long time, but the absolute amount
of nutrients lost will be high. However, if nutrient stocks are low to begin with, this process can reach
critical levels within a few years. Further, inherent soil properties will play a large role in resilience
and sustainability of a particular land use (e.g., how long continuous agriculture remains productive).
For example, anion exchange capacity in subsoils will affect the ability of soils to retain and efficiently
recycle nutrients (in particular, anions like NO3

−; [26,27]). These subsoil properties are highly spatially
variable [28,29] and often ignored in soil degradation studies—only two out of 18 studies in Table 4
reported subsoil properties.

Table 1. Distribution of soil types in Africa based on the Harmonized World Soil Database. Modified
from [24].

Million ha in Africa Percent of Land in Africa *

Acrisol 87.8 2.9
Alisols 20.3 0.7

Andosols 4.0 0.1
Arenosols 650.3 21.5

Chernozems 1.0 <0.1
Calcisols 161.0 5.3

Cambisols 325.4 10.8
Durisols 0.9 <0.1
Fluvisols 82.2 2.7
Ferralsols 312.4 10.3
Gleysols 52.5 1.7

Gypsisols 37.5 1.2
Histosols 4.4 0.1

Kastanozems 2.7 0.1
Leptosols 530.0 17.5
Luvisols 105.1 3.5
Lixisols 126.8 4.2
Nitisols 60.4 2

Phaeozems 12.1 0.4
Planosols 27.7 0.9

Plinthosols 146.1 4.8
Podzols 2.9 0.1
Regosols 93.5 3.1

Solonchaks 32.6 1.1
Solonets 36.0 1.2

Stagnosols 0.5 <0.1
Technosols 0.0 <0.1
Umbrisols 5.6 0.2
Vertisols 102.0 3.4

* Note that percentages do not add up to 100% as soil may be affected by multiple soil modifiers.
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Soil degradation occurs at multiple scales: a farm field (individual), a farming community (social
system), or landscape (biophysical system). There is no single scale at which it must be studied, but it
is critical that the chosen spatial scale of analysis can encompass the type of soil degradation being
described. For example, the presence of gullies in farms is usually indicative of a change in land use
upstream (at the head of the watershed) such as heavy grazing or excessively mechanized agriculture,
which leads to erosion or contamination downstream [30]. In SSA, this raises some interesting cultural
concerns, because uplands and foothills will surely be managed by different households (landholdings
are small in SSA). In some cases, neighboring areas are managed by different ethnic groups, with
pastoralists of one ethnic group grazing cattle upslope from agriculturalists of a different ethnic group.
Clearly, solving landscape-level erosion issues requires community cooperation across agroecological
zones that may cross ethnic and cultural lines.

Most studies in the literature compare and contrast management practices [31–34] or examine one
farming practice across different regions [5,35]. There are relatively few studies that attempt to examine
soil degradation at a scale that can encompass the spatial and temporal heterogeneity of farmed
landscapes in SSA. Although a great deal of soil data exists for Africa, there is little standardization in
the sampling design or analytical tests conducted. The Africa Soils Information System is an example
of how this situation may be remedied in the future by standardized protocols that examine change at
large spatial scales through time [36].

1.3. Multiple Indicators

When evaluating soil degradation, it is important to define the particular ecosystem function,
management practice, and/or livelihood outcome you are trying to sustain [19], which usually cannot
be captured by one soil property or indicator. Certain soil properties may be considered “degraded”
for a particular crop, but not for another [37,38]. For example, higher soil residue cover may prevent N
losses during the non-growing season (good for the environment), but lead to reduced available N
during the following growing season (bad for yields [39,40]). While some indicators of degradation
are incontrovertible (e.g., gully formation), others are evaluated subjectively (e.g., livestock walk
longer to reach water; [41]). It was this subjectivity that led to the heated debates of the 1990s
surrounding soil degradation in SSA. Some studies suggested that SSA agriculture was inherently
unsustainable, and indicated losses of productivity due to erosion and declines in soil fertility at
continental [42,43] and global scales [44]. However, estimations of the extent and rate of degradation
was limited by an overall lack of biophysical data on Africa, and thus relied heavily on estimations of
one indicator (namely, erosion, which was modeled not measured) and interpolation when scaling-up
to regions and countries [3]. Many refuted the claim that farmers were to blame for the increased
rates of soil degradation and suggested that more attention should be paid to farmer knowledge and
adaptability [45–48]. It is not the goal of this review to resolve this debate, rather, we offer a critical
examination of the works that have followed in its wake. We find that even decades later, there are
very few studies that have comprehensively measured soil degradation in SSA.

2. Soil Degradation in Sub-Saharan Africa

2.1. Drivers of Degradation

Sociopolitical and economic drivers determine (1) where; (2) which; and (3) how many people
live in a given region. In many cases, the poorest people in SSA are pushed into unproductive lands,
or areas with minimal infrastructure and accessibility [49]. One of the most extreme examples of this
is Tanzania’s Ujamaa “villagization” campaign of 1973–1976, where over five million rural residents
were relocated from their dispersed family homesteads into concentrated settlements [50]. The social
and ecological effects of this major resettlement campaign are evinced in the replacement of fallow
cycles with intensified, continuous cropping systems.
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The tenure system often determines how land is managed and used and thus is often implicated
as a primary driver of degradation [51,52]. For example, in smallholder systems in East Africa,
investments in soil fertility are more likely when there is security in tenure or ownership [53]. For
those who have tenure, policies that raise the farm-gate prices of commodities are critical means for
encouraging good land management strategies since they provide farmers with both resources and
incentives [48]. Smallholder farmers in SSA often operate at the economic “margin” where agricultural
investments are a lower household priority than school fees, medical treatment, or funeral costs [53].
Farmer wealth and ethnicity often determines whether soil degradation can be addressed on the
farm. Wealthier farmers, who have more access to resources, are better equipped to cope with soil
degradation [54].

Gender roles have direct input on household foods security and nutritional levels [55]. Men are
often forced to seek jobs in urban areas leaving women to tend to the land, but without the primary
decision-making power. Women and men also tend to invest differently in soil fertility management,
with women more likely to adopt organic amendments like manure and men more likely to purchase
mineral fertilizer [56]. Population density in farming communities will also have a large impact, either
positive or negative, on degradation potential. High population density usually means little land
available for rotation into natural vegetation fallow. However, low population density may result in
labor shortages and long distance from homestead to fields. Labor shortage is a primary reason why
labor-intensive conservation measures have low adoption rates in many regions of SSA [57].

2.2. Types of Degradation in Sub-Saharan Africa

Soils can be altered physically, chemically, or biologically as the result of natural processes
(Table 2). For example, soil itself forms over millennia through physical and chemical weathering of
rocks (morphogenesis/soil formation). Wind erosion shifts the dunes in sparsely vegetated deserts,
and transports dust to other continents. Humans, however, are accelerating many of these natural
processes, causing the degradation of soils.

Physical degradation can occur when excessive soil tillage breaks down soil aggregates; thus
rapidly decomposing organic matter, loosening the soil in excess and making it vulnerable to wind and
water erosion. Cultivation on steep slopes, clearing of vegetation (especially leaving land bare between
cultivation cycles), and poorly managed grazing are the primary factors accelerating soil erosion
in SSA [58]. High rates of topsoil loss contribute to downstream sedimentation and degradation of
local and regional water bodies. For example, in Tigray, Ethiopia, reservoirs designed to improve
water access with a 20-year lifespan, lost half of their storage capacity in only five years due to
sedimentation [59]. Tillage itself—independent of wind and water—also moves a great deal of soil
downslope. This is especially evident on steep, short slopes where hand or animal traction tillage
moves the soil preferentially in the easier downslope direction [60]. Poorly managed grazing in
pastureland can also contribute significant amounts of sediment downstream [61]. Poor management
of both grazing and tillage can lead to compaction of surface or subsurface soil layers [62], and in turn
to reduced infiltration [63].

140



Sustainability 2015, 7, 6523–6552

T
a

b
le

2
.

M
aj

or
ty

p
es

of
so

il
d

eg
ra

d
at

io
n

an
d

th
e

co
nd

it
io

ns
u

nd
er

w
hi

ch
th

ey
ar

e
m

os
tc

om
m

on
ly

fo
u

nd
.A

lt
ho

u
gh

th
e

ta
bl

e
se

p
ar

at
es

p
hy

si
ca

l,
ch

em
ic

al
an

d
bi

ol
og

ic
al

de
gr

ad
at

io
n,

in
re

al
it

y
so

ils
ar

e
co

m
pl

ex
sy

st
em

s
in

w
hi

ch
th

es
e

pr
oc

es
se

s
in

te
ra

ct
an

d
in

flu
en

ce
on

e
an

ot
he

r.
Th

e
fir

st
th

re
e

pr
oc

es
se

s
lis

te
d,

er
os

io
n

by
w

at
er

,w
in

d
an

d
ti

lla
ge

,t
og

et
he

r
do

m
in

at
e

so
il

de
gr

ad
at

io
n

on
th

e
va

st
m

aj
or

it
y

of
la

nd
ar

ea
de

gr
ad

ed
.(

M
od

ifi
ed

fr
om

[6
4]

).

C
a

te
g

o
ry

S
p

e
ci

fi
c

d
e

g
ra

d
a

ti
o

n
p

ro
ce

ss
e

s
S

ta
te

fa
ct

o
rs

S
o

ci
o

e
co

n
o

m
ic

d
ri

v
e

rs
P

a
re

n
t

m
a

te
ri

a
l

a
n

d
to

p
o

g
ra

p
h

y
C

li
m

a
te

Ph
ys

ic
al

So
il

er
os

io
n

by
w

at
er

Sl
op

e
H

um
id

to
se

m
i-

ar
id

re
gi

on
s

Ti
lla

ge
ag

ri
cu

lt
ur

e,
de

fo
re

st
at

io
n

an
d

im
pr

op
er

gr
az

in
g

So
il

er
os

io
n

by
w

in
d

Le
ss

ve
ge

ta
ti

on
Se

m
i-

ar
id

to
ar

id
re

gi
on

s
D

is
tu

rb
an

ce
of

so
il,

ve
ge

ta
ti

on
or

bi
o-

cr
us

tb
y

ag
ri

cu
lt

ur
al

ti
lla

ge
an

d
po

or
ly

-m
an

ag
ed

gr
az

in
g

So
il

er
os

io
n

by
ti

lla
ge

H
ill

y
la

nd
sc

ap
es

C
on

ti
nu

ou
s

cu
lt

iv
at

io
n,

es
pe

ci
al

ly
w

it
h

ti
lla

ge

Su
rf

ac
e

se
al

in
g

Lo
w

or
ga

ni
c

m
at

te
r

sa
nd

y
or

si
lt

y
so

ils
U

rb
an

iz
at

io
n,

co
m

pa
ct

io
n,

ti
lla

ge

So
il

co
m

pa
ct

io
n

C
la

ye
y

so
ils

H
um

id
re

gi
on

s
H

ea
vy

m
ac

hi
ne

ry
,g

ra
zi

ng

R
ed

uc
ed

ca
pa

ci
ty

to
st

or
e

w
at

er
Lo

w
or

ga
ni

c
m

at
te

r
C

om
pa

ct
io

n,
er

os
io

n,
re

m
ov

al
of

m
ul

ch
or

re
si

du
e

C
he

m
ic

al

N
ut

ri
en

td
ep

le
ti

on
Lo

w
in

he
re

nt
fe

rt
ili

ty
Lo

w
in

pu
ta

gr
ic

ul
tu

re
,g

ra
zi

ng
,e

xc
es

si
ve

fo
re

st
ha

rv
es

t

A
ci

di
fic

at
io

n
O

ld
,w

ea
th

er
ed

so
ils

H
um

id
re

gi
on

s
Ex

ce
ss

iv
e

N
fe

rt
ili

za
ti

on
,l

ea
ch

in
g,

su
lf

ur
an

d
ni

tr
og

en
ox

id
at

io
n

D
is

pe
rs

io
n/

al
ka

liz
at

io
n

Ex
ce

ss
iv

e
m

on
ov

al
en

ti
on

s,
ex

po
su

re
an

d
in

co
rp

or
at

io
n

of
ca

lc
ar

eo
us

su
bs

oi
lm

at
er

ia
li

nt
o

su
rf

ac
e

ho
ri

zo
n

Po
or

qu
al

it
y

ir
ri

ga
ti

on
w

at
er

,l
os

s
of

pe
re

nn
ia

lv
eg

et
at

io
n,

ti
lla

ge

Sa
lin

iz
at

io
n

Sh
al

lo
w

w
at

er
ta

bl
e

A
ri

d
to

se
m

i-
ar

id
re

gi
on

s
Ex

ce
ss

iv
e

ir
ri

ga
ti

on

To
xi

c
C

on
ta

m
in

at
io

n
U

rb
an

iz
at

io
n,

m
in

in
g,

in
du

st
ri

al
w

as
te

sp
ill

ag
e

or
di

sp
os

al

Bi
ol

og
ic

al

D
ep

le
ti

on
of

so
il

or
ga

ni
c

m
at

te
r

Sa
nd

y
te

xt
ur

e,
st

ee
p

sl
op

es
,

de
ep

w
at

er
ta

bl
e

H
ig

h
te

m
pe

ra
tu

re
s,

lim
it

ed
ra

in
fa

ll

D
eg

ra
da

ti
on

of
ve

ge
ta

ti
on

,e
xc

es
si

ve
ti

lla
ge

,l
ac

k
of

su
ffi

ci
en

t
or

ga
ni

c
am

en
dm

en
ts

an
d

pl
an

tr
es

id
ue

s;
ex

ce
ss

iv
e

bi
om

as
s

re
m

ov
al

by
ha

rv
es

t,
gr

az
in

g
or

fir
e;

er
os

io
n

of
sl

op
in

g
su

rf
ac

e
so

il
by

ti
lla

ge
,w

in
d

an
d

w
at

er

Lo
ss

of
so

il
bi

ol
og

ic
al

di
ve

rs
it

y

Sa
nd

y
te

xt
ur

e,
st

ee
p

sl
op

es
,r

oo
t

lim
it

in
g

su
bs

oi
ll

ay
er

s
(f

ra
gi

pa
ns

,
ce

m
en

te
d

la
ye

rs
,a

lu
m

in
um

to
xi

ci
ty

,c
al

ci
c

ho
ri

zo
ns

)

H
ig

h
te

m
pe

ra
tu

re
s

M
on

o-
cr

op
pi

ng
,d

ef
or

es
ta

ti
on

an
d

po
or

ly
m

an
ag

ed
gr

az
in

g

Lo
ss

of
pl

an
t,

an
im

al
an

d
m

ic
ro

bi
al

bi
om

as
s

Si
de

sl
op

es
,s

ha
llo

w
be

dr
oc

k,
ro

ot
lim

it
in

g
su

bs
oi

ll
ay

er
s

(f
ra

gi
pa

ns
,

ce
m

en
te

d
la

ye
rs

,a
lu

m
in

um
to

xi
ci

ty
,c

al
ci

c
ho

ri
zo

ns
)

R
ed

uc
ed

pl
an

tg
ro

w
th

an
d

su
bs

eq
ue

nt
ad

di
tio

n
of

lit
te

r,
ro

ot
s

an
d

ex
ud

at
es

lim
its

ca
rb

on
fu

el
fo

r
fo

od
w

eb
;e

xp
os

ur
e

to
ex

tr
em

es
of

dr
yn

es
s

an
d

te
m

pe
ra

tu
re

by
re

m
ov

al
of

pl
an

tl
itt

er
;d

es
tr

uc
tio

n
of

m
ac

ro
po

re
s,

ag
gr

eg
at

es
an

d
ot

he
r

ha
bi

ta
tb

y
ti

lla
ge

,c
om

pa
ct

io
n

an
d

er
os

io
n.

141



Sustainability 2015, 7, 6523–6552

Unlike physical degradation, chemical soil degradation it not easily observed by the naked eye.
Nutrient depletion is the primary form of soil degradation in SSA. For decades, across SSA, nutrient
outputs have exceeded inputs, exhausting soil nutrient pools. Partial nutrient balances (or budgets) are
typically used to describe the stocks and fluxes (ins and outs) of a soil [65]. They have been calculated
for many different regions and countries [66], and are often used in Africa to evaluate management
practices that promote nutrient surpluses or deficits [42,67–69]. In many SSA farming systems, certain
soils suffer from nutrient depletion even if the whole farm or farming community does not. This
pattern of nutrient depletion has been documented in many studies that show how nutrients are
transported from “out fields” to fields near the homestead in the form of crops harvested and animal
manure deposited [68,70].

Soils in SSA also suffer from declining cation exchange capacity, cation imbalances, and declining
soil pH (which can lead to Al toxicity; Table 3). Secondary soil acidification can occur due to long-term
application of relatively high rates of N fertilizers (mostly in South Africa) or continuous cropping
without organic inputs [71]. In certain coastal area (e.g., Senegal, Gambia), lowering of the water table
for crop production has led to formation of active acid sulfate soils and extreme acidity (pH < 3.5) [72].
Alkalization can also occur when perennial vegetation is lost, or when calcareous subsoil material is
incorporated into the topsoil as a result of erosion or tillage [73]. Other forms of chemical degradation
such as salinization, while common in other tropical soils, is less common than alkalization in SSA [74]
(Table 3).

Table 3. Prevalence of soil constraints in sub-Saharan Africa based on the fertility capability soil
classification (FCC) system [25,75].

Soil Constraint Modifier Million ha in SSA Percent of Land in SSA *

Low nutrient capital
reserves k 942.06 39.94

Al toxicity a 588.27 24.94
High P fixation i 200.35 8.49
Steep sloped (>30%) s 55.62 2.36
Poor drainage g 159.95 6.78
High leaching potential e 425.05 18.02
Calcareous reaction b 158.11 6.70
Salinity s 19.09 0.81
Alkalinity n 52.06 2.21
Allophane x 2.83 0.12
Shrink-swell v 132.65 5.62
Total area 2358.79

* Note that percentages do not add up to 100% as soil may be affected by multiple soil modifiers.

Biological degradation is closely linked to chemical degradation. Both the balance of different
nutrients and their chemical forms are also important to soil fertility [76,77]. Population pressures
in some countries have reduced or eliminated natural fallow periods, reducing nutrient and
organic matter inputs [3,78,79] and thus causing declines in soil biological activity and soil species
diversity [80–82] Reductions in organic matter can reduce porosity [83,84] and infiltration capacity
and therefore change water and nutrient cycles, plant productivity, and even the energy balance
of a system [85,86]. The abundance and biodiversity of soil organisms is reduced as a result of
intensive grazing, biomass burning (either of crop residue or for land clearing) [87], tillage and bed
preparation [88], leaving soils bare, mono-cropping, especially in maize growing areas, and excess
fertilizer application [82,89]. Such changes in the soil diversity (or functional diversity) of soil biota
can affect the availability of nutrients [90,91] and alter pest and disease pressure [81] as well as the
complexity of food-webs [81] with consequences for ecosystem resilience.
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3. Synthesis of Knowledge

While the African subcontinent is often at the nexus of discussions on soil degradation, a relatively
small number of studies rigorously assess it. We define rigorous assessments as studies having:

(1) A temporal dimension, as degradation is a dynamic process;
(2) A spatial scale of analysis that is meaningful both for assessing degradation and for providing

soil management recommendation for smallholder farmers; and
(3) Multiple criteria of assessment that reflect the use of the soil because degradation results from a

complex set of processes and cannot be captured in a single measure.

We identified 18 studies that meet these criteria (see Table 4). We classified these studies into three
groups: longitudinal studies, chronosequences, and integrated assessments.

3.1. Methods for Data Synthesis

Information on the temporal and spatial scale, indicators measured, etc. from each study is
reported in Table 4. We also extracted data from 15 of those studies that reported soils data. We
extracted data from four studies in annual crops (e.g., maize) that reported cation exchange capacity
(CEC) from soils collected from 0–10 or 0–15 cm depth. In all four studies, CEC was measured at pH
5.5–7.5, and calculated by summing the base cations. Study sites had similar clay contents (~20%)
and bulk densities (66 g cm−3) and did not report data from an uncultivated site, thus we report
raw CEC data. Thirty-year trends in soil pH are reported for red soils near Holetta Research Center,
Ethiopia. These data are previously unpublished (Appendix A). Soil organic carbon (SOC) data were
extracted from three published studies plus unpublished data from the Holetta red soils (R. Weil;
Appendix A), all of which used the Walkley-Black method for SOC determination. To normalize the
data from different soil types and agroecological zones, we calculated the percent SOC remaining
and plotted against time since conversion. Data on maize yields were reported in tons ha−1 from
two regions: western Kenya and southwestern Nigeria. In some cases, the farm field age was not
reported, thus we used reported sampling dates and the date of forest clearance to calculate the time
since forest conversion. To avoid any site or sampling bias, we plotted maize yield data separately for
the two regions. When data were reported in graphical form, they were extracted using GraphClick
3.0 (Arizona Software, 2008). Figures and statistics were performed in the R statistical package [92].
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3.2. Longitudinal Studies

We identified six studies that go beyond the traditional long-term trials to examine soil
degradation in SSA. In sum, these studies indicate that rates of soil degradation vary through time (are
non-linear) and that not all indicators behave the same way. The longest study is the best example of
this, which uses coral barium to calcium ratios from the Malindi reef to evaluate sediment transport
(erosion) from the Sabaki river basin in Kenya [16]. Sediment flux was relatively low and consistent
from 1700 to 1905, but rises after 1905, corresponding to the start of British settlement and land clearing,
and periodic spikes that can be traced back to historical changes in land management. This study
clearly shows that picking one point (or a small portion) along the timeline does not capture the
dynamics of soil degradation. While a study in Nigeria showed steady declines in pH, soil organic
carbon (SOC), and available P (over eight years; [100]), a similar study in Gambia (over 1159 fields)
showed no changes in any of those soil properties (over six years) [105]. Seemingly conflicting results
may be due to the fact that sites are at different points along a non-linear curve. For example, a 13-year
study in Nigeria showed non-linear trends in many indicators, with SOC and maize yields declining
in the first seven years of the study (similar to [100]), and reaching a steady state for the remainder
of the study (similar to [105]; Figure 1d). On the other hand, soil pH, exchangeable calcium and
magnesium, and effective CEC all declined linearly with each year of continuous cultivation [96];
Figure 1a,c). A final study showed different conclusions about degradation could be drawn from
different indicators. The comparison of land-cover maps for the Monduli District in northeast Tanzania
showed a 94% increase in agricultural, but only a 16% decline in vegetation between the 1960s and the
1990s. Using only one of these indicators would easily lead one to different conclusions regarding the
extent of degradation. Between the 1991 and 1999, however, was the rapid increase (by almost 1700%)
in the presence of gullies and bare land, (equivalent to 1400 ha per year across 400,000 ha [99]).

3.3. Chronosequences (Space-for-Time)

Chronosequences are the most common method for studying soil degradation. Typically, forests
are used as the baseline, with only the upper few cm of soil considered. Thus, cultivated soils almost
always appear degraded in comparison. Most of the studies were located in the same region using
Kenya’s Kakamega and Nandi forests as the baseline and measured soil properties in continuous
maize farms cleared between 50 and 100 years ago [94,98,102,103,106,108]. Similar to the longitudinal
studies, chronosequences tended to show non-linear declines in topsoil properties with time since
forest conversion to agriculture. Soil infiltrability [93], SOM [93,102,106], Soil P [103], pH [102,107],
and total C and N [107,108] all showed marked declines in cultivated compared to forested baselines.

Soil type varies widely across SSA ([74]; Table 3), and thus it is possible that some results may be
confounded by differences in inherent soil properties. For example, soil texture in the soil profile is a
property not likely to change considerably with either management or time, and thus similarity in
the texture (and color) profile is a good indication that the soils are comparable across space and time.
Further, soils in chronosequence sites should belong to the same Great Group in Soil Taxonomy [109].
If one is examining erosion, the criteria should also be adjusted for topsoil loss. For an excellent
example of how soil profiles are used to validate a chronosequence (in Brazil), see [110]. Almost all the
studies examined only the top 10 cm, comparing the rich A horizon of a forest soil to the Ap horizon of
an agricultural soil (mixture of the A and B horizons). This is a serious limitation of many of the studies
presented here, as only one study presented texture data to 100 cm [95] and another to 40 cm [79].

The studies that examined multiple depths also found non-linear declines in topsoil C and N
with increasing farm age, eventually reaching steady state after several decades [79,95,101] (Figure 1c).
However, they also showed that a good portion of this C (70%) may be transferred to the deeper soil
layers [80], and total C stocks (0–1 m) remain stable for many decades [95]. Non-linear declines in
(unfertilized) maize yields, served as an indicator of soil degradation in many studies. Yields declined
rapidly immediately following forest conversion to agriculture (first 14 years; [96,100]), but reached a
steady state after 35 years [103], 77 years [102] and after 100 years of cultivation ([106]; Figure 1d).
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Figure 1. Selected indicators of soil degradation as a function of time since conversion. (a) Cation
exchange capacity (CEC; 0–10 cm); (b) pH in water (1:1 slurry); (c) percent remaining soil organic carbon
(SOC); and (d) maize yields with increasing time since forest conversion. Where data were reported
in graphical form, points were extracted using GraphClick 3.0 (Arizona Software, 2008). In panel (b),
dashed line represents the point below which aluminum toxicity can occur (pH = 5.0). In panel (d),
two trend lines are reported for the two study regions: YieldKE refers to the best-fit equation for maize
yields from Kenya and YieldNI the equation for maize yields from Nigeria. Number corresponds to the
source study in References section.

3.4. Integrated Assessments

Studies that actively involve community members have the potential to improve their relevance
and application, and are more likely to have broad impact on land management and system resilience.
Farmers and scientists measure soil degradation differently with the former often relying on visual
assessments of crop performance and yield and the latter on chemical analyses. Still, in some cases,
there is good agreement between farmers knowledge and scientific indicators of soil degradation (SOM
and maize yields; [97]). There was significant overlap between scientific and local understanding of
soil degradation indicators (e.g., crop yield, plant stunting and presence of weeds) in Swaziland and
Botswana [41] and Ethiopia [111], however no data on soil properties other than color and texture
were collected.

Where scientists manage soils to maximize fertility and improve production, farmers optimize soil
use for livelihood priorities. Thus, degradation may be difficult to discern from integrated assessments,
which evaluate specific priorities. For example, the replacement of forest by cropland can be used as
a landscape scale indicator of degradation [78], even if at the field-scale, farmers report no declines
in yield. Similarly, farmers may report improving maize yields when soil properties (C, N, and pH)
remain unchanged [48].

Clearly the goal is to reverse degradation, and therefore farmer perceptions must not be
overlooked, as they are a primary actor on agricultural landscapes. Farmers provide invaluable
information on the location and type of degradation they observe on their lands as well as describe
solutions. Still, to rigorously assess the trajectory or extent of degradation, quantitative data on soil
properties must be collected.
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3.5. Synthesis Summary

Overall, the longitudinal and the chronosequence studies indicate that most indicators of soil
degradation decline with time since conversion. However, the rate of change differs among them,
emphasizing the importance of evaluating multiple indicators when assessing degradation. We found
that soil chemical properties (CEC, exchangeable bases, pH) decline linearly with farm age (Figure 1a,b).
On the other hand, soil biological properties (SOC, maize yields) tend to decline rapidly at first and
then reach a steady state (Figure 1c,d). Differing responses have consequences for thresholds and
system resilience. For example, chemical thresholds may be easier to define and their consequences for
ecosystem functioning more predictable. For example, aluminum toxicity can occur in soils with a pH
(in water) below 5.5, depending on the percentage of aluminum saturation, at which point crop yields
may suffer substantially [112]. On the other hand, losses of SOC will have different consequences
depending on other biophysical conditions. That is, a dramatic loss of SOC in a sandy soil may lead to
a regime change as the primary mechanism for water retention is removed [113–115]. Soil moisture in
a clayey soil, on the other hand, which has a higher water holding capacity, may not be as sensitive
to SOC loss. As agriculture in SSA is primarily rain-fed, any changes in soil moisture regimes will
have serious consequences for crop yields and food security outcomes. The integrated assessments
indicate that some farmers are good and others are poor quantitative estimators of soil degradation,
and that soils and yield should always be monitored in tandem with farmer perceptions in order
to make accurate assessments of degradation. Farmers are the primary actors and stakeholders on
the SSA landscape; their perspective must not be ignored, especially when it comes to developing
strategies for reversing degradation and improving food security.

4. Methods for Monitoring Soil Degradation in Sub-Saharan Africa

Clearly, long-term monitoring is needed as reporting changes in degradation indicators (especially
biological indicators like SOC) on a stable branch suggest little change, while monitoring only during
the rapid decline suggest dramatic losses [17]. While there have been major logistical barriers to
measuring soil physical and chemical properties in SSA due to a lack of resources, recent growth in
investment and technical expertise in SSA is leading to better environmental monitoring. Sample
preservation, transportation, and traditional chemical analysis are limited in the region. Here, we
offer practical methods for evaluating soil degradation in spite of the logistical barriers encountered in
remote regions.

4.1. Visual Indicators

Visual assessment can provide much detail on the state and potential drivers of soil degradation.
Root exposure in trees and shrubs are other indicators of soil erosion that can be quickly assessed. Crop
productivity often declines as you move uphill (even on very gentle slopes) as soil moves downslope
(Figure 2). Erosion “pins” can be deployed easily at the beginning of a cropping season to measure the
amount of sheet erosion occurring within a given time period [116].

4.2. Management Indicators

Biomass removal is a common practice in smallholder systems where weeds and crop residues
are uprooted from the farm field and tossed to the field edges. Relocation of this biomass translates
to relocation of valuable nutrients and organic matter to the field edges and nutrient mining in the
middle of the farm fields. In contrast, rice threshing often occurs in the middle of the drained paddy,
which concentrates nutrients (mainly K) in the center of the field (Figure 3).
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Figure 2. (A) Difference in size maize plants in (B) a field experiencing soil degradation due to erosion
near Mwandama, Malawi. Reduced stature of maize (B) appears to be a matter of perspective however,
when plants from each end of the field are compared side-by-side (A), it is clear that small slope can
have dramatic effects on crop productivity due to the movement of water, soil, and nutrients. Photo
credit, R. Weil.

 

Figure 3. Aerial photograph of rice paddies after harvest in Tanzania. Difference in soil color in the
middle of the fields is indicative of variation in soil nutrient availability within rice paddies, which is
caused by the movement of biomass to the middle of the field during threshing. Photo credit, R. Weil.

149



Sustainability 2015, 7, 6523–6552

4.3. Physical Indicators

The soil aggregate stability is a key indicator as it integrates physical, chemical, and biological
information into a single measurement. It is closely related to soil organic matter composition [117],
biological activity [118], infiltration capacity [119], and erosion resistance [120]. The micro-sieve
method developed by [121] is a simple, field-ready assessment of aggregate stability that can provide
detailed information on management-induced changes to soil structure.

4.4. Chemical Indicators

Soil organic matter content is another integrative measure of soil degradation. Active carbon (C)
can be determined in the field using a dilute permanganate extraction and can serve as a good proxy
for soil organic matter [122]. If laboratory facilities are available, we suggest measuring total organic
matter, pH and other important plant nutrients (total N, inorganic N, available and total P, total S,
exchangeable Ca, Mg, K). Further, most soil tests are performed on the top 15 cm of soil, with subsoil
properties largely ignored. We suggest that studies examine both the A horizon (typically 0–15 cm)
and the upper subsoil (usually a B horizon at 20–50 cm). Sampling soil increments solely by a set depth
may confound changes in horizon thickness and allow a single sample to cross boundaries between
contrasting horizons. In fact, the thickness of the A horizon is a valuable measure of degradation
where a clear color change marks the boundary of the horizon. Likewise, if a profile is characterized
by a clay accumulation or an old erosional surface or stone line, the depth from the surface or from the
bottom of the A horizon to the top of the subsoil layer may also be indicative of soil truncation and
degradation (but could also indicate a shallow soil). Assessing nutrient depletion solely on topsoil soil
properties may be especially misleading for some elements. For example, K may be low in the topsoil,
but be in sufficient quantities of the subsoil [123,124]. Other important indicators will depend on the
location. For example, in regions vulnerable to salinization, such as arid or semi-arid landscapes or
irrigated agriculture, electrical conductivity and pH should be more systematically measured.

4.5. Biological Indicators

Net productivity can be indicative of overall ecosystem health. In an agricultural system, it is
important to consider the biomass generated in both the intentional and unintentional species present
(e.g., crop and weeds). Crop yields are sensitive to minor changes in management practices, and in
poorly managed farms, yields may suffer to the benefit of weed populations. In such a case, low
crop productivity may suggest soil degradation when, in fact, the high weed productivity would
tell a different story. The species of weeds present can serve as a proxy for certain soil properties.
For example, witchweed (Striga spp.) is a parasitic weed that plagues cereal crops across East Africa.
This weed often occurs when soil N levels are low and is often used as a visual indicator of low soil
available N [41]. Further, some fern species, native to tropical forests, are indicators of extreme acidity
if found in farm fields [125].

5. Positive Trajectories and Conclusions

The conversion from forest to managed land substantially alters soil physical, chemical, and
biological properties, however the extent of these changes is mediated by the new land use practice.
In our review thus far, we have focused on continuous (typically unfertilized) agriculture in SSA,
which offers little opportunity for the rehabilitation of soils. The majority of the available literature
on degradation describes longitudinal or chronosequence studies along a degradation gradient from
a forest or unmanaged baseline. However, a growing body of research in SSA uses the same study
design to examine land management practices that may improve soil conditions (aggrade soils) from a
degraded baseline. Such practices include (but are not limited to) communal grazing [126,127], tree
plantations [93,128], and fallowing [96,129].
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Many studies have compared soil properties among different management treatments in SSA, with
indications that some are better suited to smallholder farming systems, can be practiced across a large
range of climates and soil types, and are more readily adopted by farmers. Extensive research has been
conducted into the broader frameworks of integrated soil fertility management [130–137], conservation
agriculture [138–143], erosion control [144–148], and improved grazing management [149–151]. There
is also a wealth of information on the benefits of specific practices such as short legume rotations
(improved fallows) [152–158], agroforestry systems [159–165], and no-till systems [166–170]. Most of
these studies, however, are short-term and geographically limited. We know that one management
cannot fit all soil types, landscapes, or cultures. Still, these evidence-based practices hold great potential
for supporting sustainable soil management, and broad improvement will require a coherent policy
framework to support their wider adoption and long-term investment by farmers. Fortunately, a
growing global demand for good quality, low-cost soils data has been moving forward [36,85]. Such
integrated research efforts are necessary to inform national and international efforts that invest in
agricultural intensification across SSA [171–173]. Land management strategies will only be successful
if they can adapt to future demands for food and other ecosystem services. Future research efforts
should focus on how soil degradation leads to changes in soil ecosystem services, and what land
management strategies make systems resilient and, thus, more sustainable.
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Appendix Appendix: Methods Used by R. Weil for Collecting Thirty-Year Trends on Soil
Properties in Red Soils near Holetta Research Center, Ethiopia

Soil archives at the Holetta Research Center, Ethiopia were searched for historical soil data from
farmer fields near the station. Archived data were only present in hardcopy and were entered into a
database, which excluded soil samples that were collected on the research station as they were likely
from manipulated trials. Originally, soil samples that were collected between 0–30 cm were included
and soils with a P2O5 concentration greater than 25 ppm were excluded as it was this was used as a
marker of past fertilizer application. However, only 8 samples had high P concentrations, and their
inclusion in statistical models did not change the patterns observed. The archived data contained 338
records that met these criteria collected between 1972 and 2000. We report data on soil organic carbon
(Walkey-Black method) and pH (1:1 soil to water slurry) for this time period.
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Abstract: The Australian National Soil Research, Development and Extension Strategy identifies
soil security as a foundation for the current and future productivity and profitability of Australian
agriculture. Current agricultural production is attenuated by soil degradation. Future production is
highly dependent on the condition of Australian soils. Soil degradation in Australia is dominated
in its areal extent by soil erosion. We reiterate the use of soil erosion as a reliable indicator of soil
condition/quality and a practical measure of soil degradation. We describe three key phases of soil
degradation since European settlement, and show a clear link between inappropriate agricultural
practices and the resultant soil degradation. We demonstrate that modern agricultural practices have
had a marked effect on reducing erosion. Current advances in agricultural soil management could
lead to further stabilization and slowing of soil degradation in addition to improving productivity.
However, policy complacency towards soil degradation, combined with future climate projections
of increased rainfall intensity but decreased volumes, warmer temperatures and increased time in
drought may once again accelerate soil degradation and susceptibility to erosion and thus limit the
ability of agriculture to advance without further improving soil management practices. Monitoring
soil degradation may indicate land degradation, but we contend that monitoring will not lead to soil
security. We propose the adoption of a triaging approach to soil degradation using the soil security
framework, to prioritise treatment plans that engage science and agriculture to develop practices that
simultaneously increase productivity and improve soil condition. This will provide a public policy
platform for efficient allocation of public and private resources to secure Australia’s soil resource.

Keywords: soil; soil security; agriculture; erosion; no-till; conservation agriculture; Australia

1. Soil Security, Soil Degradation and Agriculture in Australia

Soil security is achieved when the condition of soil enables it to support the ongoing production
of food and fiber and continue its role in cycling of fresh water, climate regulation, and overall
ecosystem resilience [1]. The concept of soil security emanated from deep scientific concern about
global soil degradation and its impact on sustainable development. It emphasizes the critical role of
soil in achieving food, water and energy security, biodiversity and climate change mitigation, and the
ongoing provision of ecosystem services—all significant global challenges [2]. Soil security is necessary
to achieve sustainable development and long-term agricultural productivity.

Soil is secured through agricultural land management practices that are matched to the functional
capability of the soil and which improve and maintain soil condition (“Soil condition” can be used
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interchangeably with “soil quality” and is the official term used by the Australian Government to
describe “the capacity of a soil to function, within land use and ecosystem boundaries, to sustain biological
productivity, maintain environmental health, and promote plant, animal, and human health” [3,4]). This
requires consideration and understanding of the five dimensions of soil security that encompass
the biophysical, social and economic aspects of soil, and policy and legal frameworks that support
them, i.e.:

• Capability—the potential functionality of any given soil, how it can be expected to perform and
what it may produce

• Condition—the contemporary state of the soil referenced to its capability, and an outcome of how
it is managed

• Capital—the economic value of the soil resource and the services that flow from it
• Connectivity—the social dimension, concerned with the connection of the land manager with their

soil, and the resources and knowledge they have to manage the soil according to its capability; as
well as broader societal recognition of the soil resource

• Codification—the public policy and legal frameworks required to support the securing of soil [1].

Land management practices that lead to soil degradation put soil into a state of insecurity leading
to short and long term implications for sustainable development. Ultimately this may lead to the soil
becoming degraded to a point that it may never return to its original state and function. In order to
achieve soil security, land managers must understand the inherent economic value and biophysical
capability and condition of their soil, have the connectedness of knowledge and resources to manage it
for productivity whilst improving or maintaining its condition, and be supported by public policy that
enables them to do this—encapsulating the five dimensions laid out above [1].

The Australian National Soil Research, Development and Extension Strategy (hereafter, the
“Strategy”) was developed through a cross-jurisdictional collaborative effort by Federal and State
agencies, Commonwealth Scientific and Industrial Research Organization (CSIRO), the academic
research community and industry representation through the relevant research and development
corporations and farmer groups [5]. The Strategy calls for securing soil as a contribution to the
current and future competitiveness of Australian agriculture and recognizes the critical need for soil
knowledge, information and data to increase agricultural productivity, profitability and sustainability
in Australia.

Australian farmers and policy makers have battled with soil degradation since the country was
first settled. The transition from natural to agricultural land has historically been associated with the
removal of natural vegetation for cultivation and grazing. However, the native vegetation had generally
protected the soil from erosion by wind and water. Consequently, soil erosion accelerated where
historical agriculture expanded and particularly where ploughing was used. Other soil degradation
processes (e.g., acidification, salinization, loss of soil organic matter, compaction) have also increased,
but globally the area affected by soil degradation is dominated by soil erosion [6].

European cropping and grazing methods were first applied across Australia at the time of
settlement in the late 1700s. Agriculture and pastoral grazing then spread across the continent over the
next 150 years, [7] reaching a critical mass by the early 20th century as shown in Figure 1.

Due to a fundamental lack of understanding and knowledge of Australia’s old, weathered and
largely infertile soil, inappropriate agricultural methods mined the soil resource with disastrous
consequences. Pioneering European farmers had little context and scarce resources in an environment
that was completely foreign to their experience. The innovation of “frontier farming” fed the growing
colony and its export economy [8] but caused widespread unintended consequences. During the 1930s
and 1940s, large tracts of land in Australia became “dust bowls” [9–11]. The resulting soil erosion led
to significant Australian policy responses in the early 20th century and an agriculture sector that has
continually sought to implement soil conservation practices [9–12]. This had led to success in reducing
soil degradation over time, but as we will show, there is still much work to be done.
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Figure 1. Pastoral development of Australia through time [8] (reproduced with permission).

Soil security is a recently developed concept. Progress towards soil security can only be judged
by evaluating historical efforts and outcomes of soil conservation in an agricultural context. In
this paper we outline key issues of soil degradation at the continental scale in Australia within
the context of agricultural land use and land management changes. We provide evidence of the
relationship between soil erosion and agriculture over time, and show how adoption of conservation
agriculture, specifically no-till cropping, has helped to address soil erosion in cropping systems and
why conservation agriculture is a practical example of soil security. We continue by showing that
despite the gains, this has not solved erosion in current cropping systems and outline a range of
impacts on soil condition as a result of no-till. We contend that the next step-change in cropping should
be based on analysis of soil at the paddock level. This will lead to agricultural practices that provide
the win-win of increased productivity and improved soil condition—both key requirements for soil
security. Finally, we return to the continental scale to suggest that complacency towards soil erosion
will greatly impact Australia’s broader ability to secure soil and increase food production. We contend
that monitoring the continued degradation of Australia’s soil will not lead to soil security. Instead,
we propose the adoption of a triaging approach to soil degradation that is based on current science
and improved agricultural practices supported by appropriate public policy to ensure that public and
private sector resources are applied appropriately and rapidly to safeguard the nation’s soil resources.

2. Australian Land Use and Soil Degradation

It is important to understand some key aspects of Australian agriculture to contextualize historical
and contemporary soil degradation patterns. Just over half (52 percent) of Australia is used for
agriculture. Of that, 86 percent (340 million hectares) is used predominantly for grazing and about
eight percent (32 million hectares) is used mainly for cropping [13] (Figure 2).

Agriculture is mainly located in the south-eastern and south-western regions of Australia, with
the remaining 81 percent of land consisting of rangeland i.e., native vegetation with erratic and/or
small rainfall that precludes agriculture [14].

Pastoralism is the main agricultural pursuit in the rangelands. Australia’s economic growth
“rode on the sheep’s back” due to heavy grazing by sheep for wool and meat in the rangelands and
agricultural areas during early settlement and through to the 20th century [8]. Today, rangeland
livestock is predominantly beef cattle. This contemporary land use pattern may be set to change, with
a Federal Government plan for significant development of northern Australia including large new
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irrigation/dam projects for agriculture [15]. New trade agreements with Asian nations will increase
opportunities for significant increases in livestock production. This has potential implications for soil
security in the north, which has been and continues to be impacted by soil degradation [16].

Figure 2. Land use of Australia for 2005–2006, national scale land use map developed by ABARES in
2010. Source: Australian Bureau of Agricultural and Resource Economics and Sciences [17].

At the continental scale, soil degradation in Australia is broadly characterized by four processes;
soil acidification, soil carbon loss, water and wind erosion [16,18]. These processes are used to indicate
the status of the soil or its condition. Policy focus on these processes is driven from economic and
environmental considerations.

Soil acidification is estimated to affect over 50 percent of cropping and/or intensively grazed
regions, with soil acidity in many agricultural regions continuing to deteriorate [16]. The Western
Australian Government estimates that soil acidity is already impacting state farm gate returns to the
tune of $400 million per annum through lost production. This region produces half of Australia’s
wheat (Triticum aestivum L.) crop and supplies 80 percent of the wheat exports [19].

Australian agricultural soil has lost between 40 and 60 percent of its soil carbon content since
settlement [20]. Soil carbon dynamics have received much attention over recent years as governments
have considered the potential of soil carbon sequestration as carbon sink in climate change policy.
Prior to this, increasing soil organic carbon (SOC) was a key program focus for State based Catchment
Management Authorities and Natural Resource Management agencies across the country, in efforts to
improve soil condition. Community based programs administered through Landcare and the Federal
Caring for Country program have also provided focus for improving SOC [21].

It is estimated that water erosion is now outstripping soil formation rates across Australia by a
factor of several hundred and in some areas, several thousand [16]. There is a dearth of measured water
erosion data across continental Australia, but a modeling study in 2003 predicted sheetwash and rill
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erosion rates for the entire Australian continent using the revised universal soil loss equation (RUSLE)
and spatial data layers that provided a range of environmental factors [22]. The study concluded that
northern Australia is at higher risk for water erosion than the south and that there is significant seasonal
variation between summer and winter. It estimated the average erosion rate to be 4.1 ton/ha/year
across the continent, and that about 2.9 × 109 tonnes of soil is moved annually, representing 3.9 per
cent of global soil erosion from 5 per cent of world land area [22]. One of the limitations of using the
RUSLE model within the context of commenting on soil erosion by all processes is the inability to
account for deposition and wind erosion.

As we show later, the prevalence and severity of wind erosion has subsided since the “dust bowl”
years of the late 19th and early 20th centuries, however the strongest determinant of wind erosion may
be climate [16]. Climate change in Australia is expected to result in more extreme wind and flooding
events. Both have been experienced across the continent during the past decade and anecdotally
caused significant dust storms and soil loss through water erosion [16].

The issue of soil degradation by erosion is compounded by the selective nature of the removal
processes and therefore the type of material that is removed. This is particularly important for soil
organic carbon, which is critical for soil aggregation, moisture holding and feedback processes for soil
fertility. Consequently, preferential removal of SOC by erosion increases susceptibility of the soil to
further erosion and depletion of soil nutrients.

Overall, these continental scale indicators have considerably different spatial and temporal
frequencies; they may be discrete in some areas and overlap in other areas and likely have interactions
that stem from a common cause (i.e., soil erosion). In any case, soil erosion dominates in areal extent.
The complement of water and wind erosion covers the majority of the Australian continent.

Soil erosion has and continues to impact agriculture, but it has lost focus as an issue.
Constitutionally, soil conservation is the responsibility of State Governments in Australia, and while
many States have long term legislation aimed at reducing soil erosion, over recent decades there
has been a gradual decline in the resources invested to address soil degradation including erosion,
compared with competing natural resource management issues [21]. Should this trend continue,
Australian soil in many areas will become increasingly insecure.

Erosion is the highest existential threat to soil, and the biggest risk to achieving soil security.
In the next section, we describe soil erosion over time to show how it continues to be the primary
soil degradation issue at the continental scale. By mitigating soil erosion, many other forms of soil
degradation can also be alleviated. For example, soil erosion by wind and water is partly responsible
for the loss of soil organic carbon. Similarly, the loss of topsoil and/or the preferential loss of nutrient-
and carbon-rich fines may have aggravated the acidification process. We also show that strategies to
address soil erosion in cropping systems have produced unintended changes in soil conditions (such
as stratification of nutrients, herbicide accumulation, compaction, localized acidity, and aluminum
toxicity) that are causing paddock scale issues for soil management.

3. Soil Erosion in Australia—A Historical Snap Shot

3.1. Soil Erosion Rates by Land Use—1950s to 1990s

For a single point within the landscape, the 137Cs technique provides a reliable retrospective
estimate of net (time-integrated) soil redistribution (erosion and deposition) due to the combined effect
of wind, water and tillage. The 137Cs technique has been used to estimate soil erosion in studies around
Australia since the 1980’s. In the early 1990’s a national survey of 137Cs-derived net (1950–1990) soil
redistribution from transects across all states in Australia showed that soil losses were significantly
greater under conditions of intensive agriculture and on rangelands compared with uncultivated
pasture and forest [23]. These differences were attributed to soil disturbance, lack of ground cover
and susceptibility to water and wind erosion (erosivity and erodibility). Sixty per cent of sites had net
soil losses greater than 1 tonne per hectare per annum; well above the tolerable soil loss threshold of
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0.5 tonnes per hectare per annum followed by Loughran et al. [23]. This analysis showed that despite
significant landholder awareness of erosion events, serious unsustainable soil losses had occurred
throughout much of Australia between the mid-1950s and 1990. Further analysis of these data by
Chappell et al. [24,25] showed that nearly five times more soil was lost from cultivated land than from
uncultivated land in Australia over that period (Figure 3).
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Figure 3. Comparative soil loss (1950s–1990) by land use.

3.2. 1990s to Present—Changing Cropping Practices and the Impact on Soil Erosion on Agricultural Land

Many Australian grain farmers are now well versed in the nature and benefits of conservation
tillage, i.e., seeding with no prior cultivation [12]. Stubble management, and more recently, “retained
stubble” management has had marked influence on soil erosion [26] by increasing surface roughness,
reducing near surface wind speed by up to 80 percent [27] and controlling mechanical dispersion and
structural degradation due to rainfall impact and surface water run-off [28].

From the 1980s onwards, there was rapid and widespread adoption of conservation tillage
practices. The adoption rates for no-till practices across the grain growing areas of south-eastern and
south-western Australia are summarized in Figure 4 [29].

 

Figure 4. Cumulative adoption of no-till (decision to first use no-till) across Australian cropping
areas [29].
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There is evidence to suggest that the wide-scale adoption of no-till and other conservation
agriculture practices has had a marked effect in reducing soil erosion in the cropping zones. For
example, net (1990–2010) soil erosion in south-eastern agricultural Australia erosion had declined on
average (Figure 5) from −9.7 ton/ha/year to +3.9 ton/ha/year [30].

 

Figure 5. Change in soil redistribution median and interquartile range for south-eastern Australia
(1954–2010) [30].

The regional decline in soil erosion was attributed to the widespread adoption of soil conservation
measures and in particular conservation agriculture over the last 30 years. Notably this average decline
included considerable spatial variation with an interquartile range of −1.6 to +10.7 ton/ha/year, likely
due to variability in the adoption of conservation agriculture.

A study by Marx et al. [31] also indicates the success and efficacy of conservation agriculture
in reducing wind erosion since the 1990s. Using dust deposited in a Snowy Mountains mire,
they reconstructed the wind erosion history and the expansion of dust sources associated with the
progression of European farming practices across south-eastern Australia (Figure 6). They identified a
rapid increase in dust deposition after 1879 (B) and a rapid decrease in dust deposition after 1989 (H).
Three phases of dust deposition were defined, which they described as: (1) pre-European 1700–1879;
(2) agricultural expansion 1880–1989; and (3) agricultural stabilization 1990 to 2006.

 

Figure 6. Dust deposition rates in the Snowy Mountains based on core data plotted from 1700 to
2006 [31]. Reproduced with permission.

The widespread adoption of no-till and conservation agriculture and the resulting reduction in
soil erosion provides a case study in the practical application of soil security. Research into the uptake
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of no-till as shown in Figure 4, also found that farmers were motivated mostly by the reduction of
fuel and labour costs, and soil conservation including soil moisture management and improved soil
structure [29]. This indicates an awareness of the biophysical capability and condition issues of soil by
farmers, and a desire to improve the situation. Further to this, there was a perceived increase in capital
value of the soil. Consequently half of the surveyed farmers indicated they would be willing to pay
more for neighbouring land that been cropped under no-till and conservation agriculture [29]. Further
analysis of this case study framed by the five dimensions of soil security may inform future planning
to develop approaches that secure soil.

4. Soil Security Issues Stemming from Success

The successful reduction of soil erosion in some Australian cropping systems is well acknowledged.
There are two arising issues that we now address. The first is concerned with the codification (policy)
dimension of soil security, the second with the connectivity dimension.

4.1. False Belief that Erosion has been Solved

First, the success in reducing soil erosion through such a widespread practice change has led
to a belief in some quarters that soil erosion is no longer a major problem for farmers. As a result,
State Government programs to address soil erosion have been scaled back over recent decades [21].
This has led to a level of confidence that soil erosion has been addressed, but erosion levels are still
above tolerable and regenerative limits and will continue to impact agriculture, particularly under a
changing climate, unless preventing further soil erosion remains a focus.

At a tolerable loss rate of 0.5 tonnes per hectare per annum [23], 55% of Australia could be
considered net stable but many areas, particularly in agricultural Australia, are at a considerable risk
(e.g., 70% chance) of exceeding that threshold [25]. With the anticipated development of agriculture in
northern Australia it is important to quantify soil erosion and respond quickly to any deterioration in
the soil resource. Figure 7 shows the probability of soil erosion exceeding the threshold at different
locations across Australia. Large areas of Australia were at risk in 1990 and the most susceptible areas
to soil erosion were the main agricultural regions of Australia.

 

Figure 7. Probability (0–1) of exceeding the threshold −0.5 ton ha−1 year−1 of tolerable soil erosion [25].
Reproduced with permission.
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Conservation tillage has likely gone part way to reducing intolerable levels of soil erosion in
cropping areas, but soil erosion has not been eradicated. Estimates that show a regional decline in soil
erosion between 1990 and 2010 also show considerable spatial variability, indicating that many sampled
locations have not reduced soil erosion, most notably in the Mallee region (see case study below).
Continued policy complacency towards this trend may lead to reduced agricultural productivity
and sustainability.

4.2. Unintended Consequences of Conservation Tillage

A second issue associated with the perceived success in controlling soil erosion is that evidence
has emerged that conservation tillage is producing unintended consequences for soil resources at the
paddock/field level. This includes the physical and chemical restructuring of the soil profile, leading
to new constraints for plant growth and crop yield. But perhaps a greater threat is the declining
connectivity of farmers with the soil they manage, resulting in a lack of focus on soil and complacency
towards soil management, leading to a “blind spot” in the land management toolkit.

With conservation tillage, soil is often cultivated (and fractured) to a depth greater than with
conventional tillage systems; many tillage passes are used to work the soil more vigorously but to a
shallower depth. This is certainly the case with knife-edged tillage which uses tractors with far more
horsepower (and weight) per tyne than ever before. This deeper tillage can lead to soil disturbance
and compaction [28], and may produce either positive or negative consequences depending on the soil
type and condition. Conservation tillage machinery provides a well-engineered set of instruments
that successfully achieve the outcome they were designed to achieve—causing minimal surface soil
disturbance whilst maintaining a suitable seedbed for seed planting and growth. However limitations
arise when the soil capability is not well understood and soil condition is not further managed to
accommodate the new tillage strategy. Due to the reduced physical intervention with the surface
soil compared to conventional tillage systems, more emphasis is placed on the inherent soil chemical,
physical and biological condition and how it can support the given management system. For example
soil compaction is often generally attributed to vehicular or animal traffic, however certain soil types
are more susceptible to this type of decline in condition and resilience. This places those soil resources
at a higher risk for this form of degradation.

There is also evidence of the stratification of soil layers due to conservation tillage, with an
unintended effect of more defined nutrient distributions within the various soil layers [26]. This
stratification is leading to layers of altered soil chemical condition down through the profile in duplex,
texture contrast soil types or even homogeneous soil textures. Other problems include acidification,
alkalization, salinity and sodicity. This altered soil chemistry can directly impact the potential for
above and below ground crop performance and lead to greater risk of land degradation in the post
crop phase. For an example, see the Victoria Mallee Case Study below.

Case Study 1. Victorian Mallee

The Mallee region in south-western Victoria is at high risk of wind erosion due to the removal of
native vegetation and its replacement with agricultural ground cover, which is often below 50% [32].
The region also has a sandy soil type (relict aeolian dune-swale landforms) and small mean annual
rainfall (270–370 mm). The dune-swales are often duplex soils with sandy textured topsoil over a
dispersive medium clay. At a typical study site in this region, wind erosion was compounded by water
erosion during rare high intensity rainfall in the summer of December 2011. Despite the use of stubble
retention water erosion removed the sandy topsoil and revealed the sub surface effect of conservation
tillage equipment tines (Figure 8). The site also had a sealing, dispersive subsoil with low soil porosity
(i.e., smaller hydraulic conductivity than the topsoil), degraded soil structure and poor root penetration
despite the shallow subsoil depth. This case study demonstrates the impact of conservation tillage on
soil structure and the lack of understanding of the complexity of agricultural soil profiles.
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Figure 8. Rill Erosion in no-till cropping system after extensive and intensive rainfall event. Evidence of
striations in clay subsoil from no-till machinery sealing the dispersive clay subsoil. Manangatang Vic.

These problems described above can be managed effectively if the farmer is aware of them. The
adoption of conservation tillage has led to Australian agricultural management systems that are
managed from the “top-down” due to a focus on plant breeding and growing plants that are more
suited to the conservation tillage. Consequently, there is less focus on the “bottom-up” specific soil
constraints that prevent plants from successfully performing in the soil environment. Prior to no-till
and chemical farming, land managers had to understand their soils to greater depth and detail to
implement effective weed management, improve plant germination and early growth, and achieve
effective soil moisture management without chemical intervention [33].

Although gaining improved outcomes in reducing soil erosion and improving productivity, the
new approach has reduced the previously close connection between farmers and the soil they manage.

Today, land managers have the most influence on soil performance at one critical point in the
season (at planting). From then on the crop management relies heavily on the extensive use of
chemicals [34]. This system leads to greater reliance on plant information as a guide for future
performance with little focus on soil condition and performance for more effective farm management
strategies. Achieving the win-win of increased productivity and reduced soil degradation in cropping
lands is possible, but only with a greater agronomic understanding of the soil throughout the profile
in order to optimize conservation tillage practices. Soil is more likely to be investigated in the top
10–15cm but there is much to be gained by understanding the subsoil horizons and their often marked
impact on plant performance.

5. Soil Management for Improved Productivity and Soil Security in Cropping Systems

Some farmers are now reconnecting with the soil and embracing soil management as the basis
for agricultural production and as a key indicator to land management performance [35]. Soil Use
Efficiency (SUE) is a diagnostic and management tool that is being used as part of this approach.

Assessments of SUE use individual and inter-related factors (inherent and dynamic) affecting soil
condition (i.e., chemical, physical and biological soil properties and processes as well as soil nutrient
availability and nutrient uptake potential) as effective reference points for improving crop productivity
on individual and varying soil types. SUE is effectively an interpretation of soil condition and land
suitability to generate field information powerful enough to affect net farm productivity. SUE is the
practical application of soil capability and condition, the two biophysical dimensions of soil security.

Water Use Efficiency (WUE) and Nutrient Use Efficiency (NUE) guidelines are being adopted, but
these strategies provide measurements as an output and include too few management guidelines to
further improve land management systems. Optimization of WUE and NUE requires an understanding
of the boundary conditions of SUE. This will enable Australian agriculture to progress and help farmers
utilize conservation tillage practices to their full capacity by renewing the focus on the fundamental
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underlying agricultural performance factor—the soil, and the individual components of site-specific
soil management.

The starting point for understanding and implementing SUE is the excavation of soils to depth in
paddocks to gain an understanding of how plants are interacting with soils throughout the soil profile,
and to identify any constraints that the soil profile is placing on plant growth. This is augmented
with detailed and extensive soil physical and chemical assessments to provide details of chemical
constraints such as acidity, sodicity, alkalinity, or elemental toxicity. Collectively, these assessments
provide the farmer with a clear understanding of what is happening in relation to soil performance.

Once this soil analysis is complete further site-specific actions can be implemented within the
furrow. The best intervention point for plant production is with the usage of tillage implements when
sowing. Sowing equipment can be used to tailor the application of inputs suitable to both soil type
and condition for optimum plant performance based on soil capability and condition. The approach
replaces the current “plants down” approach to soil management (i.e., soil adaptability) with a “soil-up”
approach that is key to increasing agricultural productivity. This can be referred to as soil management
based agriculture.

Many cropping systems are utilizing variable rate nutrient applications (nitrogen and phosphorus)
applied across the landscape according to soil types, which doesn’t necessarily account or allow for
the condition of the soil throughout the profile. When conservation tillage practices are combined
with the SUE approach, a Vertical Rate guideline can be established. This effectively incorporates the
impact of the individual soil horizons on plant accessible water and nutrients (including oxygen and
carbon dioxide).

SUE and Vertical Rate guidelines are already being utilized in management strategies. For example
in addressing the key issues of soil acidification (which can often be caused by aluminium hydrolysis),
utilization of strategic lime applications and the integration of furrow applied high pH calcium based
liquid soil conditioners offset the impact of aluminium toxicity and localize the increase of pH in the
root zone to support the growth of juvenile plants. Deep banding of manures, composts, lime and
gypsum has also been integrated in to some cropping systems, leading to improvement in the subsoil
condition by reducing the constraints of poor soil structure, sodicity, salinity, or other issues.

Crop rotation is also a widely utilized mechanism of soil management to depth. By rotating
cereals, brassicas, legumes and pasture, the soil is given capacity to respond and recover from intensive
cropping systems. Due to varying root morphology and architecture the utilization of the soil profile
can vary. Plants with tap root systems provide biopores that are capitalized on by future crops and
water infiltration processes. These approaches are being proven on a case-by-case basis to reduce soil
erosion and to increase agricultural productivity—a soil security “win-win”. An example is provided
in the South Australian Case Study below.

Case Study 2. South Australian Mallee—Soil Use Efficiency at Work

In the South Australian Mallee the evidence of soil management and its impact on the landscape
is severe. Figure 9 shows the impact of wind erosion after a prior “conservation tillage” crop despite
stubble retention. Plant density was poor and wind erosion caused soil loss over the summer periods.
The sandy soil is hydrophobic—water repellent—and the infiltration of water into the soil profile
is slow and non-uniform, impacting seed germination and plant density. In the following planting
season, the land manager has strategically ploughed the surrounding dune area to reinstate the crest of
the dune. Hydrophilic sand was redistributed across the surface and integrated with the hydrophobic
sand. At the following planting, wetting agents and biodegradable surfactants were used to reduce the
hydrophobic properties of the soil. A comprehensive fertility programme was delivered to the seed
in furrow with a liquid delivery system at planting. A top-dressing program was also implemented
throughout the season. This resulted in a greater germination and plant density on the area, leading to
greater soil stabilisation and retention of topsoil in the following summer period (Figure 10).
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Figure 9. Evidence of wind erosion at trig point near Bow Hill, South Australia, 6 February 2013, in a
continuous No-Till cropping system in a dune swale system.

 

Figure 10. Impact of stubble retention and improved management practices on soil stabilization at the
same site from Eastern end. 26 February 2014.

6. Soil Erosion Still Remains a Major Threat to Soil Security

Despite the advances in reducing soil erosion in cropping systems, soil erosion remains a major
problem in Australia and in particular in the rangelands and is a major threat to future soil security.
A well-established dust emission model was used to show that between 2000 and 2011 mean dust
(< 22 μm) emission was 1.34 TgC/year and 0.11 TgC/year for rangeland and agricultural Australia,
respectively [36]. Despite smaller SOC dust emission and SOC contents than agricultural Australia,
the largest loss of SOC dust emission is from rangeland Australia because of the large area affected by
wind erosion and dust emission. Using net soil erosion for rangeland Australia (−0.22 ton/ha/year)
and the area of rangeland (666 Mha), the net total amount of soil removed was 147 Mt/year. Using net
soil erosion for agricultural Australia (−1.48 ton/ha/year) and the area of agricultural land (53.6 Mha)
affected by soil redistribution, the net total amount of soil removed was 79 Mt/year (Figure 11).

This indicates that despite smaller erosion rates in rangelands, their large area contributes more
to the net loss of soil across the continent than the larger erosion rates from agricultural regions. The
sum of 226 Mt/year (226 Tg/year or 0.23 Pg/year) is broadly consistent with the global regional
estimates of gross water and tillage erosion from croplands and pasture in Australia [37]. Estimates
of 137Cs-derived net (1950’s–1990) soil redistribution by wind, water and tillage from rangeland and
agricultural Australia amount to about 3% and <1%, respectively of the global total [25] removing
approximately 2% of the total SOC stock (0–10 cm) from the land surface over this ca 40-year period [38].

Policy for cropping land introduced in the 1980s makes a clear linkage between changed
agricultural practice and soil conservation, and has been successful due to widespread implementation
by farmers and as outlined previously, provides a useful case study of the practical application of the
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soil security framework. Unfortunately there has been no such effective counterpart in rangelands.
Soil erosion in rangelands appears to be set to continue and potentially accelerate under a changing
climate. There is also evidence that abnormal climate events can still have devastating effects on soil.
The following two case studies illustrate the impact of unusual but extreme wind and flooding events.
This suggests that for small magnitude, large frequency climate events conservation agriculture may
be coping. However, large magnitude, small frequency climate events demonstrate how marginal the
protection is against wind and water erosion, particularly in rangelands, where wide-scale adoption of
management strategies that secure soil is yet to happen.
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Figure 11. Soil loss by land use 2000–2011.

Case Study 3. Red Dawn

The dust storm on 22–23 September 2009, dubbed by the Press as “Red Dawn”, was the largest
recorded in 50 years and caused the largest reduction of visibility ever recorded in Sydney (Figure 12).
The cause was attributed to extensive drought conditions and extreme winds [39]. The sources of
the dust were the lower Lake Eyre Basin in South Australia, the grazing lands of north-western
NSW and the mining areas around Cobar and Broken Hill in addition to the Channel Country of
Queensland [39]—all rangeland areas.

 
Figure 12. MODIS image showing “Red Dawn” dust storm extending from south of Sydney to NSW
border with Queensland [39]. Reproduced with permission.
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The economic impact of Red Dawn to the state of New South Wales was estimated to be A$299
million, compared with a conservative estimate of the annual average cost to Australia of dust storms
of A$9 million [40].

Case Study 4. The Gascoyne Flood, 2010 and 2011

The Gascoyne River catchment covers an area of about 80,400 km in the southern rangelands
of Western Australia. The town of Carnarvon is located at the mouth of the river, along with about
1000 hectares of irrigated horticulture. The catchment supports an extensive pastoral industry mainly
grazing beef cattle (although historically, predominantly sheep) [41].

Widespread and extreme floods occurred during the period December 2010 and during the
summer of 2010–2011, causing an estimated A$90 million in damage to the horticulture industry. Soil
loss through water erosion was estimated to have been at least 5,625,000 tonnes—the plume of red soil
into the ocean was visible from space [41] (Figure 13).

 

Figure 13. Gascoyne River mouth sediment plume—10.00 am, 22 December 2010. Image processed
and enhanced by Landgate, Satellite Remote Sensing Services; Erosion cell [41].

Contributing factors responsible for this massive soil loss from the Gascoyne catchment were the
poor condition with reduced groundcover (perennial vegetation), a series of poor growing seasons
and continuous stocking of livestock [41]. This case study provides a snapshot of perhaps the most
insecure soil in Australia, a situation in the making since the days of settlement.

There is a potential pathway to soil security in this region. Innovative pastoralist-led initiatives to
regenerate the landscape have had proven success in-so-far as they have been able to be applied with
limited private resources [42]. However, without public policy support and significant investment,
wide-scale regeneration and subsequent return to agricultural productivity will be difficult.

Climate change projections are for warmer, drier weather with more time in drought with little
change in wind speeds, which will increase the susceptibility of Australian soil to wind erosion [43],
and reduced, rather than enhanced soil security. In addition, extremes in rainfall (intensity and
scarcity) [43] are likely which means that water erosion may also increase in the future.

7. Triage for Soil Security

The Australian National Soil Research, Development and Extension Strategy emphasizes the need
for mapping, modeling and monitoring of soil conditions, but as important as those activities are, none
of the diagnostic activities will in themselves lead to soil security. As stated in the introduction, soil
security can only be achieved when all five dimensions of soil security are addressed. This requires
agricultural land management practices that are matched to the functional capability of the soil, and
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which improve and maintain soil condition, and implies that farmers are well connected with their soil
and have the knowledge and resources and public policy support to apply them.

We have demonstrated in the case studies above that when an integrated approach is used,
improvements in soil security are possible e.g., the impact of conservation tillage in cropping zones,
and the marked effect this has had in reducing soil erosion. However, soil degradation, and specifically
soil erosion, still poses an existential threat to soil and to soil security. Soil condition monitoring
provides indicators of land degradation, however it does not provide a solution. Soil security provides
a positive framework for developing solutions. We contend therefore that monitoring the continued
degradation of Australia’s soil will not lead to soil security. We propose therefore, an approach to
determining soil that is at risk, and prioritizing the application of treatment plans to secure that
soil—i.e., “triage” for soil security.

The word “triage” is used almost exclusively in medical contexts to describe a decision system
that prioritizes the allocation of scarce resources to patients. According to Iserson and Moskop [44]
medical triaging is based on the satisfaction of three key conditions: a scarcity of medical resources,
the assessment of needs for each patient by a triage officer based on a medical examination, and
establishment of a system or plan, usually based on an algorithm or set of criteria to determine
treatment and/or the priority of treatment for the patient.

The French root word, “trier”, means “to sort”, and was originally used to describe the sorting of
agricultural products [44]. It is not unfitting therefore to think of soil in any form of degraded state
and which impacts the production of agricultural products, as a patient requiring medical attention.
Soil in this parlous state is insecure—the question is whether it needs minor treatment or intensive
care in order to make it secure. The analogy is extended further (Table 1).

Table 1. Application of the principles of medical triage to triage for degraded soil.

Medical Triage Triage for Soil Security

1. Scarcity of medical resources. 1. Scarcity of public and private resources to halt
and/or reverse soil degradation and secure soil.

2. Assessment of needs of each patient by a triage
officer based on a medical examination.

2. Assessment of the severity of soil degradation
at a determined unit level, based on expert
assessment and condition monitoring.

3. Establishment of a system or plan, usually
based on an algorithm or set of criteria to
determine treatment and/or the priority of
treatment for the patient.

3. Establishment of a system or plan based on the
severity of the degradation and its risk to soil
security, to determine a treatment plan and to
prioritise the treatment of soil that is at high risk
of loss. The plan must meet the criteria laid out
by the five dimensions of soil security.

In order for a triage officer to make use of an established plan to treat the patient, the plan must
first exist and there must be a decision to use the plan. In this context, triage planning for soil security
would involve development and adoption of a national approach, utilized and implemented at State
level to prioritize and determine the treatment of degraded soils in particular agricultural contexts
(paraphrasing Iserson and Moskop [44]). By linking “prioritized treatment plans” with approaches to
agriculture the requirements for soil security can be met by simultaneously increasing agricultural
productivity and improving soil condition, supported by public policy that enables the required
extension and education programs for implementation, the requirements for soil security can be met.

This triage framework would address the issues outlined above and make the best use of limited
resources for supporting soil that needs “intensive care”. This would include soil that is at greatest
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risk of wind and water erosion. In the future, how will soil erosion respond to climate changes, will
land management change cope with soil erosion responses or cause a reversal and increase in soil
degradation? Unless careful consideration is given to how ground cover protects the soil from wind
and water erosion, the next phase of agricultural expansion in northern Australia could cause an
increase in soil erosion that could be a large unmitigated risk for soil security. For example, cover
viewed from above (fractional cover) of the soil surface is a poor representation of the protection
against wind and water erosion since both processes operate laterally requiring lateral cover. A highly
prioritised treatment plan for “at risk soil” would focus on agricultural and grazing strategies that
increase lateral vegetation cover. However, as demonstrated above, going down into the soil itself, and
applying SUE to management practices will take agriculture and soil security to the next level that is
required for long term sustainability.

The development of such a plan would require a significant coordinated effort, similar to that
made to develop the National Strategy. The Strategy lays the groundwork for research, development
and extension that is required. The charter for its implementation could be easily widened to develop
a triage system for soil security. Involving innovative agronomy and farmer groups in this process will
ensure that an agricultural approach to solutions is maintained.

8. Recommendations and Conclusions

We conclude with two recommendations that will contribute to the future security of Australian
agricultural soils. At the farm scale, we recommend the continued development and adoption of soil
management-based agriculture, including diagnostic and management tools such as SUE and Vertical
Rate guidelines, as a practical approach for securing soil and alleviating or reversing soil degradation,
while at the same time increasing productivity. Public policy support for this approach should include
a renewed focus on soil security by State Governments and full implementation of the National Soil
Research Development and Extension Strategy.

At the continental scale we recommend the development of a triage approach to mitigate soil
degradation, framed by the five dimensions of soil security. This will provide an early warning
system for soil loss, identify soils with the highest risk, and provide focus on areas where soil is
insecure. Research, development and extension activities will be needed to find ways in which
agricultural management practices can reduce soil loss, benefit from soil condition improvement and
deal with the associated “creeping” issues of acidification and soil carbon loss, while at the same time
increasing productivity.

The National Strategy now forms part of the backdrop for a changing national agriculture policy
that includes development of agriculture in northern Australia and the requirement for a competitive
and sustainable agriculture sector in the future. By integrating a soil security focus into this context,
Australia’s soil resource will continue to provide food, fiber, water, and environmental services and
the economic returns required by the Australian people.
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Abstract: Soil degradation in India is estimated to be occurring on 147 million hectares (Mha) of land,
including 94 Mha from water erosion, 16 Mha from acidification, 14 Mha from flooding, 9 Mha from
wind erosion, 6 Mha from salinity, and 7 Mha from a combination of factors. This is extremely serious
because India supports 18% of the world’s human population and 15% of the world’s livestock
population, but has only 2.4% of the world’s land area. Despite its low proportional land area, India
ranks second worldwide in farm output. Agriculture, forestry, and fisheries account for 17% of
the gross domestic product and employs about 50% of the total workforce of the country. Causes
of soil degradation are both natural and human-induced. Natural causes include earthquakes,
tsunamis, droughts, avalanches, landslides, volcanic eruptions, floods, tornadoes, and wildfires.
Human-induced soil degradation results from land clearing and deforestation, inappropriate
agricultural practices, improper management of industrial effluents and wastes, over-grazing, careless
management of forests, surface mining, urban sprawl, and commercial/industrial development.
Inappropriate agricultural practices include excessive tillage and use of heavy machinery, excessive
and unbalanced use of inorganic fertilizers, poor irrigation and water management techniques,
pesticide overuse, inadequate crop residue and/or organic carbon inputs, and poor crop cycle
planning. Some underlying social causes of soil degradation in India are land shortage, decline in per
capita land availability, economic pressure on land, land tenancy, poverty, and population increase.
In this review of land degradation in India, we summarize (1) the main causes of soil degradation in
different agro-climatic regions; (2) research results documenting both soil degradation and soil health
improvement in various agricultural systems; and (3) potential solutions to improve soil health in
different regions using a variety of conservation agricultural approaches.
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1. Sources of Land Degradation

Land degradation is not being adequately addressed, but is of vital importance to raise awareness
so that future land management decisions can lead to more sustainable and resilient agricultural
systems. Of India’s total geographical area (328.7 Mha), 304.9 Mha comprise the reporting area with
264.5 Mha being used for agriculture, forestry, pasture and other biomass production. The severity
and extent of soil degradation in the country has been previously assessed by many agencies (Table 1).
According to the National Bureau of Soil Survey and Land Use Planning [1] ~146.8 Mha is degraded.
Water erosion is the most serious degradation problem in India, resulting in loss of topsoil and terrain
deformation. Based on first approximation analysis of existing soil loss data, the average soil erosion
rate was ~16.4 ton ha−1year−1, resulting in an annual total soil loss of 5.3 billion tons throughout
the country [2]. Nearly 29% of total eroded soil is permanently lost to the sea, while 61% is simply
transferred from one place to another and the remaining 10% is deposited in reservoirs.

Table 1. Extent of land degradation in India, as assessed by different organizations.

Organizations Assessment Year Reference Degraded Area (Mha)

National Commission
on Agriculture 1976 [3] 148.1

Ministry of Agriculture-Soil and
Water Conservation Division 1978 [4] 175.0

Department of Environment 1980 [5] 95.0

National Wasteland
Development Board 1985 [6] 123.0

Society for Promotion of
Wastelands Development 1984 [7] 129.6

National Remote Sensing Agency 1985 [8] 53.3

Ministry of Agriculture 1985 [9] 173.6

Ministry of Agriculture 1994 [10] 107.4

NBSS&LUP 1994 [11] 187.7

NBSS&LUP (revised) 2004 [12] 146.8

Soil degradation has become a serious problem in both rainfed and irrigated areas of India.
India is losing a huge amount of money from degraded lands (Table 2). This cost is documented
by declining crop productivity, land use intensity, changing cropping patterns, high input use and
declining profit [13–16]. Reddy [17] valued the loss of production in India at Rupees (Rs) 68 billion in
1988–1989 using the National Remote Sensing Agency (NRSA) dataset. Additional losses resulting from
salinization, alkalinization and waterlogging were estimated as Rs 8 billion. Of late, in a comprehensive
study made on the impact of water erosion on crop productivity, it was revealed that soil erosion due
to water resulted in an annual crop production loss of 13.4 Mt in cereal, oil seeds and pulse crops
equivalent to ~US$162 billion [18].
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Table 2. Estimates on the annual direct cost of land degradation in India.

Parameters NRSA [19] ARPU [20] Sehgal and Abrol [21]

Area affected by soil erosion (Mha) 31.5 58.0 166.1

Area affected by salinization,
alkalinization and waterlogging (Mha) 3.2 - 21.7

Total area affected by land degradation (Mha) 34.7 58.0 187.7

Cost of soil erosion in lost nutrients (Rs billion) 18.0 33.3 98.3

Cost of soil erosion in lost production (Rs billion) 67.6 124.0 361.0

Cost of salinization, alkalinization and
waterloggingin lost production (Rs billion) 7.6 - 87.6

Total direct cost of land degradation (Rs billion) 75.2 - 448.6

Apart from faulty agricultural activities that led to soil degradation (discussed in the next Section),
other human-induced land degradation activities include: land clearing and careless management of
forests, deforestation, over-grazing, improper management of industrial effluents and wastes, surface
mining, and industrial development. Each of these factors are discussed briefly, but offering greater
detail is beyond the scope of this review.

1.1. Overgrazing, Deforestation and Careless Forest Management

Overgrazing and deforestation have caused degradation in eight Indian states which now
have >20% wasteland (Source: Wasteland atlas of India by national remote sensing agency; NRSA). Loss
of vegetation occurs due to cutting beyond the silviculturally permissible limit, unsustainable fuelwood
and fodder extraction, encroachment by agriculture into forest lands, forest fires and overgrazing, all
of which subject the land to degradation forces. A cattle population of 467 million grazes on 11 Mha
of pastures, implying an average of 42 head per hectare of land compared to a sustainable threshold
level of 5 animals per hectare [22]. High livestock density in arid regions causes overgrazing, resulting
in decreased infiltration and accelerated runoff and soil erosion. Due to overgrazing, soil loss is 5 to
41 times greater than normal at the mesoscale and 3 to 18 times greater at the macroscale [23]. Tendency
of cultivation on slopes in the 1990s led to deforestation and land degradation [24]. Impoverishment of
the natural woody cover of trees and shrubs is a major factor responsible for wind and water erosion.
This occurs because the per capita forest land in the country is only 0.08 ha compared to a requirement
of 0.47 ha to meet basic needs, thus creating excessive pressure on forest lands.

1.2. Urban Growth, Industrialization and Mining

An increase in industrialization, urbanization and infrastructure development is progressively
taking away considerable areas of land from agriculture, forestry, grassland and pasture, and unused
lands with wild vegetation. Opencast mining is of particular focus because it disturbs the physical,
chemical, and biological features of the soil and alters the socioeconomic features of a region. Negative
effects of mining are water scarcity due to lowering of water table, soil contamination, part or total loss
of flora and fauna, air and water pollution and acid mine drainage. Overburden removal from mine
area results in significant loss of vegetation and rich topsoil [25]. Overburden removal is normally
done by blasting or using excavators, resulting in generation of large volume of waste (soil, debris and
other material). Open-pit mines produce 8 to 10 times as much waste as underground mines [26]. The
magnitude and significance of impact on the environment due to mining varies from mineral to mineral
and also on the potential of the surrounding environment to absorb the negative effects associated with
geographical disposition of mineral deposits and size of the mining operations. Mineral production
generates enormous quantities of waste/overburden and tailings/slimes and a huge land area is
degraded (Table 3).
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Table 3. Mineral Production, waste generation and land affected in 2005-06 (Data source: Sahu [25]).

Mineral Production (Mt) Overburden/Waste (Mt)
Estimated Land

Affected (ha)

Coal 407 1493 10,175
Limestone 170 178 1704

Bauxite 12 8 123
Iron ore 154 144 1544
Others 9 19 -

1.3. Natural and Social Sources of land Degradation

Natural causes of land degradation include earthquakes, tsunamis, droughts, avalanches,
landslides, volcanic eruptions, floods, tornadoes, and wildfires (discussed in more detail in Section 3).
Some underlying social causes of soil degradation are land shortage, decline in per capita land
availability, economic pressure on land, land tenancy, poverty, and population increase.

1.4. Land Shortage, Land Fragmentation and Poor Economy

In India, small land holdings are a prominent feature, particularly in rainfed regions. Some 80%
of farmers’ holdings are ≤2 ha, accounting for >50% of agricultural output. Average size of land
holding declined from 2.3 ha to 1.3 ha during 1970–2000 with per capita land of 0.32 hectare in 2001 [27].
Small land holdings lead to severe economic pressures on farmers. Because of such pressure, labor,
land and capital resources limit the use of green manuring or soil conservation structures. Therefore,
land shortage and poverty, taken together, lead to non-sustainable land management practices as a
direct source of degradation. This is also the underlying reason for two other direct causes of land
degradation, improper crop rotations and unbalanced fertilizer use [28].

Despite several interventions by the Indian Government, land degradation is still a serious
problem. Some programs have included Integrated Watershed Management in the catchment of
flood prone areas-1980–1981; National Land Use and Development Council-1985; National Wasteland
Development Board–1985; National Watershed Development Projects for Rainfed Areas-1985–1986;
Reclamation and Development of Alkali and Acid soil-1985–1986; National Land Use Policy-1988;
Integrated Wasteland Development Project-1989–1990; Constitution (74th amendment) Act-1992
(Regulation of Land Use) and National Rainfed Area Authority-2006. The United Nations
Environmental Programme (UNEP) indicated that over the preceding 20 years the problem of land
degradation had continued to worsen due to human activities and climate change causing prolonged
or frequent droughts that aggravated land degradation. Other underlying causes included increasing
population:land ratio (Agriculture share in GDP fell from 35% in 1981 to 13% in 2012); market and
institutional failures; externality and tenurial system–insecure property rights.

1.5. Population Increase

India’s land area is about 2.5% of the global land area, where as it supports more than 16% of the
global human population and ~20% of the world’s livestock population. Steady increases in human
population, as well as livestock population, and the widespread incidence of poverty, are exerting
heavy pressures on India’s limited land resources. Urban sprawl is a consequence of increasing urban
population. As urban population increases, infrastructure requirements including transportation,
water and sewage facilities, housing, schools, commerce, health, and recreation all contribute to urban
sprawl [29].

2. Agricultural Activities Leading to Land Degradation in India

“Most of the area under cultivation in India has been under cultivation for hundreds of years,
and had reached its state of maximum impoverishment many years ago . . . In this connection it must
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be remembered that deficiency of combined nitrogen is the limiting factor throughout the greater
part of India” (The Royal Commission on Agriculture in India Report, [30] (p. 76)). The Green
Revolution brought about a technological breakthrough, leading to the use of short duration high
yielding varieties that helped intensify land use within a year by increasing the area under irrigation
and greatly increasing the use of chemicals such as fertilizers and pesticides. Agricultural production
of India increased from 50 Mt to over 250 Mt, over the last five decades. This, however, had further
consequences, including loss of plant biodiversity and environmental pollution. Widespread land
degradation caused by inappropriate agricultural practices has a direct and adverse impact on the
food and livelihood security of farmers. Basically, degradation is caused by erosion, which results
in the loss of topsoil through the action of water and wind, or waterlogging, which results in soil
salinization. Maheswarappa et al. [31] observed that (i) the C-sustainability index was high in 1960,
and was indicative of the minimum usage of inputs prior to the onset of the Green Revolution and (ii)
thereafter, the C-sustainability index decreased because of greater C-based inputs, in which a linear
relationship exists between C inputs and C outputs.

Agricultural activities and practices can cause land degradation in a number of ways depending
on land use, crops grown and management practices adopted. Some of the common causes of land
degradation by agriculture include cultivation in fragile deserts and marginal sloping lands without any
conservation measures, land clearing through clear cutting and deforestation, agricultural depletion
of soil nutrients through poor farming practices, overgrazing, excessive irrigation, overdrafting (the
process of extracting groundwater beyond the safe yield of the aquifer), urban sprawl and commercial
development, and land pollution including industrial waste disposal to arable lands.

2.1. Low and Imbalanced Fertilization

Intensive farming practices, particularly with wheat (Triticum aestivum L.) and rice (Oryza sativa L.)
in India, have virtually mined nutrients from the soil. The already imbalanced consumption ratio
of 6.2:4:1 (N:P:K) in 1990–1991 has widened to 7:2.7:1 in 2000–2001 and 5:2:1 in 2009–2010 compared
with a target ratio of 4:2:1. As food grain production increased with time, the number of elements
deficient in Indian soils increased from one (N) in 1950 to nine (N, P, K, S, B, Cu, Fe, Mn, and Zn)
in 2005–2006. Although the use of fertilizers has increased several fold, the overall consumption
continues to be low in most parts of the country. Wide spread Zn deficiency, followed by S, Fe, Cu,
Mn and B in are common throughout the country. Every year, ~20 Mt of the three major nutrients
are removed by growing crops [32], but the corresponding addition through inorganic fertilizers and
organic manures falls short of this harvest. Another estimate suggests that for the past 50 years, the
gap between removals and additions of nutrients has been 8 to 10 Mt N + P2O5 + K2O per year [33]. In
addition nutrient loss through soil erosion is another reason for soil fertility depletion, accounting for
an annual loss of 8 Mt of plant nutrients through 5.3 billion tons of soil loss [34].

2.2. Excessive Tillage and Use of Heavy Machinery

Excessive tillage coupled with use of heavy machinery for harvesting and lack of adequate
soil conservation measures causes a multitude of soil and environmental problems. Decline in soil
organic matter (SOM) leads to limited soil life and the poor soil structure. Puddling of soil for
paddy rice degrades soil physical properties and has negative impacts on soil biology [35]. Poor
physical condition of soil leads to poor crop establishment and waterlogging after irrigation. Intensive
agriculture has also led to doubling of irrigated cropland over the past four decades, from 19% to
38% of the cropped area. Much of this water has been extracted from limited ground water resources.
Improper use and maintenance of canal irrigation has contributed significantly to soil degradation
problems like waterlogging and salinization. Excess nitrate has leached into groundwater due to
heavy N fertilizer use. Unnecessary tillage for land preparation and planting, indiscriminate irrigation,
and excessive fertilizer applications are the main sources of greenhouse gas (GHG) emission from
agricultural systems.
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2.3. Crop Residue Burning and Inadequate Organic Matter Inputs

The NBSS&LUP data [21] show that nearly 3.7 Mha suffer from nutrient loss and/or depletion of
SOM. Burning of crop residues for cooking, heating or simply disposal is a pervasive problem in India
and contributes to SOM loss. According to the Ministry of New and Renewable Energy [36], ~500 Mt
of crop residues are generated every year and ~125 Mt are burned. Crop residue generation is greatest
in Uttar Pradesh (60 Mt) followed by Punjab (51 Mt) and Maharashtra (46 Mt). Among different crops,
cereals generate 352 Mt of residues followed by fibre crops (66 Mt), oilseeds (29 Mt), pulses (13 Mt)
and sugarcane (Saccharum officinarum) (12 Mt). Rice (34%) and wheat (22%) are the dominant cereals
contributing to crop residue generation [37].

2.4. Poor Irrigation and Water Management

Improper planning and management of irrigation systems and extraction of ground water in
excess of the recharge capacity have resulted in a rise of the water table in most canal command areas.
Specific issues of concern are inefficient use of irrigation water, poor land development, seepage from
unlined water courses, non-conjunctive use of surface and ground water resources and poor drainage.
Expansion of canal irrigation (like the Indira Gandhi Nahar Project, for instance) has been associated
with widespread waterlogging and salinity problems in areas, such as in the Indo-Gangetic Plains
(IGP). In arid, semi-arid and sub-humid regions, large areas have been rendered barren due to the
development of saline-sodic soils because of poor irrigation and drainage management. Cracking of soil
from poor irrigation management leads to bypass flow of water and subsequent nitrate leaching [29].
Cracks not closing properly leave a U-shaped trace, and upon drying these cracks can expand and
cause soil shrinkage.

2.5. Poor Crop Rotations

Improper crop rotation coupled with lack of proper soil and water conservation measures are
important reasons contributing to soil erosion in lands under cultivation. In addition, cultivation of
marginal lands on steep slopes, in shallow or sandy soils, with laterite crusts, and in arid or semi-arid
regions bordering deserts has resulted in land degradation. Agricultural production in marginal areas
with low SOM due to unsuitable cropping patterns has been the major cause of accelerated wind and
water erosion. Wind erosion is a serious problem in arid and semi-arid regions, in coastal areas with
sandy soils, and in the cold desert regions of Leh in the extreme north of India.

2.6. Pesticide Overuse and Soil Pollution

Indiscriminate use of pesticides together with sewage sludge and composted municipal wastes
leads to contamination of soil and water with toxic substances and heavy metals. Heavy metal
pollution is due to improper disposal of industrial effluents and use of domestic and municipal wastes
and pesticides. Some commercial fertilizers also contain appreciable quantities of heavy metals, which
have undesirable effects on the environment. Indiscriminate use of agro-chemicals, such as fertilizers
and pesticides, is often responsible for land degradation.

3. Extent and Causes of Soil Degradation by Region

The extent of land degradation in India, as estimated by NBSS&LUP and Indian Council of
Agricultural Research (ICAR) is given in Table 4.

The Planning Commission of India has delineated 15 agro-climatic regions to form the basis
for agricultural planning in the Eighth Plan. These are: 1. Western Himalayan Region, 2. Eastern
Himalayan Region, 3. Lower Gangetic Plains Region, 4. Middle Gangetic Plains Region, 5. Upper
Gangetic Plains Region, 6. Trans-Gangetic Plains Region, 7. Eastern Plateau & Hills Region, 8. Central
Plateau & Hills Region, 9. Western Plateau & Hills Region, 10. Southern Plateau & Hills Region,
11. East Coast Plains & Hills Region, 12. West Coast Plains & Ghats Region, 13. Gujrat Plains and
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Hills Region, 14. Western Dry Region, 15. The Island Region. Similar agro-climatic regions have been
combined to form six major regions. Region-specific causes and extent of degradation are described in
the online Supplementary Information.

Table 4. State-wise extent of various kinds of land degradation in India (Mha). Data source:
NBSS&LUP-ICAR [12] on 1:250,000 scale. TGA is total ground area.

State
Water

Erosion
Wind

Erosion
Water

Logging
Salinity/
Alkalinity

Soil
Acidity

Complex
Problem

Total
Degraded

Area

% of
Degraded

Area to TGA

Andhra Pradesh +
Telengana 11.5 0 1.9 0.5 0.9 0.2 15.0 54.5

Goa 0.1 0 0.1 0 0 0 0.2 43.9

Karnataka 5.8 0 0.9 0.1 0.1 0.7 7.6 39.8

Kerala 0.1 0 2.1 0 0.1 0.3 2.6 67.1

Tamil Nadu 4.9 0 0.1 0.1 0.1 0.1 5.3 41.0

Manipur 0.1 0 0 0 1.1 0.7 1.9 42.6

Mizorum 0.1 0 0 0 1.1 0.7 1.9 89.2

Meghalaya 0.1 0 0 0 1.0 0 1.2 53.9

Assam 0.7 0 0 0 0.6 0.9 2.2 28.2

Arunachal Pradesh 2.4 0 0.2 0 2.0 0 0 53.8

Nagaland 0.4 0 0 0 0.1 0.5 1,0 60.0

Sikkim 0.2 0 0 0 0.1 0 0.2 33.0

Tripura 0.1 0 0.2 0 0.2 0.1 0.6 59.9

Himachal Pradesh 2.8 0 1.3 0 0.2 0 4.2 75.0

Jammu and
Kashmir 5.5 0.1 0.2 0 0 0 7.0 31.6

Uttar Pradesh +
Uttarakhand 11.4 0.2 2.4 1.4 0 0 15.3 52.0

Delhi 0.1 0 0 0 0 0.0 0.1 55.4

Haryana 0.3 0.5 0.1 0.3 0 0.2 1.5 33.2

Punjab 0.4 0.3 0.3 0.3 0 0 1.3 25.4

Bihar + Jharkhand 3.0 0 2.0 0.2 1.0 0 6.3 36.1

West Bengal 1.2 0 0.7 0.2 0.6 0.1 2.8 31.0

Union Territories 0.2 0 0 0 0 0.0 0.2 24.8

Gujarat 5.2 0.4 0.5 0.3 0 1.7 8.1 41.5

Rajasthan 3.2 6.7 0 1.4 0 0.1 11.4 33.2

Madhya Pradesh +
Chhattisgarh 17.9 0 0.4 0 7.0 1.1 26.2 59.1

Maharashtra 11.2 0 0 1.1 0.6 0.3 13.1 42.4

Orissa 5.0 0 0.7 0 0.3 0.1 6.1 39.3

Grand Total (Mha) 93.7 9.5 14.3 5.9 16.0 7.4 146.8 -

4. Strategies to Mitigate Land Degradation

The salient mitigation techniques for reversing land degradation in India and their applicability
in major agro-climates are given in Table 5.
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Table 5. Major land degradation mitigation techniques in the agro-climatic zones of India.

Mitigation Technologies
Hilly Areas

Indo-Gangetic
Plains

Dryland
and Desert

Areas

Southern
Peninsular

India

Central
India

Coastal
Areas

Applicability

Soil Erosion Control
√ √ √ √ √ √

Water Harvesting,
Terracing and Other

Engineering Structures

√ √ √ √ √ √

Landslide and Minespoil
Rehabilitation and River

Bank Erosion Control

√ √ √ √ √ √

Intercropping and
Contour Farming

√ √ √ √ √ √

Subsoiling
√

Watershed Approach
√ √ √ √ √ √

Participatory Resource
Conservation

and Management

√ √ √ √ √ √

Integrated Nutrient
Management and
Organic Manuring

√ √ √ √ √ √

Reclamation of Acid and
Salt Affected Soils and

Drainage (Desalinization)

√ √ √ √ √ √

Remediation of
As contamination

√ √

Water Management and
Pollution Control

√ √ √ √ √ √

Irrigation Management for
Improving Input

Use Efficiency

√ √ √ √ √ √

Judicious Use of
Distillery Effluent

√ √ √ √ √ √

Reforestation,
Grassland and

Horticulture Development

√ √ √ √ √ √

Vegetative Barriers and
Using Natural Geotextiles,

Mulching and
Diversified Cropping

√ √ √ √ √ √

Agroforestry
√ √ √ √ √ √

Conservation
Agriculture (CA)

√ √ √ √ √ √

Intensive Cropping and
Integrated Farming

Systems (IFS)

√ √ √ √ √ √

Disaster (Tsunami)
Management

√

4.1. Soil Erosion Control

Tolerance to soil loss (T) is defined as the upper threshold limit of soil erosion that can be allowed
without degrading long term productivity of a particular soil. If soil erosion rates are greater than T,
mitigation measures are needed to achieve sustainable productivity. T-values of the hilly regions of
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India, as estimated by Mandal et al. [38], are given in Tables 6 and 7. It is projected that ~59% of land
within the hilly region requires some form of erosion management to achieve T [38].

Table 6. Area under different erosion rates and soil loss tolerance limits in the northwestern Hills.

Erosion
Categories Based
on Soil Erosion

(ton ha−1year−1)

Very Low
(<5)

Low
(5 to 10)

Moderate
(10 to 20)

Severe
(20–40)

Very Severe
(>40)

Others

Area (Mha) under
each category

1.7 2.5 3.3 1.9 4.5 19.2
(5.2) * (7.5) (9.8) (5.8) (13.7) (58.0)

T-value (ton
ha−1year−1) 2.5 5.0 7.5 10.0 12.5 Rocks/

unreported

Area (Mha) under
each T value

0.4 0.3 3.5 9.0 1.3 18.7
(1.2) (0.8) (10.6) (27.2) (3.9) (56.3)

* Values in the parentheses are percentages of total area. Data source: Mandal et al. [38].

Table 7. Area under different potential erosion rates and soil loss tolerance limits in the northeastern
Hills (Source: Mandal et al. 38). * Values in the parentheses are percentages of area.

Erosion
Categories Based
on Soil Erosion

(ton ha−1year−1)

Very Low
(<5)

Low
(5 to 10)

Moderate
(10 to 20)

Severe
(20-40)

Very Severe
(>40)

Others

Area (Mha) under
each category

1.2 5.8 4.6 3.6 8.2 4.1
(4.5) * (21.2) (16.8) (13.0) (29.8) (14.8)

T-value (ton
ha−1year−1) 2.5 5.0 7.5 10.0 12.5 Rocks

/unreported

Area (Mha) under
each T value

- 0.1 4.7 13.1 5.8 3.8
(0.3) (17.1) (47.7) (21.0) (13.9)

* Values in the parentheses are percentages of total area.

Soil conservation measures, such as contour ploughing, bunding, use of strips and terraces,
can decrease erosion and slow runoff water. Mechanical measures, e.g., physical barriers such as
embankments and wind breaks, or vegetation cover (and use of vegetative buffer strips and geotextiles)
and soil husbandry are important measures to control soil erosion [39]. In addition, conservation
agriculture (CA), agro-forestry, integrated nutrient management (INM) and diversified cropping also
conserve soil and water. These are discussed sequentially as physical, chemical and biological means
of soil conservation and land degradation mitigation in the following sections.

4.2. Water Harvesting, Terracing and Other Engineering Structures

Mechanical soil and water conservation measures are required for controlling soil erosion,
retaining maximum rainfall within the slope and safe disposal of excess runoff from the top to
the foot hills of India. These structures are often used in case of extreme soil degradation. The
measures are: Bunding-small earthen barriers built on agricultural lands with slopes ranging from
1%–6% slope. Bunds are used in agriculture to collect surface run-off, increase water infiltration
and prevent soil erosion. Graded bunds-constructed in medium to high rainfall areas of ~600 mm
year−1. Contour bunds- either mechanical or vegetative barrier created across the slope. A study
conducted at Doon valleys in the northwestern hills region indicted that contour bunds decreased
runoff 25%–30% compared to field bunds [40]. Bench terrace and half moon terrace-adopted where
soil depth is >1.0 m. Half-moon terraces are level circular beds having 1 to 1.5 m diameter cut
into half-moon shape on the hill slopes. Beds are used for planting and maintaining saplings of
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fruit and fodder trees in horticulture/agro-forestry land uses. Grassed waterways-channels laid out
preferably on natural drainage lines in the watershed. Water harvesting ponds-dug-out embankment
type of water harvesting structure used for creating seasonal and perennial ponds at the foot of a
micro-watershed for irrigation and fish farming purposes.

In vertisols (of central India), graded broad bed and furrow system of land configuration improves
surface drainage and allows better water infiltration. It also facilitates drainage of excess water through
grassed waterways. However, the broad bed and furrow system is not as effective for shallower Vertic
soils, as it encourages runoff. Runoff and soil loss were lower from broad bed and furrow land surface
management practices than from a flat on grade system (Table 8). The broad bed and furrow system
decreased soil loss to a greater extent (31% to 55%) than its effect on runoff volume (24% to 32%)
compared with that of flat on grade system.

Table 8. Seasonal rainfall, runoff and soil loss from different land configuration, broad-bed and furrow
(BBF) and flat on grade (FOG) (Data source: Mandal et al. [41]).

Year Rainfall (mm)
Runoff (mm) Soil Loss (ton ha−1)

BBF FOG BBF FOG

2003 1058.0 163.0 (15.4%) 214.9 (20.3%) 2.0 2.9
2004 798.2 124.0 (15.5%) 183.3 (23.0%) 0.7 1.5
2005 946.0 177 (18.7%) 246 (26.1%) 1.4 3.1
2006 1513.0 502 (33.2%) 873 (57.7%) 3.5 6.4

Values within parentheses indicate the percent of total rainfall.

4.3. Landslide and Minespoil Rehabilitation and River Bank Erosion Control

High soil erosion rates were checked and brought within permissible limits (Table 9) by using
bioengineering treatments on landslide affected (Nalotanala watershed; area ~60 ha) and minespoil
affected (Sahastradhara watershed; area ~64 ha) areas. Restoration of limestone minespoil areas
resulted in improved water quality through a reduction in Ca content (Table 10). For river bank erosion
control, bio-engineering technologies such as spurs, retaining walls and earthen embankments may
be used in conjunction with suitable vegetation such as giant cane (Arundo donax), five-leaf chaste
trees (Vitex negundo), morning glory (Ipomoea sp.), Bamboo (Bambusa vulgaris), napiergrass (Pennisetum
purpureum) or munja (Saccharum munja) [40].

Table 9. Effect of bioengineering measures on landslide (1964–1994) and minespoil rehabilitation
(1984–1996) project [40].

Particulars
Landslide Project Minespoil Project

Before Treatment After Treatment Before Treatment After Treatment

Sediment load (ton
ha−1 year−1) 320 6 550 8

Vegetative cover (%) <5 >95 10 80

Table 10. Water quality parameters (mg L−1) for treated and untreated minespoils (Data source:
CSWCR&TI Vision [40]).

Ca Mg SO4

Treated mine 74 34 138
Untreated mine 188 39 240
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4.4. Intercropping and Contour Farming

Agronomical practices like use of cover crops, mixed/inter/strip cropping, crop rotation, green
manuring and mulch farming are vital practices associated with integrated nutrient management.
Growing soybean (Glycine max)/groundnut (Arachis hypogoea)/cowpea (Vigna radiata) with maize (Zea
mays)/jowar (Sorghum bicolor)/bajra (Pennisetum glaucum) is a common example of intercropping in
the drylands [39]. Strip cropping is a combination of contouring and crop rotation in which alternate
strips of row crops and soil conserving crops are grown on the same slope, perpendicular to the wind
or water flow in drylands and hilly regions, respectively. Intercropping cowpea with maize (2 rows of
cowpea with 1 row of maize) decreased runoff by 10% and soil loss by 28% compared to pure maize.
Minimum runoff (36% of rainfall) was recorded under barnyard millet (Echinochloa frumentacea L.)
followed by black soybean (Glycine max L.) and maize which was 37% and 42%, respectively. Black
soybean and maize alone had maximum soil loss of 7.1 and 6.7 ton ha−1, respectively, followed by
barnyard millet (4.8 ton ha−1). The practice of line sowing of wheat and mustard (Brassica juncea L.)
crops and maintaining row ratio of 8:1 ensured optimum use of space and soil moisture, increased
wheat equivalent yield by 14% and net returns by 30% compared to mixed sowing (Table 11) [42,43].

Table 11. Water use efficiency, yield and net return as affected by different technologies and crop
rotation in farmers’ fields of Uttarakhnad, Jammu and Kashmir and Himachal Pradesh.

Intercropping Crops
Water Use Efficiency

(kg ha−1mm−1)
Yield

(t ha−1)
Net Return
(INR ha−1)

C T
%

Increase
C T

%
Increase

C T
%

Increase

Maize + cowpea
(1:2) − wheat

Maize 3.19 5.60 76 2.21 * 3.67 * 66 4448 11,690 163
Wheat 5.30 8.31 57 1.13 1.64 46 3176 6149 88

Maize − wheat +
mustard (9:1)

Maize 3.00 4.34 45 1.94 2.75 42 3248 8658 163
Wheat 6.33 9.66 50 1.31 * 1.93** 47 4455 9041 105

Maize – potato −
onion (irrigated)

Maize 3.09 4.52 46 1.95 2.86 46 3361 9135 172
Potato 53.70 76.50 42 17.10 23.50 33 9775 19,250 97
Onion 18.87 25.45 35 12.05 15.10 25 38,700 51,050 32

Source: Ghosh [44], C-Conventional, T-Intercropping/crop rotation *—Maize equivalent yield; ** wheat equivalent
yield. 60 INR (Indian Rupees) ~1USD (2014).

When crops like maize, sorghum and castor (Ricinus communis L.) are cultivated along with
legumes such as groundnut, green gram (Vigna radiata L.), black gram (Vigna mungo L.), soybean
and cowpea in inter-row spaces, sufficient cover on the ground is ensured and erosion hazards
decreased [45]. Pathak et al. [46] reported several soil conservation measures based on rainfall in a
particular area (Table 12).

Table 12. Soil and water conservation measures to be taken up based on seasonal rainfall in the
Peninsular India (Source: Pathak et al. [46]).

Seasonal Rainfall (mm) Soil and Water Conservation Measures

<500 Contour cultivation with conservation furrows,
ridging, Sowing across slope, Mulching, Scoops, Off

season tillage, Inter row water harvesting system,
Small basins, Field bunds, Khadin

Tied ridges, contour bunds

500–750 Zingg terrace, modified contour
bunds and broad bed furrow

750–1000 Broad bed furrow (vertisols), field bunds, vegetative
bunds and graded bunds

Conservation furrows, sowing
across slope, conservation tillage,

Lock and spill drains, small basins,
nadizingg terrace

>1000 Level terrace and zingg terrace
(conservation bench terrace)
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4.5. Subsoiling

Low infiltration rate is one of the major problems of black soils (Vertisols) in central India.
In Vertisols, improved tillage practices, particularly deep tillage (subsoiling with chisel plough), can
improve soil water storage by greater infiltration and minimizing water stress. A study with three
tillage treatments consisting of conventional tillage (CT), CT + subsoiling in alternate years, and CT +
subsoiling in every year showed that the basic infiltration rate and soil water storage in the 90 cm
profile were greater in CT + subsoiling every year than in CT [47].

4.6. Watershed Approach

Integrated watershed management, which involves soil and water conservation coupled with
suitable crop management, is another excellent strategy for mitigating soil erosion. Development and
management of watershed resources to achieve optimum production without causing deterioration
in the resources base is integrated watershed management. It involves construction of check dams
along gullies, bench terracing, contour bunding, land leveling and planting of grasses. These strategies
will increase percolation of water, decrease runoff and improve water availability. Several reviews are
available on the performance of watershed development projects [48,49], as well as their limitations. An
operational research project on watershed management at Fakot by the CSWCR&TI during 1975–1986 is
a successful example of participatory integrated watershed management approach [50]. Conservation
agriculture along with above-said practices has great potential to reverse soil loss.

4.7. Participatory Resource Conservation and Management

A case study in Netranahalli Watershed (Karnataka) in the Southern Peninsular India stressed
the importance of involvement of communities for conservation of natural resources (mainly soil and
water) and their management. Improvement in ground water levels, soil and moisture conservation,
development of irrigation facilities, water regeneration capacity, forestry and horticulture development,
change in land use pattern and cropping pattern, improvement in animal health, employment and
income generation were noticed by Adhikari et al. [51]. In a joint programme by Bangalore Regional
Centre of NBSS&LUP, Nagpur and Tamil Nadu State Department of Agriculture at Shivagangai
district, Tamil Nadu, water harvesting (in better maintained existing tanks), recharging (in aquifers)
and providing drainage facilities (in lowlands) prevented water erosion and decreased incidence of
salinity and sodicity [52].

4.8. Integrated Nutrient Management and Organic Manuring

Integrated nutrient management, i.e., the application of NPK mineral fertilizers along with
organic manure, increases crop productivity, improves SOC content, and decreases soil loss. In the
northwestern hill region, integrated nutrient management improved soil health and SOC storage in
all cropping systems. Kundu et al. [53] and Bhattacharyya et al. [54] observed that about 19% and
25% of gross C input contributed to greater SOC content after 30 years of rainfed or after nine years
of irrigated soybean-wheat production, respectively. Annual farmyard manure addition improved
labile (movable; short-lived) and long-lived C pools [55]. Nearly 16% (mean of all treatments) of the
estimated added C was stabilized into SOC both in the labile and recalcitrant pools, preferentially in
the 0–30 cm soil layer (Figure 1). However, the labile:recalcitrant SOC ratios of applied C stabilized
was largest in the 15–30 cm soil layer (Figure 2). The labile pool constituted about 62% of the total SOC
in the 0–45 cm soil layer and about 50% of the applied C stabilized in the labile pool (Figure 3). The
integrated nutrient management approach of 5 ton ha−1 of farmyard manure +50% recommended
fertilizer led to an additional grain yield of 2.65 ton ha−1 in paddy-maize cropping system (reference).
Under rainfed conditions, C retention rate varied from 0.61 to 1.8 ton ha−1 year−1 in different crop
rotations, which also enhanced crop yield (Table 13). However, with green manuring, wheat had
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greater water use (289 mm) than wheat in a wheat-fallow system (273 mm) or wheat (270 mm) rotated
with maize [56].
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Figure 1. Soil organic C (SOC) stabilization in the 0 to 45 cm soil layer as affected by 32 years
of continuous annual fertilization under soybean-wheat cropping in a sandy clay loam soil of the
Indian Himalayas. Bars with the same lowercase latter indicate that the values are not significantly
different (at P < 0.05 according to Tukey’s HSD tests). Error bars indicate standard errors. (Source:
Bhattacharyya et al. [55]).
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Figure 2. Ratios of labile and recalcitrant pools of total SOC and applied C stabilized in soils by depth
after 32 years of cropping with different fertilization (error bars indicate standard error of mean).
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Figure 3. Depth (cm) distribution of total estimated added C stabilized after 32 years of fertilization
(error bars indicate the standard error of mean; Source: Bhattacharyya et al. [55]).

Table 13. Fertilization impacts on carbon retention in the 0–15 cm layer and crop yield change in the
Indian Himalayas (Data Source: Bhattacharyya et al. [54,57–59]).

Rainfed
Management

Practices

Duration of
Adoption (year)

Carbon Retention
Over Control (Mg

ha−1year−1)

Yield Change
Over

Yield Change over
Unfertilized

Control/Two Irrigations
(Mg ha−1year−1)

NPK + FYM
application-rainfed 32 0.87 Unfertilized control 2.3 (S) & 1.17 (W)

NPK + FYM
application-irrigated 9 1.28 Unfertilized control 0.80 (S) & 1.74 (W)

FYM at 15 Mg ha−1 3 1.63 Unfertilized control 6.2 (GP) & 7.1 (FB) &
0.55 (BC)

FYM at 10 Mg ha−1 3 1.80 Unfertilized control 3.5 (GP) & 1.3 (R)

Four irrigations
in wheat 4 0.35 Two irrigations 0.17 * (R) & 0.44 (W)

S—soybean, W—wheat, SEY—soybean equivalent yield, FB—French bean, GP—Garden pea, BC—baby corn. *
indicates not significant.

In the lower Indo-Gangetic Plains, Mandal et al. [60] observed 25%–38% greater accumulation of
total SOC with NPK + FYM/compost than the control (no fertilizer). The order of such accumulation
under different cropping systems was rice-mustard-sesame > rice-fallow-rice > rice-wheat-fallow
> rice-wheat-jute (Corchorus sp.) > rice-fallow-barseem (Trifolium alexandrinum), over the control
(Table 14). Mandal et al. [60] further observed that the amount of residue C inputs in the
rice-wheat-fallow system (3.33 Mg ha−1 year−1) was similar to that in the rice-fallow-berseem (3.17
Mg ha−1 year−1), but the rate of annual C accumulation in the former was more than double (0.27 Mg
C ha−1 year−1) than that in the latter (0.13 Mg C ha−1 year−1). Higher N content in crop residues of
berseem (2.6%) and jute (1.8%) but lower lipids and lignin in rice-fallow-berseem and rice-wheat-jute
systems may have accelerated decomposition and thus hastened loss of C. Crop residues from rice and
wheat, which have low N content, are likely to be more efficient in C sequestration than the residue of
crops like berseem and jute, which have higher N content. Likewise, in the drylands, Srinivasarao et
al. [61] found that integrated nutrient management could improve C accumulation rates up to 0.45 ton
ha−1year−1 in a groundnut based cropping system (Table 15).
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Table 14. Effects of balanced fertilization (NPK and NPK + FYM or compost) on C build up in soils
under different cropping systems (Data source: Mandal et al. [60]).

Cropping System
C Build-Up (%) in Treatments over

the Control Plots
C Build-Up Rate (Mg C ha−1year−1)

over the Control Plots

NPK NPK + FYM NPK NPK+FYM

R-M-S 51.8 a 55.7 a 1.91 a 2.05 a
R-W-F 16.8 c 23.4 c 0.27 b 0.37 c
R-F-B 9.3 d 24.7 c 0.13 c 0.36 c
R-W-J 14.9 c 32.3 b 0.11 c 0.25 d
R-F-R 33.5 b 54.8 a 0.28 b 0.45 b

Build-up = [(NPK//NPK + FYM – Control)/Control] × 100; Build-up rate = [(NPK//NPK + FYM – Control)/year];
R-M-S, rice-mustard-sesame; R-W-F, rice-wheat-fallow; R-F-B, rice-fallow-berseem; R-W-J, rice-wheat-jute; R-F-R,
rice-fallow-rice, FYM, farmyard manure.

Table 15. Carbon accumulation rate in soil (0–20 cm) and potential carbon emission reduction (CER)
under different INM practices (Data source: Srinivasarao et al. [61]).

Production
Systems

Suggested INM
Practice

C Accumulation (ton
ha−1year−1)

Potential CER from the
Suggested Practice

Farmers’
Practice

Suggested
Practice

ton ha−1 Value (US $)

Groundnut-based
(in Alfisols)

50% RDF + 4 ton
groundnut shell ha−1 0.08 0.45 0.370 1.85

Groundnut–finger
millet (in Alfisols)

FYM 10 ton + 100%
RDF (NPK) −0.138 0.241 0.379 1.90

Finger millet–finger
millet (in Alfisols)

FYM 10 ton + 100%
RDF (NPK) 0.046 0.378 0.332 1.66

Sorghum-based
(in Vertisols)

25 kg N ha−1

(through FYM) +
25 kg N ha−1

(through urea)

0.101 0.288 0.187 0.94

Soybean-based
(in Vertisols)

6 ton FYM ha–1 +
20 kg N + 13 kg P

−0.219 0.338 0.557 2.79

Rice-based
(in Inceptisols) 100% organic (FYM) −0.014 0.128 0.142 0.71

Pearl millet-based
(in Aridisols)

50% N (inorganic
fertilizer) +

50% N (FYM)
−0.252 −0.110 0.142 0.71

CER at US$ 5 ton−1 C (prevailing market price of CER for agroforestry and other related practices); RDF,
Recommended dose of fertilizer; FYM, Farmyard manure.

Integrated nutrient management also decreases soil loss. Runoff and soil loss increased with
increase in slope from 0.5% to 2.0% at Bellary (Table 16). However, in the treatments with application
of recommended rate of fertilizer along with farm-yard manure, it was comparatively low. Plots
under coir pith compost and integrated nutrient management improved maize yield and rainwater
use efficiency from 4.95 to 5.79 kg ha−1 mm at Ayalur watershed, Tamil Nadu (Table 17).
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Table 16. Runoff and soil loss under different crops on varying slopes at research farm, Bellary (Source:
CSWCR&TI Annual Report [62]).

Treatments

Runoff (mm) Soil Loss (ton ha−1)

Sorghum Chickpea Sorghum Chickpea

0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0

Slope (%)

With fertilizer 52.3 66.78 94.8 48.71 64.45 84.56 2.45 4.04 5.67 2.01 2.72 4.79
Without
fertilizer 63.16 66.85 101.79 49.06 65.64 92.99 2.72 4.79 6.08 2.19 3.31 5.35

Table 17. Effect of coir pith compost and integrated nutrient management (INM) on maize —a Case
study in Ayalur watershed, Tamil Nadu (Source: Kannan et al. [63]).

Particulars Farmers’ Practice INM Control Coir Pith

Yield (ton ha−1) 4.5 5.5 4.2 4.9
Additional yield (ton ha−1) - 1.0 - 0.7

Additional cost (Rs) - 2747 - -
Additional benefits(Rs) - 8000 - -

Rain WUE (kg ha−1mm−1) 10 12.2 4.95 5.79

4.9. Reclamation of Acid and Salt Affected Soils and Drainage (Desalinization)

Liming is the most desirable practice for amelioration of acid soils. Lime raises soil pH, thereby
increasing the availability of plant nutrients and reducing toxicity of Fe and Al [64–66]. Sharma and
Sarkar [64] and Bhat et al. [66] recommended low dose of lime (i.e., one-tenth to one-fifth of lime
requirement) applied along with fertilizers in furrows at the time of sowing. Bhat et al. [67] also tested
low-cost locally available basic slag, a by-product of a steel factory as an ameliorant for acidic red and
lateritic soils of West Bengal under mustard-rice.

Management of saline soils involves tillage, irrigation and leaching. Inversion tillage can decrease
potential soluble salt accumulation in the root zone compared to zero tillage [68]. However, deep tillage
may bring more salts to the soil surface and root zone. The most efficient method is through application
of high quality irrigation water (low electrical conductivity) and growing of salinity tolerant crops.
Tolerant crops also support formation of stable soil aggregates, which help to improve soil tilth. Rice is
the potential crop for reclamation of sodic soils. Salt affected soils are reclaimed by leaching followed
by application of green manures. Gypsum is the major chemical used for reclamation of alkali soils.
Other amendments used are: phosphogypsum or acid formers like pyrites, sulphuric acid, aluminium
sulphate and sulphur. The treated field should be kept submerged with good quality water to facilitate
reaction and subsequent leaching. In addition, proper drainage through deep and open drains can
be adopted wherever problems persist. Restoration of salt-affected soils can also lead to a significant
increase in SOC pool. Garg [69] observed a dramatic increase in SOC of a sodic soil planted with
perennials (e.g., mesquite) after 8 years. Bhojvaid and Timmer [70] also reported an increase in SOC
pool by restoration of salt-affected soils and a similar potential exists [71].

To reclaim non-saline sodic soil, incorporation of relatively soluble Ca salt like gypsum,
phosphogypsum, iron salt like pyrite, CaCl2, sulfuric acid (H2SO4), or other acid formers like sulphur
(S), lime-sulphur (9% Ca + 25% S), ferric sulfate and aluminium sulfate to replace exchangeable Na
from the clay complex, along with recommended water and crop management practices, have been
researched by many [72–74]. Reclaiming acid sulfate soils may follow approaches like: (i) pyrite and
soil acidity can be removed by leaching after drying and aeration; (ii) pyrite oxidation can be limited
or stopped and existing acidity inactivated by maintaining a high water table, with or without (iii)
additional liming and fertilization with phosphorus, though liming may often be uneconomical in

193



Sustainability 2015, 7, 3528–3570

practical use. For coastal acid sulfate soils of Sundarbans, application of lime, superphosphate and
rock phosphate have been found useful [75].

Since 1970 in India, there has been significant commercial development using various desalination
technologies, including distillation, reverse osmosis and electrolysis [76]. Desalination mostly uses
fossil fuels. Many facilities in coastal region are using reverse osmosis for desalinization. For example,
at Kalpakkam reactor, Tamil Nadu, 1.8 million liters of water is being produced per day. Installation of
one-way sluice gates on the river banks or any other suitable location to drain out excess water from
the land during low tides in river, use of subsurface tile drains combined with moling perpendicular
to the former [77], and open surface drains along with moling perpendicular to it [78] are some of
the practices.

4.10. Remediation of As Contamination

Mitigation of As contamination could be achieved by replacing boro rice requiring more ground
water with summer legumes and pulses, decreased irrigation coupled with addition of zinc sulfate,
greater use of organic/green manures that moderate As toxicity in soils and plants [79,80], and
phytoremediation employing hyper-accumulating plants like brake fern (Pteris vittata) and water
hyacinth (Eichornia crassipes). Blue-green algae also have ability to decontaminate as of paddy soils
through accumulation in its biomass and subsequent removal.

4.11. Water Management and Pollution Control

Promoting water conservation and efficient water management along with expansion of irrigation
facilities, drip irrigation and sub-surface irrigation in some areas holds promise. Domestic and
municipal wastes, sludges, pesticides, industrial wastes, etc. need to be used with utmost caution to
avoid the possibility of pollution of soil. Mined land can be better reclaimed by proper back filling and
spreading topsoil over the surface [81]. Reclaimed land after mining can be used for planting trees.
The use of geo-textiles, permeable fabrics which separate, filter, reinforce, protect or drain the soil, will
help the re-vegetation process [57,82].

Sen and Oosterbaan [83] presented a practical working method on integrated water management
for Sundarbans through surface gravity induced drainage during the rainy season (through land
shaping)-cum-excess rainwater storage for irrigation during dry season. Ambast and Sen [84]
developed a user-friendly software ‘RAINSIM’ primarily for small holdings in the Sundarbans region
based on hydrological processes, as well as in different agro-climatic regions. The software may be
used for (i) computation of soil water balance; (ii) optimal design of water storage in the “on-farm
reservoir” concept for converting up to 20% of the watershed; (iii) design of surface drainage in deep
waterlogged areas to decrease water congestion in 75% of the area; and (iv) design of a simple linear
program to propose optimal land allocation.

4.12. Irrigation Management for Improving Input Use Efficiency

Scheduling of irrigation based on critical stages of crops, or atmospheric demand stimulates
optimum plant growth and increases the transpiration component of evapo-transpiration loss of water,
thereby improves crop productivity and decreases soil degradation. Compared to flooding, sound
surface irrigation methods like sprinkler or drip give better input efficiency. It not only improves the
yield levels and input use efficiencies but also saves considerable volume of water. Besides this, in
Vertisols, a considerable volume of irrigation water is lost beyond the root zones through bypass flow
when irrigation water is applied through flooding. Loss of water through bypass flow in Vertisols could
also be decreased by adopting irrigation application based on the atmospheric demand of water, i.e., by
adopting (irrigation water/cumulative pan evaporation) based scheduling. Bandyopadhyay et al. [85]
reported that irrigation scheduling at 0.8 irrigation water/cumulative pan evaporation significantly
improved the soil water extraction, root length density and grain yield of wheat over irrigation at 0.6
IW/CPE. Besides, integrated use of 75% of the recommended doses of NPK to wheat with farm-yard
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manure at 5 Mg ha−1 or poultry manure at 1.5 Mg ha−1 or phosphocompost at 5 Mg ha−1 to the
rainy season crops (like soybean or sorghum) significantly improved the root length density, yield and
water use efficiency of wheat over application of 100% NPK to both crops, leading to a saving of 25%
fertilizer NPK in both the seasons and improvement of the use efficiency of the fertilizer nutrients.

4.13. Judicious Use of Distillery Effluent

In the vicinity of distillery industries, irrigation water as distillery effluent can be applied
judiciously as a waste by-product and this technique has a considerable impact on mitigating land
degradation. Both spent wash and post-methanated effluent were tested in a field experiment on
soybean-wheat system for five years in a Vertisol. The SOC of the surface (0–15 cm) layer and aggregate
stability were greater with application of both techniques. Proportion of macroaggregates was greater
with spent wash than with post-methanated effluent, as well as compared with no distillery effluents
and NPK+farm-yard manure treatments. Macroaggregate-associated C was also greater in spent water
treated plots. Plots receiving waste by-produts had greater SOC, mean-weight diameter of aggregates,
and percent macro- and macroaggregate-associated C than farmers’ typical practice [86].

4.14. Reforestation, Grassland and Horticulture Development

In the hills, the majority of the upper slope is covered with horticultural crops using half-moon
terraces and contour bunds and the remaining one-third of the lower section is used for cultivation
of cereals, or oil crops with bench terraces. The following crops may be grown: (1) Fruit trees in
half-moon terraces (triangular system of planting) on contour; (2) Pineapple (Ananas comosus L.) in two
rows planted closer together in contour bunds; (3) Vegetables like bean (Phaseolus vulgaris L.), cowpea
(Vigna sinensis L.), guar or clusterbean (Cyamopsis tetragonoloba L.), pea (Pisum sativum L.) and good
cover crops like sweet potato in the interspaces of the contour and (4) Ginger (Zinziber officinale L.) and
turmeric (Curcuma longa L.) grown in the inter-space area of contours. Grewal [87] found that under
Eucalyptus-Bhabar grass (Eulaliopsis binata) system, soil loss was negligible (0.07 ton ha−1) (Table 18).
Likewise, reforestation and grassland development in wastelands have great potential to decrease
land degradation.

Table 18. Soil loss under different land use systems in Shivaliks (Source: Grewal [87]).

Land Use Systems
No. of Years of
Observations

Soil Loss
(ton ha−1)

Runoff (% of
Total Rainfall)

N Loss
(kg ha−1)

K Loss
(kg ha−1)

Eucalyptus-Bhabar grass 6 0.1 0.1 0.5 0.9

Acacia catechu–forage grass 3 0.2 2.0 7.0 0.5

Leucaena-Napier grass
(Pennisetum purpureum L.) 3 0.3 4.4 6.6 1.2

Teak (Tectona grandis
L.)-Leucaena-Bhabar 3 0.4 3.3 2.1 0.6

Eucalyptus-Leucaena-Turmeric 5 0.6 2.6 2.5 0.7

Poplar (Liriodendron
tulipifera)-Leucaena-Bhabar 5 1.5 4.8 5.9 1.1

Sesamum (Sesamum
indicum)-Rapeseed

(Brassica napus)
3 2.7 20.5 42.5 3.0

Cultivated fallow 3 5.6 23.0 51.3 5.0

4.15. Vegetative Barriers and Using Natural Geotextiles, Mulching and Diversified Cropping

In general, results from the Himalaya region indicate that vegetative barriers can decrease runoff
by 18%–21% and soil loss by 23%–68% on slopes varying from 2%–8% (Table 19). Vegetative barriers

195



Sustainability 2015, 7, 3528–3570

of Guinea grass (Scheme 1), Khuskhus and Bhabar were effective (after 3–4 years) in reducing soil loss
by 6–8 ton ha−1year−1 and runoff by 33%–38% [40]. Maize and wheat yield increased ~32 and 10%,
respectively, due to conserved moisture in the hilly region [88]. Pigeonpea (Cajanas cajan), because
of its very good canopy cover (95%–98%) as a vegetative barrier, was effective in reducing runoff
(28%–29%) and soil loss (2.1 to 2.6 ton ha−1) in a finger millet (Eleusine coracana L.)/kodo millet
(Paspalum scrobiculatum L.)-lentil (Lens esculentus L.) cropping sequence. Pigeonpea improved SOC
along with addition of 22 to 41 kg of N ha−1 in the soil. The practice increased maize yield 5%–10%
and wheat yield 10%–15% in the hills.

Table 19. Effect of grass barriers on yield, runoff and soil loss in different slopes of the northwestern
hill region (Data Source: CSWCR&TI Vision [40]).

Particulars

Slope (%)

2 4 8

Guinea
Grass

Guinea
Grass

Khus
khus

Bhabar Guinea
Grass

Khus
khus

Runoff (% of total rainfall) 25.8 33.3 35.1 37.9 38.90 40.52
Soil loss (ton ha−1year−1) 3.27 6.12 6.72 8.34 9.45 9.87

Maize yield (kg ha−1) 2530 2460 2444 2296 2285 2180
Wheat yield after maize (kg ha−1) 2852 2693 2555 2362 2415 2385
Dry grass yield (kg ha−1year−1 ) 1675 1540 542 1090 1375 485

Scheme 1. Vegetative barrier of Guinea grass and Bhabar grass (Source: CSWCR&TI Vision [40]).

Research results in neighbouring countries, like China, Thailand and Vietnam indicated that
even short-term use of biological geotextiles (maize stalk mats, bamboo mats, borassus and buriti
mats and wheat straw mats) in highlands significantly improved biomass and decreased runoff and
soil loss [89–92]. Borassus mats (geotextile mats manufactured from Borassus aethiopum L.) and buriti
mats (geotextiles manufactured from Mauritia flexuosa L.) were also tested for soil conservation in a
loamy sand soils of the UK. The results are very novel and worth mentioning here. Results reveal that:
(i) borassus mats significantly decreased soil splash erosion; (ii) complete cover by borassus mats is
unnecessary and only 10% mat cover as buffer strips had similar erosion control to completely covered
plots; and (iii) borassus mat-covered plots maintained SOM and other selected soil properties [93–96].
Vegetative barriers are also used to mitigate soil degradation in non-arable areas. Vegetative barriers of
tree species are effective in controlling runoff and soil loss on 4% slope [97]. Total sediment deposited
along hedgerows (3-year period) and tree rows (9-year period) ranged from 184 to 256 ton ha−1,
equivalent to 15 to 20 mm soil depth (Table 20).
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Table 20. Sediment deposition along vegetative barriers at Dehradun (Source: Narain et al. [97]).

Vegetative Barrier No. of Years
Sediment
Deposited

(ton ha−1year−1)

Average
Deposition (ton

ha−1year−1)

Soil Loss
s(ton ha−1year−1)

Leucaena hedge in turmeric field 3 47.3 15.8 7.6
Leucaena hedge in maize field 3 184.0 61.3 12.1
Leucaena trees in maize field 9 256.5 28.5 8.8

Eucalyptus trees in maize field 9 185.6 20.6 5.8
Leucaena trees in turmeric field 9 90.1 10.1 6.8

Eucalyptus trees in turmeric field 9 103.7 11.5 7.1

In a novel attempt in Bangladesh, implementation of jute geotextiles aided by native vegetation
cover was investigated in 2009. Combined presence of jute geotextiles and vegetation cover decreased
erosion rates by ~95% and runoff by ~70% with respect to bare plots (that had ~18 ton ha−1 year−1 soil
loss) on a 20% land slope [98].

4.16. Agroforestry

Agroforestry systems are an appropriate management tool for both acid and salt-affected soils,
because perennial woody vegetation recycles nutrients, maintains soil organic matter, and protects soil
from surface erosion and runoff [99]. Four multipurpose tree species were compared with a control
plot (without tree plantation) for soil fertility status in an acid soil of India. The presence of trees
improved the physico-chemical and microbial biomass parameters by storing greater SOC [100]. Tree
vegetation in an agroforestry system serves two major purposes: (i) the fine root system holds soil
in place, reducing susceptibility to erosion; and (ii) plant stems decrease the flow velocity of runoff,
enhancing sedimentation.

Nair [101] stated three environmental benefits of agroforestry systems: water-quality
enhancement, C sequestration, and soil improvement. These benefits are based on the perceived
ability of (i) vegetative buffer strips to decrease surface transport of agrochemical pollutants; (ii) large
volumes of aboveground and belowground biomass of trees to store C deeper in the soil profile; and
(iii) trees enhance soil productivity through biological N2 fixation, efficient nutrient cycling, and deep
capture of nutrients. Legume-based agroforestry has the capacity to support biological N fixation to
enhance subsequent soil N availability and therefore improve soil fertility and crop yields [102].

Biosaline (agro) forestry is the cultivation of trees and/or crops on salt-affected soils. Some tree
species are less susceptible to soil salinity and sodicity than agricultural crops and hence the cultivation
of these trees can help regenerate these soils. In alkaline waste lands, mechanical impedance is a major
cause of poor root proliferation. This problem could be overcome by planting Prosopis juliflora, which
has roots to vertically penetrate a hard pan [103]. Mishra et al. [104] opined that soil erosion can be
decreased in alkaline soils with Prosopis juliflora and Casuarina equisetifolia due to the formation of
stable soil aggregates in the surface layers. Kaur et al. [105] analyzed the role of agroforestry systems
(Acacia, Eucalyptus and Populus along with rice–berseem (Trifolium alexandrinum L.)) to improve soil
organic matter, microbial activity and N availability and observed that: (i) microbial biomass C and N
were greater by 42% and 13%, respectively, in tree-based systems than mono-cropping; (ii) soil organic
C increased by 11%–52% due to integration of trees along with crops after 6–7 years.

In India, many tolerant species for saline soils have been tried since long (Table 21), like: Prosopis
juliflora, Salvadorapersica, S. oleoides, Tamarixericoides, T. troupii, Salsolabaryosma etc., successful on sites
with ECe > 35 dS m−1, Tamarixarticulata, Acacia farnesiana, Parkinsonia aculeate on sites with moderate
salinity (ECe 25–35 dS m−1), Casuarina (glauca, obesa, equiselifolia), Acacia tortilis, A. nilotica, Callistemon
lanceolata, Pongamia pinnata, Eucalyptus camaldulensis, Albizia lebbeck on sites with moderate salinity (ECe
15–25 dS m−1), trees like Casuarina cunninghamiana, Eucalyptus tereticornis, Acacia catcechu, A. ampliceps,
A. eburnea, A. leucocephala, Dalbergia sissoo, etc. on sites with lower salinity (ECe 10–15 dS m−1).
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Table 21. Ameliorative effects of tree plantation on salt affected soils of India.

Region Tree Species
Soil

Depth
(cm)

Original After
References

pH
EC

(dS m−1)
pH

EC
(dS m−1)

Karnataka Acacia nilotica
(age 10 years) 0–15 9.2 3.73 7.9 2.05 Basavaraja

et al. [106]

Karnal
Eucalyptus
tereticornis

(age 9 years)
0–10 10.06 1.90 8.02 0.63 Mishra et

al. [107]

Lucknow and
Bahraich in
north India.

Terminaliaarjuna
0–15 9.60 ± 0.42 1.47 ± 0.45

8.40 ± 0.27 0.31 ± 0.07
Singh and
Kaur [108]

Prosopisjuliflora 8.70 ± 0.33 0.42 ± 0.06
Tectonagrandis 6.15 ± 0.23 0.06 ± 0.006

4.17. Conservation Agriculture (CA)

Conservation agriculture refers to a set of principles, grounded in sound science that is gradually
being adopted globally. The concept includes: (1) causing minimum disturbance to the soil surface
by using no- or minimum-tillage; (2) keeping the soil surface covered all the time through practices
such as retention of crop residue, mulching, or growing cover crops; (3) adopting crop sequences
or rotations that include agroforestry in spatial and temporal scales; and (4) controlled traffic [109].
Collectively these practices lead to an increase in water stable aggregates, greater SOC concentrations,
and protection from wind and water erosion. Conservation agriculture-based crop management
technologies include zero tillage (ZT) with residue recycling; laser assisted precision land levelling,
direct drilling into the residues and direct seeding.

In the Himalayan region, year-round ZT under irrigated rice-wheat system with two irrigations
at critical growth stages [110], year-round ZT with integrated nutrient management under an
irrigated rice-wheat system [58], and 10-cm stubble retention (under CA) of rice and wheat crops
for maximum yield and fodder production [111] are novel technologies (Table 22). Zero tillage
enhanced macroaggregate-associated SOC and intra-aggregate particulate organic C under a rainfed
finger millet-lentil system (Figure 4), but only in the topsoil [57–59]. Plots with minimum tillage
(MT; a 50% tillage reduction) improved SOC stock in the 0–15 cm layer, as well as soybean yield.
Under direct-seeded rice-wheat systems, adoption of ZT with two irrigations in each crop improved
topsoil physical properties and SOC content after four years with similar mean crop yields as with CT
using four irrigations [112]. Conservation tillage improved soil aggregate stability and labile C pools
in the surface layer, across different cropping systems both under rainfed and irrigated conditions
in the Himalayas [57]. Introduction of a legume crop improved C retention in surface soils under
conservation tillage even with only short-term adoption.

Table 22. Impacts of conservation tillage practices on carbon retention in the 0–15 cm layer and crop
yield change in the Indian Himalayas.

Rainfed
Management

Practices

Duration of
Adoption (year)

Carbon Retention over
Control/CT(Mg

ha−1year−1)
Yield Change over

Yield Change
(Mg ha−1year−1)

Zero
tillage-irrigated 4 0.20 CT −0.09 * (R) &

−0.23 * (W)

Zero tillage-rainfed 4 0.61 CT −0.44 (SEY)

SEY = Soybean equivalent yield, R = Rice and W = Wheat. * indicates not significant.

As mentioned earlier, CA has emerged as a new paradigm to achieve goals of sustainable
agricultural production in South Asia [113]. Another technology is controlled traffic farming using
permanent tram lines. For this system, all equipment on the farm needs a standardized track width.
Soil between tram lines has better structure and is free of compaction, while the heavily compacted
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tramlines provide better trafficability and traction [114]. As a result, tillage cost is decreased and yield
increase in the cropping area exceeds the loss of land due to tramlines. In the Indo-Gangetic Plain
region, bed planting under CT and ZT generally saves irrigation water [115] and labor requirements
without sacrificing crop productivity [116,117].
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Figure 4. Intra-aggregate particulate organic matter-carbon (iPOM-C; g kg−1 of sand-free aggregates)
in aggregate-size fractions at the (a) 0- to 5-cm and (b) 5- to 15-cm soil layers as affected by tillage
practices after six years of rainfed cropping. Bars followed by a similar letter between treatments
within an aggregate size class are not significantly different at P < 0.05 level of significance according to
Tukey’s HSD mean separation test. “(I)” and “(II)” in legend refer to coarse (250–2000 μm) and fine
(53–250 μm) iPOM in the respective aggregate sizes (Source: Bhattacharyya et al. [57]).

In another study in the region, Das et al. [118] observed that plots under permanent broad bed with
20% cotton residue and 40% wheat residue retention had significantly higher economic profitability
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and crop productivity than farmers’ practice under a CT cotton-wheat cropping system. In this
study, Das et al. [118] concluded that 2-year mean seed cotton yield under ZT permanent broad-bed
sowing with residue retention was about 24% and 51% greater compared with ZT narrow-bed sowing
without residue retention (2.91 Mg ha−1) and CT (2.59 Mg ha−1), respectively (Table 23). Mean water
productivity of the system in the permanent broad bed with residue retention (12.58 kg wheat grain
ha−1mm−1) was 12%–48% greater compared with CT, narrow bed with and without residues, broad
bed, and ZT plots (Table 24). Net return of the permanent broad bed plots with residue retention was
36% and 13% greater compared with CT and narrow bed plots, but was similar to other treatments.
Some of the challenges that follow from continuous ZT practice are management of perennial weeds
and strategies to combat yield reduction. Yields of ZT crops are often decreased by 5% to 10% on sandy
loam soils of India compared with under CT in the initial years [119].

Table 23. Productivity (Mg ha−1) of cotton, wheat and system productivity (Mg ha−1) in terms of
wheat equivalent yield (WEY) as affected by tillage, bed planting and residue management practices in
the western Indo-Gangetic Plains (Data source: Das et al. [118]).

Treatments *

2010–2011 2011–2012 2012–2013

Seed
Cotton
Yield

Wheat
Grain
Yield

System
Productivity

(WEY)

Seed
Cotton
Yield

Wheat
Grain
Yield

System
Productivity

(WEY)

Seed
Cotton
Yield

Wheat
Grain
Yield

System
Productivity

(WEY)

CT 2.44 c 4.85 a 10.30 b 2.73 c 4.29 b 11.16 c 2.70 c 4.46 b 12.25 b
PNB 2.71 bc 4.55 a 10.60 b 3.10 bc 4.37 b 12.17 bc 3.08 ab 4.83 ab 13.72 ab

PNB + R 2.96 b 4.61 a 11.23 ab 3.33 b 4.60 ab 12.97 b 3.38 a 4.98 a 14.74 a
PBB 3.13 ab 4.82 a 11.81 ab 3.42 ab 4.19 bc 12.80 b 3.11 ab 4.75 ab 13.72 ab

PBB + R 3.28 a 4.85 a 12.16 a 3.93 a 4.77 a 14.67 a 3.46 a 4.89 a 14.88 a
ZT + R - - - 4.00 a 4.44 ab 14.50 a 3.21 ab 4.73 ab 13.99 ab

ZT - - - 3.95 a 4.00 c 13.93 ab 3.02 bc 4.63 ab 13.35 ab

* Means followed by a similar lowercase letter within a column are not significantly different (at P < 0.05) according
to Tukey’s HSD Test. ZT = Zero tillage; CT = Conventional tillage; ZT + R = Zero tillage + residue retention;
PNB = Permanent narrow bed; PBB = Permanent broad bed; PNB+R = Permanent narrow bed + residue retention;
PBB + R = Permanent broad bed + residue retention.

Table 24. Impacts of tillage, bed planting and residue management practices on water productivity
(kg wheat grain/ha.mm) under the cotton-wheat system (Source: Das et al. [118]).

Treatments *

2011–2012 2012–2013

Total Water
Applied in the
System (mm)

System Water
Productivity

Total Water
Applied in the
System (mm)

System Water
Productivity

CT 1417 8.65 d 1331 8.38 d
PNB 1297 10.58 b 1208 10.07 c

PNB + R 1282 10.50 bc 1181 10.98 bc
PBB 1260 10.89 b 1160 11.03 bc

PBB + R 1222 12.18 a 1130 12.98 a
ZT + R 1312 10.66 b 1247 11.62 b

ZT 1387 9.62 c 1310 10.63 bc

Means followed by a similar lowercase letter within a column are not significantly different (at P < 0.05) according
to Tukey’s HSD Test. ZT = Zero tillage; CT = Conventional tillage; ZT + R = Zero tillage + residue retention;
PNB = Permanent narrow bed; PBB = Permanent broad bed; PNB+R = Permanent narrow bed + residue retention;
PBB + R = Permanent broad bed + residue retention.

Unlike conventional farming methods, CA minimizes soil disturbance and recycles crop residues.
Soil bulk density may be decreased, soil aggregation may be improved, and SOC may increase to
reverse land degradation with CA. Specific results from four years of wheat-based cropping system
in the western Indo-Gangetic Plains indicate that ZT had higher C retention potential than CT in the
0–30 cm soil layer with 8.6% and 10.2% of the gross C input retained under CT and ZT, respectively
(Figure 5; Das et al. [120]).
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Figure 5. Total soil organic C (SOC) retention potential of residue management practices under
(a) conventional tillage and (b) zero tillage under a wheat based cropping system in the Indo-Gangetic
Plains (Source: Das et al. [120]).

In another study in the Indo-Gangetic Plains, topsoil under ZT with bed planting had greater
concentration of macroaggregates (0.25–8 mm) and mean weight diameter with a concomitant lower
silt + clay sized particles than under CT with bed planting and CT with flat planting after 4 years. Soil
with both cotton/maize and wheat residue retention had greater macroaggregate concentration and
mean weight diameter and similar bulk density than with residue removal (Figure 6). Soil aggregation
is improved with larger aggregates and greater mean weight diameter [110].

Conservation agriculture has the potential to decrease sub-surface compaction and improve least
limiting water range [121]. During the third year of a study at New Delhi, soil penetration resistance
exceeded 2 MPa in the 15–30 cm soil layer beneath puddled and transplanted rice in rotation with
wheat under CT, but under direct seeded rice with brown manuring and ZT penetration resistance
values were <1.5 MPa throughout the 0–60 cm profile. Soil bulk density was lower under the ZT system
than under the CT system in the 0–30 cm soil layer (Table 25). Retaining crop residues with permanent
broad beds had significantly lower penetration resistance than with permanent narrow-beds with
residue and other tillage and residuce management in a cotton-wheat system [121]. Retaining crop
residue resulted in lower BD values in the 15–30 cm soil layer under the cotton-wheat system than
removing them (Table 26). Retaining crop resicue also had ~12% higher least limiting water range
than with CT (10.1%) in the 15–30 cm layer. In the 0–15 cm soil layer, retaining residues under ZT,
permanent broad beds, and permanent narrow beds had 13%, 24% and 11% higher mean least limiting
water range, respectively, than the same tillage systems without residue retention. This indicates that
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ZT without residue addition had deleterious impact on soil water availability and structural property
and should be avoided. Overall, among the treatments, PBB + R and DSR + BM-ZTW were the best
management practices for improved soil physical environment under cotton-wheat and rice-wheat
systems, respectively, and therefore should be adopted.
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Figure 6. Impacts of conservation agriculture (CA) on soil aggregation in the 0–5 cm layer in the upper
IGP (Source: Bhattacharyya et al. [110]).

Table 25. Soil bulk density of plots with different conservation agricultural practices in the rice–wheat
system (Source: Mishra et al. [121]).

Bulk Density (Mean of Two Sampling Events) during Rice (Mg m−3 )

Conservation
Agricultural Practices

0–15 cm 15–30 cm 30–45 cm

PTR − CTW 1.45 b 1.70 a 1.72 a
DSR + BM − ZTW 1.47 ab 1.63 b 1.70 a

DSR − ZTW 1.50 a 1.64 ab 1.72 a
PTR − CTW = Puddled transplanted rice-conventionally tilled wheat; DSR − ZTW = Direct seeded rice-zero
tilled wheat and DSR + BM − ZTW = Direct seeded rice + Brown manuring-zero tilled wheat; Means with similar
lowercase letters within a soil depth and crop growth period are not significant at P < 0.05 according to Tukey’s
HSD test.

Adoption of CA, as a complete package, is one of the major strategies for increasing SOC
stock. Although crop residue incorporation initially leads to immobilization of inorganic N,
addition of 15–20 kg N ha−1 with straw incorporation eventually increases yield of rice and wheat.
Incorporation/retention of rice residue in the soil returns essential organic C and N back to the field
to favorably impact soil structural status. Surface residue placement had greater C retention than
residue incorporation in a maize-wheat-greengram cropping system [120]. Zero tillage in particular
can complicate manure application and may also contribute to nutrient stratification within the soil
profile from repeated surface applications without mechanical incorporation. Conservation agriculture
has tremendous potential to improve water use efficiency of crops and decrease water loss. If CA
could be adopted on half of Haryana’s rice-wheat area, the practice would decrease diesel use by
17.4 million liters per year. Using a conversion factor of 2.6 kg CO2 per liter of diesel burned, this
would represent a reduction of more than 25,000 tons each year in CO2 emissions [116]. Because ZT
takes immediate advantage of residual moisture from the previous rice crop, as well as cutting down
on subsequent irrigation, water use is decreased by about 10 cm-hectares, or approximately 1 million
liters ha−1year−1.
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Table 26. Soil bulk density of plots with different conservation agricultural practices in the cotton-wheat
system during crop growth period (Source: Mishra et al. [121]).

Bulk Density (Mean of Four Sampling Events in Two Years) during Cotton (Mg m−3)

Conservation Agricultural Practices 0–15 cm 15–30 cm 30–45 cm

CT 1.52 bc 1.65 ab 1.70 a
PNB 1.48 c 1.62 b 1.71 a
PBB 1.50 c 1.63 b 1.70 a
ZT 1.63 a 1.68 a 1.70 a

PNB + R 1.43 d 1.56 c 1.70 a
PBB + R 1.44 d 1.57 c 1.69 a
ZT + R 1.57 b 1.60 bc 1.70 a

Means with similar lowercase letters within a crop growth period are not significantly different at P < 0.05.
CT = conventional tillage; PNB = Permanent narrow bed; PNB + R = Permanent narrow bed + residue retention;
PBB = Permanent broad bed; PBB + R = Permanent broad bed + residue retention; ZT = Zero tillage; ZT + R = Zero
tillage + residue retention

With greater aggregation due to fewer disturbances by tillage operations and addition of surface
residues, total pore space in soil under CA increases. In a study from central India, CA generally
improved water retention properties of soil through its effect on pore size distribution and soil structure.
Volumetric soil water retention of the surface 0–15 cm soil was greater in ZT and decreased tillage
systems than in CT (Table 27). Similarly at permanent wilting point, CA treatments retained more water
than with CT. Difference in water storage between tillage treatments was less at permanent wilting
point (2.5%) than at field capacity (4.2%). Conservation agriculture increased soil-water retention more
at lower suctions due to increase in micro-pores and inter-aggregate pores caused by enhanced SOC
content and higher activity of soil fauna e.g., earthworms and termites. At higher tensions close to
permanent wilting point (1.5 MPa), nearly all pores were filled with air and surface area and thickness
of water films on soil particle surfaces determined moisture retention. Following addition of organic
matter, specific surface area of soils increased resulting in increased water holding capacity at higher
tensions [122].

Table 27. Effect of different tillage systems on soil water retention of Vertisols (Source: Hati et al. [122]).

Tillage

Soil Water Retention (%) (v/v)

Field Capacity
(0.033 MPa)

Permanent Wilting
Point (1.5 MPa)

Available Water
Capacity

Conventional Tillage 33.5 22.6 10.9
Mouldboard tillage 35.4 24.7 10.7

Reduced Tillage 36.5 24.6 11.9
No Tillage 37.7 a 25.1 12.6

LSD (P = 0.05) 2.4 2.1 NS

Despite many benefits of CA practices as mentioned above, the adoption rate in India is very low.
Farmers prefer to follow a partial adoption of CA practices, i.e., transplanted rice in puddled soil in the
Kharif season and CA (ZT with residue retention) for wheat in the Rabi season due to several factors,
including (i) poor germination and low crop productivity under direct seeded rice, because puddling
and waterlogged condition helps to reduce soil pH in alkaline soils and thus improve soil chemical
health during the rice growing season; (ii) availability of rain and irrigation water for raising a good
rice crop under puddled condition; and (iii) less care is needed for transplanted rice in puddled soil
compared with direct seeding. Some farmers even grow CT maize/jowar in the Kharif season (for
better weed control, aeration and reduction in surface compactness/crusting) and raise wheat under
CA in the Rabi season. However, repeated puddling aggravates other problems like soil compaction,
development of salt affected soils and decline in water table in the area (due to high evaporative
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demand in this climate). Looking at these facts and due to constant efforts by several institutions, some
farmers of the district have started adopting full or complete CA (i.e., direct-seeded rice followed by
ZT wheat), but the duration of adoption is less than 3–4 years.

In drylands, Jat et al. [123] opined that the major constraints to the use of CA include insufficient
amounts of residues due to water shortage and degraded nature of soil resource, competing uses of
crop residues, resource poor smallholder farmers, and lack of in-depth research. Even then, CA holds
considerable promise in the arid region, because it can control soil erosion by wind and water, reduce
compaction and crusting. Due to limited production of biomass, competing uses of crop residues and
shortage of firewood, farmers often find it hard to use crop residues to cover soil surface in dryland
eco-systems, where only a single crop is grown in a year. With CA (soil cover with crop residues), it is
sometimes possible to grow a second crop with residual soil moisture in the profile. It is, however,
better to use the chopped biomass of semi-hard woody perennial plants instead of crop residues to
cover the soil surface [37].

4.18. Intensive Cropping, Diversified Cropping and Integrated Farming Systems

There is already a greater emphasis on crop diversification due to growing concerns about the
unsustainability of the rice–wheat system throughout the Indo-Gangetic Plains. The water requirement
for rice is about 80% greater than for other crops. Growing non-rice crops in some areas and summer
cropping with legumes such as green gram, cowpea (Vigna unguiculata L.) or dhaincha (Sesbania
sp.) are essential for conserving resources and improving productivity. In Punjab, Haryana and
Rajasthan, >95% of the area of rice, as well as a large portion of wheat, is under irrigation. Water use
efficiency could be greatly increased with cover crops or growing of non-rice based cropping systems.
Productivity of waterlogged soils in the eastern Indo-Gangetic Plains could be increased by practicing
a raised-sunken bed system. Soybean can be grown on raised beds, while paddy rice can be grown in
sunken beds during the rainy season. Productivity of rice fallows in eastern India could be increased
by growing rabi legumes on raised beds and wheat in sunken beds.

In a study to develop sustainable agricultural intensification with CA in an alkaline soil in Karnal,
Gathala et al. [124] compared four novel scenarios. Maize under ZT was as productive and almost as
profitable as rice during the rainy (kharif ) season, while using 90%–95% and 88%–91% less irrigation
water than puddle transplanted rice and ZT rice, respectively (Table 28). Maize can therefore be an
alternative to rice in areas with extreme labor and water scarcity. Avoiding puddling and use of ZT
(for rice or maize) with full residue retention increased profitability and yield of the succeeding wheat
crop each year (by 0.5 to 1.2 ton ha−1) than farmers’ practice. Inclusion of green gram in the cropping
system resulted in greater system productivity and profitability than without green gram.

Table 28. Drivers of agricultural change, crop rotation, tillage, crop establishment method and residue
management of the four scenarios as studied by Gathala et al. [124].

Scenario Crop Rotation Tillage Crop Establishment Residue Management

Farmers’ practice; S1 Rice–Wheat CT-CT * Transplanted–
Broadcasted Removal

To deal with increasing
food demand; S2

Rice–Wheat–
Green gram CT-ZT-ZT Transplanted−

ZT-ZT
Anchored–Removal–

Incorporation

To deal with rising scarcity
of labor, water and energy
and degrading soil health

(CA based); S3

Rice–Wheat–
Green gram ZT-ZT-ZT Direct Drilling Retention–Anchored–

Retention

Futuristic intensified and
diversified cropping system

(CA based); S4

Maize–Wheat–
Green gram ZT-ZT-ZT Direct Drilling

/Planting
Retention–Anchored–

Retention

* CA—Conservation agriculture, CT—Conventional tillage, ZT—Zero tillage.
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In India, 65% of farming households are considered marginal in sustainability (<1 ha). These
farms comprise nearly 400 million people and nearly 40% of them are vulnerable, marginalized and
food insecure. Hence, integrated farming systems have emerged as a well-accepted, single window,
and sound strategy for harmonizing simultaneously joint management of land, water, vegetation,
livestock, and human resources. The goals of integrated farming systems are to meet soils’ productive
potential and reduce risks of environmental degradation. By including tree crops with a high quality of
leaf litter and root binding ability, erodibility from rainfall/runoff can be reduced and physico-chemical
conditions improve. Soil health can be managed and sustained through organic inputs.

4.19. Disaster (Tsunami) Management

The following management aspects are important in case of a tsunami: (i) traditional disaster
detection systems should be integrated with current scientific techniques; (ii) early warning systems
need to be installed in coastal regions; (iii) protection against tsunamis can be achieved through
construction of sea walls, beach defenses, tree plantations, and making buffer zones like raised land
masses and forests; (iv) awareness about tsunamis and their impact in coastal areas has to be created
not only among the public but also among officials; and (v) enforcement of by-laws and ‘Coastal
Regulation Zone Norms’ should be strictly implemented to minimize tsunami damage. A tsunami
early warning system for the Indian Ocean was installed. The Indian Ocean Tsunami Warning System
was agreed to in a United Nations conference.

5. Conclusions

Appropriate mitigation strategies of the nearly 147 Mha of existing degraded land in the
sub-continent of India are of the utmost importance. With changing climate, land degradation is
expected to only increase due to high intensity storms, extensive dry spells, and denudation of
forest cover. Combating further land degradation and investing in soil conservation is a major task
involving promotion of sustainable development and nature conservation. An integrated watershed
approach should be given maximum attention to combat land degradation and environmental
problems particularly in fragile areas. Sustainable agricultural intensification using innovative
farming practices have tremendous potential of increasing productivity and conserving natural
resources, particularly by sequestering SOC (both labile and recalcitrant) and improving soil quality.
Conservation agriculture (CA) coupled with other technologies like micro-irrigation, fertigation,
and management of problem soils using specific and necessary technologies hold great promise to
increase productivity of crops and fruits and reverse soil degradation. Novel CA practices include:
permanent broad bed with residue retention under maize/cotton/pigeon pea-wheat cropping systems
and seasonal tillage alterations under rainfed and rice-based agro-ecosystems. These practices need to
be evaluated in micro-environments of different agro-climatic regions with different farming practices
for wider adaptability on a watershed basis. For sure, the non-edible (to animals) agricultural residues
must not be burnt and should be used for mulching along with growing of cover crops, preferably
legumes. Improved grazing practices, irrigation management, control on urban sprawl and control
and management on mining are a few other solutions for preventing land degradation. Domestic
and municipal wastes, sludges, pesticides, industrial wastes, etc. need to be used if possible to close
nutrient cycles, but with caution to avoid the possibility of soil pollution. Future research should focus
on enhancing nutrient and water use efficiencies and reduction in the pesticide use under CA.

For promotion of CA practices across diverse agro-ecologies, appropriate policy and institutional
and technology support would be a prerequisite. Suitable economic incentives should be given to
internalize land degradation wherever feasible. Many CA practices like rainwater harvesting through
farm pond renovation or construction and its recycling are both capital and labor-intensive, which
resource-poor farmers in rainfed areas may not be able to afford and hence need to be supported. Initial
incentives, to procure appropriate machinery and to offset any economic loss due to residue retention or
production loss, are also important to motivate irrigated farmers to follow CA. Involvement is needed of
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local communities at every stage in the implementation of resource conserving technologies, judicious
irrigation water management, wasteland reclamation, watershed development, and afforestation. A
well-defined integrated land use policy to include rural fuelwood and fodder grazing is urgently
needed at the implementation level to guide sustainable management of land and forest with a scientific
backing. Finally, another critical challenge is controlling fragmentation of land holdings. This could be
achieved by providing security of land rights and land tenure and encouraging the efficient use of
marginal lands.
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Abstract: Soil can be degraded by several natural or human-mediated processes, including wind,
water, or tillage erosion, and formation of undesirable physical, chemical, or biological properties
due to industrialization or use of inappropriate farming practices. Soil degradation occurs whenever
these processes supersede natural soil regeneration and, generally, reflects unsustainable resource
management that is global in scope and compromises world food security. In North America,
soil degradation preceded the catastrophic wind erosion associated with the dust bowl during the
1930s, but that event provided the impetus to improve management of soils degraded by both wind
and water erosion. Chemical degradation due to site specific industrial processing and mine spoil
contamination began to be addressed during the latter half of the 20th century primarily through
point-source water quality concerns, but soil chemical degradation and contamination of surface and
subsurface water due to on-farm non-point pesticide and nutrient management practices generally
remains unresolved. Remediation or prevention of soil degradation requires integrated management
solutions that, for agricultural soils, include using cover crops or crop residue management to
reduce raindrop impact, maintain higher infiltration rates, increase soil water storage, and ultimately
increase crop production. By increasing plant biomass, and potentially soil organic carbon (SOC)
concentrations, soil degradation can be mitigated by stabilizing soil aggregates, improving soil
structure, enhancing air and water exchange, increasing nutrient cycling, and promoting greater soil
biological activity.

Keywords: soil erosion; compaction; salinization

1. Introduction

Soil degradation describes ongoing processes that generally limit agronomic productivity, result in
undesirable or deteriorating physical, chemical or biological properties, enhance soil displacement due
to wind or water driven erosion [1], and require reassignment of land resources. Soil degradation often
interacts with terrain and climatic factors defining an ecosystem to reduce sustainable land productivity,
which, eventually, threatens food security. Common examples of chemical and physical in-situ soil
degradation include compaction (due to heavy machinery or repeated tillage operations), systematic
loss of aggregate stabilizing soil organic matter (SOM), and soil salinization or acidification as a result
of problematic drainage, nitrification, or chemical contamination. The greatest soil degradation threat,
however, is wind- or water-induced erosion that displaces soil and depresses land productivity, and
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results in deteriorated physical properties, nutrient losses, and reshaped, potentially unworkable,
field surface conditions. Both in situ deterioration and soil erosion are frequently a consequence of
using unsuitable management practices because soil resource and climatic constraints are not well
understood. A classic example in the semiarid Great Plains was the 1930s Dustbowl.

Two other human-induced causes of in-situ soil degradation and its resultant reduction in land
productivity are industrial dislocation through mining operations and urban sprawl. The latter usually
imposes no chemical or physical deterioration, but typically results in the irreversible reassignment of
land resources for construction of housing and infrastructure as necessitated by population growth
and related commerce. In the U.S., urban land use has increased by 400% from 6 to 24 million ha
since 1945; however, this only accounts for ~3% of total land resources [2]. A larger critical issue
associated with urban sprawl is that the continued expansion of infrastructure, such as interstate
highway development currently exceeding 75,000 km, can promote suburban growth and results in
agricultural land losses at a rate of ~120 ha for each added kilometer of interstate [3]. Soil degradation
by land reassignment for urban growth is beyond the scope of this article, but redevelopment of
existing urban land can conserve soil resources and have multiple additional benefits of rectifying
traffic congestion and crime. For example, in 1982, decades after its 1890 establishment, Lubbock, Texas,
redeveloped dilapidated and abandoned housing of one original ~130 ha residential area to partially
meet housing needs of the growing ~300,000 population. That necrotic urban area, once occupied
by 2% of the municipal population with 28% of the crime [4], now benefits from decreased crime,
e.g., ~90% fewer burglaries than in 1983. Urban sprawl was delayed and Lubbock taxable property
values increased from pre-redevelopment $27 million to $750 million upon eventual completion [5].

Mining to extract minerals, coal, or oil and gas is common throughout North America with
methods that vary from open pits, as used for oil sands in Canada, to mountain top removal for
coal from some Appalachian states [6]. In 2007, mined areas of the contiguous U.S. were included
in ~27 million ha of miscellaneous land or 3% of the total land [2], but an earlier listing of mining
activities by Lal et al. [7] estimated the disturbed area to be 4.4 million ha. Surface mining regulations
in most of North America require topsoil and spoil reclamation to reverse soil degradation and
approximate pre-mining conditions; however, the U.S. “Comprehensive Environmental Response,
Compensation and Liability Act” of 1980 or Superfund targeted cleanup of related hazardous waste
sites [8]. Superfund sites are replete with abandoned mineral mining and smelting locations [9] that
introduce acidic water contaminated with various heavy metals into streams and the surrounding
soil. Herron et al. [10] described successful site remediation that integrated multiple steps ending with
revegetated soil caps protected by runoff diversion ditches for rainfall management (Figure 1). Mine
related soil degradation also affects remote locations after land application of contaminated sediments
that render treated land difficult to revegetate without amendments to correct reduced soil conditions
and contaminant solubility [11].

Although soil resources can be degraded in many ways, our goal is to examine the problem from
an agronomic perspective. The history of soil degradation in North America includes the catastrophic
wind erosion during the 1930s U.S. Dust Bowl [12] and followed devastating water erosion in the
southeastern U.S. referred to in 1910, for one example, as the Badlands of Mississippi [13]. Nevertheless,
human recognition of soil degradation is very slow as evidenced by the 1909 U.S. Bureau of Soils
Bulletin 55 described the soil resource as an “indestructible, immutable asset” [14]. That perception
of the soil resource coupled with unsuitable production methods implementing repeated tillage to
promote greater rain infiltration and, for semiarid production, to develop an evaporation limiting
dust mulch [15] led to massive soil erosion losses during the Dust Bowl. Soil salinization as a result of
irrigation together with compaction and the reduction of organic carbon due to tillage management
practices represent consequences of still other agents that have degraded the soil productivity.
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Figure 1. Mine spoil mitigation after installing soil cap that is protected from further contamination by
stormwater runoff using collection and diversion channels.

Achieving the goal of sustainable management practices that remediate or prevent soil
degradation requires a better understanding of interacting environmental conditions, production
methods, and land resources. Soil degradation has been the topic of comprehensive reviews for
over a quarter century and many correlated these interacting factors. Admittedly the nature of
soil management and degradation is site-specific, but we submit that almost globally universal soil
degradation agents will lead to common best management practices. Therefore, our objective is to
highlight problematic process agents and successful integrated management solutions for mitigating
and restoring the soil resources such that a management perspective meeting mutual soil stewardship
goals may emerge.

2. Processes and Practices Associated with Soil Degradation

2.1. Tillage

The primary purpose of agriculture is to secure food resources, which has long relied on efforts to
advance agricultural technology, ranging from preparing a seed bed with tillage sticks for improved
soil contact to applying water by irrigation for stabilized crop production. In North America, advances
in tillage technology can be traced to Thomas Jefferson’s 1784 soil inverting “moldboard plow” design
that John Deere produced and marketed during the 1830s [16]. Tillage was historically considered
a beneficial practice that was generally considered necessary for weed control, preparing an ideal
seedbed, and for increasing water infiltration. Good tillage was associated with good farming and
became a revered part of the culture of agriculture [17] as exemplified by the seal of the U.S. Department
of Agriculture contains a picture of a moldboard plow.

Although not mentioned as a benefit, tillage generally increased soil fertility by hastening the
decomposition of soil organic matter (SOM) so N, P, K, S, and other nutrients required for plant growth
are mineralized to forms that are readily available for use by plants. In contrast to the positive benefits
that tillage has for soil fertility, the accelerated SOM loss ultimately contributes to increased soil erosion,
loss of soil structure, decreased biological activity, and other factors that lower soil quality.

Tillage technology advanced rapidly in response to farm mechanization, including internal
combustion powered tractors in the 1920s [18]. That is, when farm mechanization eliminated the need
for animal traction it concurrently eliminated demand for pasture and forage production supporting
the displaced draft animals. In lieu of the draft animal limits imposed on cultivated area that an
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individual farmer could manage, mechanization greatly expanded the amount of land exposed to soil
degradation through tillage.

2.2. Degradation of Soil Organic Matter

The inherent amount of SOM in soils varies greatly depending on soil texture and environmental
conditions. Agricultural soils in North America at the time they were developed from grass prairies or
forestland had SOM concentrations ranging from ~1% to 10% (w/w). Although variable, the slowly
decomposable portion of SOM, often called humus, contains 58% C and has a C/N ratio of 12/1, a C/P
ratio of 50/1, and a C/S ratio of 70/1 [19]. Himes [19] estimated only 35% of the C in crop residues
returned to soil was sequestered in the soil as humus. This is considerably higher than the 17% to 18%
determined by Rasmussen and Albrecht [20] for wheat (Triticum aestivum L.) residues in dryland soils
in Oregon but similar to the 35% they found for manure. Rasmussen and Albrecht [20] also showed
in a 30-year study that soil organic matter declined under annual cropping of wheat even when N
fertilizer was added, but the decline was not as great with N additions.

These studies [19,20] show why it is important to understand that while SOM is largely comprised
of organic C, SOM also contains other elements such that the sequestration of C as SOM requires the
simultaneously sequesters other elements. While the decomposition of SOM results in a loss of C
from the system as CO2, the other elements (i.e., N, P, and S) are not immediately lost from the system.
These elements not only become available for plant uptake and removal with harvested products,
but also for potential loss through erosion and leaching depending on the particular element, and by
denitrification in the case of N. Thus, sufficient nutrients may not be available for restoring soil organic
matter when increasing C sources. Using the estimates of Himes [19], the decomposition of 1% soil
organic carbon (SOC) from the top 15 cm of a soil would result in a loss of 12,992 kg ha−1 C from the
soil as CO2, but 1082 kg of N, 260 kg of P, and 186 kg of S would have been converted from organic
compounds to inorganic compounds.

The SOM content of many soils in North America is only about 50% of the level present at the time
they were converted from forests or prairies to farm lands. Many forest lands in the U.S. contained 6%
(w/w) or greater SOM and the grasslands of the U.S. and Canada contained from 1% to more than 6%
SOM depending on the texture and environment. Cultivation increases soil aeration that accelerates
biological activity resulting in rapid losses of C as CO2 and mineralization of N, P, K and other plant
nutrients. Therefore, the degradation of SOM was responsible for supplying the more than ample
amounts of N, P, S and other nutrients needed for crop production when North America was settled.

One major management practice that limits SOM in semiarid dryland cropping systems on the
Great Plains is the use of fallowing to conserve soil water, control weeds, release plant nutrients,
and increase succeeding crop yields [21]. Fallowing limits the amount of crop residue produced and
returned to the soil. Additionally, SOM mineralization may be enhanced by greater microbial activity as
a result of increased soil water and temperature [22]. In the northern Great Plains, conventional tillage
(CT) of the wheat-fallow (WF) system has resulted in a decline of SOM by 30% to 50% of their original
levels in the last 50 to 100 year [23]. Because fallowing also reduces annualized crop yields, Aase and
Schaefer [24] concluded that the system had become inefficient, unsustainable, and uneconomical.
A 30-year dryland cropping system study conducted to quantify the effects of tillage, cropping, and
fallow on SOC to a depth of 120 cm in Culbertson, MT showed that most of the response was observed
in the surface 0–7.5 cm layer and that tillage did not influence SOC (Figure 2). Conventional tillage with
a spring wheat-fallow system (CT-WF), however, reduced SOC at 0–7.5 cm by 25% to 30% compared
to continuous spring wheat (CW) under CT or no-till (NT), management or CT-CW and NT-CW,
respectively (Figure 2A). The yearly rate of SOC decline within the 0–7.5 cm layer was almost double
in CT-WF compared with in NT-CW and CT-CW (Figure 2B). Alternate-year fallow, therefore, can
reduce SOC in the surface layer more rapidly than tillage in dryland cropping systems in the northern
Great Plains. A similar study by Rasmussen and Albrecht [20] showed that SOM levels in dryland
fallow systems could be increased by adding manure except when fallow was included in the rotation.
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Figure 2. Effect of thirty years of tillage and cropping sequence on (A) soil organic C (SOC) contents at
the 0–120 cm and (B) decline of SOC at 0–7.5 cm with year in dryland cropping systems in a field site,
10 km north of Culbertson, MT. NT-CW denotes no-till continuous spring wheat; CT-CW, conventional
till continuous spring wheat; and CT-WF, conventional till spring wheat-fallow. Numbers followed by
different letters at a depth in the bar are significantly different at P = 0.05 by the least square means test.

2.3. Degradation of Soil Physical Properties

Degradation of soil physical properties is closely linked to the loss of SOM because it serves as the
glue to hold soil particles together to form aggregates. Aggregates provide structure that makes soils
more resistant to erosion and compaction and increases the amount of plant available water they can
hold. Hudson [25] showed that the volume of water held at field capacity decreased 3.6% (v/v) for each
1% decline in SOM. In all texture groups, decreasing the SOM content from 3.0% to 0.5% subsequently
decreased the plant available water capacity by more than 50%. The loss of SOM also decreased the
infiltration rate so that runoff increased, particularly during high intensity precipitation events. This
resulted in water erosion as well as storing less water in the soil profile for plant use. The loss of SOM
also makes the soils more vulnerable to wind erosion because individual soil particles are smaller and
much more subject to erosion than aggregates.

Tillage incorporates plant residues but also disrupts aggregates, exposes new soil to wet-dry
and freeze-thaw cycles, and affects microbial communities [26]. Tillage is more disruptive of larger
aggregates, making SOC and soil N from larger aggregates more susceptible to mineralization [27,28].
Because particulate organic matter (POM) found in large aggregates is the main substrate for
microorganisms, reduction in POM due to tillage can severely reduce soil aggregation [27,28].
Sainju et al. [29] concluded that fallowing reduces soil aggregation compared to continuous cropping
by decreasing the amount of crop residue returned to the soil and by increasing soil organic matter
mineralization due to enhanced microbial activity.

Soil organic matter is crucial to soil productivity because it affects soil physical, chemical and
biological properties [23,27,30] including bulk density, aggregation, water holding and infiltration
capacities, carbon sequestration, nutrient cycling, and microbial biomass and activity. Conventional
tillage reduces SOM by disturbing soil and increasing aeration, which subsequently increases
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mineralization of SOC and soil organic nitrogen (SON) formed after incorporating crop residue [27].
Because of residue incorporation, Clapp et al. [31] observed that SOM level in Minnesota can
occasionally be higher in subsurface than surface layers under conventional tillage compared
with no-tillage.

Crop selection also influences soil aggregation. Soils from fields with legumes or bare soil will
generally have smaller aggregates than from fields with non-legume vegetative cover. This occurs
because lower amounts of crop residue are generally being returned to the soil and due to variation
in the C/N ratio of residue. Crop residues with low C/N ratio decompose more rapidly than those
with higher C/N ratio [32]. Sainju et al. [32] also noted that soil aggregation can also be lower in the
surface than subsurface soils. Monoculture cropping systems can also reduce soil aggregate stability
compared with diversified crop rotations [33]. Residue removal can also reduce soil aggregation,
aggregate stability, macroporosity, aeration, and water infiltration compared with nonremoval [34].

Continuous monocropping can reduce crop yields due to greater disease and pest inoculum [35]
that may, consequently, reduce the amount of residue returned to the soil for SOM [30]. The overall
effect of N fertilization on SOM varies from increased levels due to greater biomass production and
residue returned to the soil [36] to similar or decreased SOM due to increased mineralization as a result
of reduced C/N ratio [37]. Removing residue for bioenergy production and by burning can seriously
reduce SOM, since 5.2 to 12.5 Mg ha−1 of residue is needed to maintain SOC, depending on soil and
climatic conditions [34,38].

2.4. Soil Degradation through Wind and Water Erosion

Wind and water erosion in North America increased rapidly with the expansion of cropland. In
response, one of the most effective conservationists who sought to build public concern regarding soil
erosion was Hugh Hammond Bennett. Often referred to as the “father of soil conservation,” Bennett
co-authored the highly influential publication entitled “Soil Erosion: A National Menace” [39] that
influenced Congress to create the first federal soil erosion experiment stations in 1929 [40]. With the
election of Franklin D. Roosevelt as President in 1932, conservation of soil and water became a national
priority in the New Deal administration. The Soil Erosion Service was established in the Department
of Interior in September 1933 with Bennett as Chief. The Soil Erosion Service established water erosion
demonstration projects in critically eroded areas across the country to show landowners the benefits of
conservation. Bennett’s ability to influence public opinion is often illustrated by his effectiveness in
getting support from the U.S. Congress. Beginning in 1932, persistent drought conditions throughout
the Great Plains caused widespread crop failures resulting in serious wind erosion. A large dust
storm on 11 May 1934 swept fine soil particles over Washington, D.C. and three hundred miles out
into the Atlantic Ocean. More intense and frequent storms swept the Plains in 1935. On 6 March
and again on 21 March, dust clouds passed over Washington and darkened the sky just as Congress
commenced hearings on a proposed soil conservation law. Bennett seized the opportunity to explain
the cause of the storms and to offer a solution. He penned editorials and testified to Congress urging
the creation of a permanent soil conservation agency. The result was the Soil Conservation Act (PL
74-46), which President Roosevelt signed on 27 April 1935, creating the Soil Conservation Service
(SCS) in the USDA [40]. In 1994, Congress changed SCS’s name to the Natural Resources Conservation
Service (NRCS) to better reflect the broadened scope of the agency’s concerns.

Water erosion is dominant in the eastern portion of North America because of higher precipitation,
but in the central and western areas where precipitation is lower and wind speeds are higher, wind
erosion dominates. Figure 3 illustrates the areas in the U.S. where wind and water erosion rates are
high enough that control practices are needed to minimize or prevent soil degradation.
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Figure 3. Distribution and amounts of water and wind erosion in the U.S. [41].

Soil degradation due to either wind or water is inextricably linked to loss of SOM. As a result,
SOM in many North American soils have decreased by 30% to 40% [42], but with few exceptions, most
croplands have been in crop production long enough that new equilibriums have been reached and
SOM levels are no longer decreasing. In fact, several soils are showing some SOM increase, particularly
where large amounts of crop residues are produced and limited or no tillage is used.

Soil organic matter consists of different pools of carbon compounds and some are considerably
more active meaning that they are more amenable to decomposition processes. The major pools of
SOM in virgin soils are often separated into plant residues, active SOM, and passive SOM as described
by Brady and Weil [42]. Increases in SOM thus reflect greater amounts of C being added to the soil
through larger root systems and more plant residue; two critical inputs causing SOC to reach a new
equilibrium or even increase when tillage intensity is reduced. Finally, the large losses of SOM in
North American soils, since they were converted to croplands, have reduced their inherent quality and
productivity; crop yields on these soils have markedly increased because other factors (i.e., improved
cultivars, weed control, insect control, commercial fertilizers, and seeding methods) have more than
offset SOM losses due to soil degradation.

2.5. Chemical Degradation

Chemical soil degradation can occur in response to various processes. Three principal
consequences include: nutrient depletion, acidification, and salinization that are often associated
with agricultural production systems. A fourth, contamination by heavy metals, industrial wastes, or
radioactive material can be important, but is outside the scope of this contribution.
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2.5.1. Nutrient Depletion

Declining SOM that depresses N mineralization will concomitantly decrease availability of P, K,
and other nutrients and, for intensive crop production, increase dependence on fertility management
or rotation alternatives depending on tillage. For example, Sainju et al. [29] reported that SOC,
SON, and potential N mineralization were lower in CT-WF than NT-CW and CT-CW after 21 year
in dryland cropping systems in eastern Montana although NO3-N content was higher. Long-term
nonlegume monocropping reduced N mineralization compared to crop rotation containing legumes
and nonlegumes [43]. In other, long term rotation studies with sorghum (Sorghum bicolor (L.) Moench)
and corn (Zea mays L.) summer crops, CT reduced soil Bray-P and cation exchange capacity at 0–5 cm
compared with NT after 27 year under dryland spring wheat-sorghum/corn-fallow in Nebraska [44].
After 30 year of continuous wheat in Montana, tillage did not influence soil chemical properties
(NT-CW vs. CT-CW) at 0–7.5 and 7.5–15 cm depth (Table 1) compared with the less intensively cropped
CT-WF that, except for Ca and Mg, had generally lower values at 0–7.5 cm. The amount of nutrients
removed through grain harvest can be higher in NT-CW and CT-CW than CT-WF due to increased
cropping intensity and annualized yield [29,45]. Studies from the U.S. Corn Belt have shown that
removing the residue for hay or bioenergy can have a similar adverse effect on soil fertility because
residues contain plant nutrients that if not replaced have been shown to decrease crop yields [46] by as
much as 1.8 to 3.3 Mg ha−1 after 50% to 100% straw removal [34].

Table 1. Effect of 30 years of tillage and cropping sequence combination on soil chemical properties
under dryland spring wheat system in a field site, 10 km north of Culbertson, MT.

Chemical property Soil Depth (cm) Treatment †

NT-CW CT-CW CT-WF

Olsen-P (mg kg−1) 0–7.5 36.8 a ‡ 40.0 a 25.0 b
7.5–15 2.8 a 5.5 a 4.9 a

K (mg kg−1) 0–7.5 331 a 331 a 272 b
7.5–15 279 a 282 a 186 b

Ca (mg kg−1) 0–7.5 989 b 894 b 1294 a
7.5–15 1597 a 1606 a 2359 a

Mg (mg kg−1) 0–7.5 212 b 193 b 253 a
7.5–15 340 b 350 b 433 a

Na (mg kg−1) 0–7.5 14.5 a 14.8 a 12.4 b
7.5–15 14.4 a 14.3 a 15.5 a

SO4-S (mg kg−1) 0–7.5 6.8 a 6.3 a 8.0 a
7.5–15 3.5 a 3.5 a 8.1 a

Cation exchange capacity (cmolc kg−1) 0–7.5 14.3 a 14.5 a 11.9 b
7.5–15 11.6 a 12.9 a 15.9 a

† Treatments are NT-CW, no-till continuous spring wheat; CT-CW, conventional till continuous spring wheat; and
CT-WF, conventional till spring wheat-fallow; ‡ Values within a row followed by the same letter are not significantly
different at P = 0.05 according to the least square means test.

2.5.2. Acidification

Replacing essential plant nutrients, which are no longer available because of SOM depletion,
by applying NH4-based fertilizers, can degrade soil by increasing acidity during hydrolysis that
releases H ions [47]. Chen et al. [48] showed that N sources have different effects on soil acidity
and ranked common fertilizer materials in the order (NH4)2SO4 > NH4Cl > NH4NO3 > anhydrous
NH3 > urea. Soil degradation through increasing acidity depresses the efficacy of subsequent fertilizer
applications for sustaining crop yields [49], thereby resulting in inefficient use of fertilizers [43]. The
long-term, 30 years, application of N fertilizer progressively reduced the 0–7.5 cm soil pH as cropping
sequence intensified from WF to CW from an initial pH of 6.5 to 5.5 in CT-WF and 5.0 in NT-CW
and CT-CW for dryland production in the northern Great Plains (Table 2). Likewise, tillage indirectly
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affects soil acidity as a result of enhanced soil water conservation using NT compared with CT that
increases crop yields, the amount of required N fertilizer, and the removal of basic cations in harvested
grain and biomass [43,50]. Soil acidification as a consequence of increased fertilization to intensify
cropping systems productivity, as noted for the northern Great Plains, may exemplify an acceptable
self-perpetuating production risk that requires additional neutralizing amendments as precipitation
increases to the east. In contrast, this acidification provides a benefit for calcareous soils common to
western North America.

Table 2. Effect of 30 years of no tillage (NT) and conventional tillage (CT) residue management with
either continuous spring wheat (CW) or wheat-fallow (WF) cropping sequences on soil pH and bulk
density at various soil depths for a field site 10 km north of Culbertson, MT.

Tillage and Cropping
sequence

pH at the soil depth

0–7.5 cm 7.5–15 cm 15–30 cm 30–60 cm 60–90 cm 90–120 cm

NT-CW 5.33 ab † 6.50 ab 7.60 a 8.35 a 8.58 a 8.75 a
CT-CW 5.05 b 6.15 b 7.58 a 8.25 b 8.63 a 8.70 a
CT-WF 5.73 a 7.03 a 7.65 a 8.25 a 8.50 a 8.66 a

Bulk density (Mg m−3) at the soil depth

0–7.5 cm 7.5–15 cm 15–30 cm 30–60 cm 60–90 cm 90–120 cm

NT-CW 1.15 b † 1.48 a 1.49 a 1.67 a 1.52 a 1.64 a
CT-CW 1.26 b 1.38 a 1.43 a 1.55 a 1.51 a 1.68 a
CT-WF 1.45 a 1.48 a 1.53a 1.62 a 1.60 a 1.70 a

† Common parameter values within columns followed by the same letters are not significantly different at P = 0.05
according to the least square means test.

2.5.3. Salinization

Accumulating salts, including sodium, represents another problematic type of chemical soil
degradation in North America that affects agronomic production, albeit limited to ~1% of the total land
area [51]. A combination of geological, climatic, and cultural practices including cropping systems
affect the development of saline seeps in some 800,000 ha of non-irrigated land in the northern Great
Plains [52]. Seeps form when precipitation not used by plants moves below the root zone through the
salt-laden substrata to impermeable layers and eventually flows from the recharge area to depressions
where water evaporates leaving salt deposits enriched in Na, Ca, Mg, SO4-S, and NO3-N that retard
crop growth [53]. In Canada, diversion of surface drainage from recharge areas and intensifying
cropping systems to consume precipitation are recommended for mitigating management practice
dependent “secondary salinity” problems [54]. Secondary salinity resulting from irrigation to supply
part of the crop water use permitted intensification of cropping systems on arid and semi-arid land.
This intensified production on ~7.5% of US farm land produced 55% of domestic crop value [55], but
Postel [56] noted that salinity affected ~23% of that irrigated land. Where sufficient salt is applied
to reduce crop yield, irrigation may be a “Faustian Bargain” degrading soil and requiring corrective
management intervention, such as leaching or alternate crop selection.

3. Mitigation Strategies for Reversing Soil Degradation

The number of site-specific management strategies to mitigate degraded or degrading soil is
diverse, but when considered from a broad perspective on potential solutions converge to a limited
paradigm. Physical and chemical soil degradation through erosion, compaction, and acidification are
commonly connected by absent biomass cover and declining soil organic matter as a result of tillage
or moderated crop production. That is, residue preservation with reduced or no tillage is an avenue
to increase soil organic matter while protecting soil from the erosion processes and mitigating soil
compaction. Intensified cropping systems, likewise, increase biomass for greater soil organic matter
to stabilize aggregates and render the soil less susceptible to erosion. The common management
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perspective for improving soil health, quality, and productivity is to reverse soil degradation by using
residue retaining tillage practices and, where possible, intensifying cropping systems within rotations
or by added cover crops.

Tillage and soil compaction also express a wide variety of site-specific interactions where more
intensive cropping sequences offset tillage related compaction. For example, even though soil
compaction generally increases as the frequency of conventional tillage increases, data from the
Central Great Plains has shown that even in the absence of soil disturbing tillage (i.e., no-tillage)
compaction can increase as a result of soil consolidation during routine farm operations [53]. Another
study in eastern Montana, comparing CT and NT after 30 year under dryland continuous wheat (CW)
or wheat fallow (WF) cropping sequences showed that soil bulk density within the 0 to 7.5 cm depth
increment was not different between NT-CW and CT-CW (Table 2). However, the bulk density was
13% to 21% greater for the same depth increment in CT-WF (1.45 Mg m−3) than NT-CW and CT-CW
(1.15 to 1.26 Mg m−3). One reason suggested for this response was reduced root growth and lower soil
organic C input (Figure 2).

3.1. Tillage Management

Moldboard plowing, which was the dominant tillage system for many years, buries essentially all
plant residues beneath the soil surface. Conservation tillage was defined in 1984 by the USDA Soil
Conservation Service (currently Natural Resources Conservation Service) as “any tillage system that
maintains at least 30% of the soil surface cover by residue after planting primarily where the objective
is to reduce water erosion”. When wind erosion is a concern, the term refers to tillage systems that
maintain at least 1000 pounds per acre (1120 kg ha−1) of “flat small-grain residue equivalents” on the
soil surface during critical erosion periods [57]. The significance of focusing on 30% cover originated
from studies showing that this amount would reduce erosion by at least 50% compared to bare, fallow
soil [58].

Compared with conventional tillage, both no tillage and conservation tillage limit soil disturbance
and retain crop residue. The decreased tillage intensity subsequently increases SOM as aeration and
mineralization are reduced [27]. This residue-retaining conservation tillage in the southern Great
Plains practices also form mulches that reduce evaporation, increase soil water that, consequently,
engendered greater crop yields [59] and related biomass to enhance SOC. The resulting greater soil
organic matter promotes soil aggregation by enhancing the growth of fungi and hyphae that binds the
particles together [27,28,60]. The larger stabilized surface aggregates limit soil susceptibility to wind
erosion and improve rain infiltration for reduced runoff and, consequently, soil entrainment in eroding
water [61].

To mitigate wind and water erosion, the types of tillage that can generally meet the goal of leaving
enough crop residue on the soil surface after planting are no-till, ridge-till, and mulch-till [62]. The
Conservation Technology Information Center (CTIC) classifies tillage methods that leave from 15% to
30% cover after planting as reduced tillage, and systems that leave from 0% to 15% as conventional
tillage [62]. Based on that CTIC National Crop Management Survey of the USA data presented in
Figure 4, tillage intensity has reduced steadily and significantly since 1990. That is, no-till has increased
from less than 6% in 1990 to almost 24% in 2008, and when mulch-till and ridge-till amounts are
included, tillage systems that meet the definition of conservation tillage have increased from about
26% to 42% during that 18-year period. Data are not readily available prior to 1990, but there was little
or no widespread emphasis on reducing tillage intensity before the 1990s.
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Figure 4. Types of tillage for planted area in the U.S., 1990 to 2008; no-till, mulch, and ridge tillage
increased from 26% to 42% while providing >30% residue cover; reduced till 15% to 30% remained
near a static 20%–25% of planted area, and conventional till, providing 0% to 15% residue cover on soil
surface following planting, declined from ~48% to 37% of the planted area [62].

Beginning in 1982, there was significant effort to reduce soil erosion on all cropland [63]. From
1982 to 1997, sheet and rill erosion were reduced by 41% while wind erosion decreased by 43%
(Figure 5) [64]. Since then, there continues to be a clear connection between tillage intensity and soil
erosion even though both the reduction in tillage intensity and the reduction in soil erosion have
declined. Ideally, no-tillage systems are best for mitigating soil degradation because they maximize the
amount of crop residue remaining on the soil surface. Furthermore, in addition to reducing erosion,
the residues reduce evaporation of water from the soil surface, which is particularly important in dry
areas and during periods of drought. However, there are some disadvantages with no-till systems,
such as increased dependence on herbicides and slow soil warming on poorly drained soils that have
prevented adoption by many producers. Also, despite the numerically lower erodible fraction for
soil managed with conservation tillage compared with CT, Van Pelt et al. [65] concluded that the
protective mantle of crop residue is crucial to preventing erosion in the North American Central Great
Plains. Conservation tillage also reduces soil compaction by increasing root growth and SOC [66], soil
erosion by increasing surface residue cover [67], fuel costs for tillage, and potential global warming by
increasing soil C sequestration [68] by conserving more soil water and increasing crop yields [29,44,47].
Although successful conservation tillage may require higher N fertilization because of enhanced
N immobilization due to increased surface residue accumulation [69], benefits for mitigating soil
degradation by increasing SOC and reducing soil compaction and erosion outweigh limitations. As a
result, the conservation or no-tillage paradigm is recommended to improve soil and environmental
quality and sustain crop yields.
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Figure 5. Combined mean water and wind erosion on U.S. cropland from 1982 until 2010 [64].

A similar, but somewhat more encouraging picture has emerged for Canada. Data presented
in Figure 6 show that no-till increased from 7% in 1991 to 56% in 2011 while conventional tillage
decreased from 68% in 1991 to 19% in 2011 [70]. Conservation tillage, defined in their analysis as
having tillage intensity between no-till and conventional till, remained between about 25% and 30%.
Similar to the U.S. where adoption of no-till increased from 6% in 1990 to 24% in 2008, adoption in
Canada increased from 7% in 1991 to 56% in 2011. Overlapping within the 1991 to 2011 period of
increasing no-till management, there was also a significant decrease in soil erosion risk in Canada from
1981 to 2006 associated with the decrease in tillage intensity (Figure 7). In contrast to the rate of soil
erosion in the U.S. that has declined since 1997, the greater rate of reduction in soil erosion for Canada
appears to be associated with both the increase in no-till area that reduces tillage intensity and the
conversion of erodible land from annual crops to perennial forages and pastures [71].

Figure 6. Types of tillage for planted area in Canada, 1991 to 2011; conservation tillage had tillage
intensity between no-till and conventional tillage [70].

224



Sustainability 2015, 7, 2936–2960

Figure 7. Soil erosion risk for cropland in Canada, 1981 to 2006 [71].

3.2. Cover Crops and Carbon Sequestration

Cover crops are defined as plant biomass grown for the purpose of providing a protective cover
to prevent soil erosion and to limit nutrient loss by leaching or in runoff [72]. To this definition,
Delgado et al. [73] added other management goals, including water conservation, nutrient scavenging
and cycling management, and short duration livestock grazing. Grasses, legumes, and forbs grown for
seasonal cover and conservation are not considered a production “crop”. Cover crops in humid and
subhumid regions of North America, and especially in areas with moderate winter conditions, such
as the southeastern USA [74], are usually planted in the fall after summer cash crops are harvested.
In semiarid regions with limited precipitation or regions with a short growing season, such as in the
northern Great Plains, there are fewer opportunities for these crops. For cotton (Gossypium hirsutum L.)
monocultures on the Texas High Plains that generally produce limited residue, Keeling et al. [75]
introduced a chemically terminated wheat cover crop to control wind erosion. This practice increased
mean irrigated cotton lint yield compared with conventional tillage, but establishment of the dryland
cotton cash crop or wheat cover crop was problematic despite improved rain infiltration and greater
crop water use [76]. Water is the most limiting factor in the central and southern Great Plains, so
although growth of fall-planted cover crops may suffer due to low soil water availability, the real
problem is that any use of soil water and N by cover crops may reduce cash crop yields compared
with leaving the soil in a fallow condition [77,78]. Nevertheless, cover crops increase soil aggregation,
water infiltration and water holding capacity [79], reduce soil erosion [80], and increase root growth of
summer crops [32] over no cover crop.

Cover crops help mitigate soil degradation by improving nutrient management either by
providing a nutrient source or by scavenging nutrients for eventual release from decomposing
plant residues and recycling them to subsequent crops. The use of legume cover crops can supply
N through fixation to increase crop yields compared with nonlegumes or no cover crop [30]. In
contrast, nonlegume cover crops scavenge the soil for residual N following harvest of the primary
crop, thereby reducing soil profile NO3-N content and the potential for N leaching [81]. For example,
a rye (Secale cereale L.) cover crop was projected to reduce NO3 losses in drainage water within the
Corn Belt states from a measured 11% [82] to a modeled 42.5% [83]. This could retain the N on site
for use by subsequent crops and may have collateral benefits of reducing nutrient contamination that
is one cause of hypoxia in the Gulf of Mexico. Growing a mixture of legume and nonlegume cover
crops can maintain or increase SOC and SON concentrations by providing additional crop residue,
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which increases C and N inputs to the soil [22,37]. It can also help reduce N fertilizer requirements for
subsequent summer crops [22,80].

In addition to providing protection against soil erosion and improving nutrient cycling, the
use of cover crops and better management of crop residues have also been suggested as practices
for enhancing carbon sequestration. The current focus on sequestering C in soils is to reduce CO2

concentrations in the atmosphere and improve soil quality. Lal et al. [84] estimated that from 35
to 107 million Mg C could potentially be sequestered annually by conservation tillage and residue
management on U.S. cropland. Although this might be possible, it is likely not feasible because
sequestering 100 million Mg C would also sequester approximately 8 million Mg N and 2 million Mg
P, which is about 75% and 100% of the amounts of these elements added each year in the U.S. through
chemical fertilizers. Therefore, while efforts should continue to sequester C in soils, it is clear that
the technology, practices, and policies needed to realize the estimated potential will be difficult to
implement and the first priority should be to prevent further loss of SOC.

3.3. Intensified Cropping Systems

Traditionally, intensified farm production relied on established practices such as conventional
tillage with monocropping and high rates of N fertilization to increase crop biomass yields. However,
cropping systems in semi-arid regions of North America can be intensified by reducing the fallow
frequency within crop sequences, such as by converting wheat-fallow (WF) to annually cropped wheat
(Figure 8) or by introducing more productive summer crops into the rotation [85]. One example of
the latter approach is the wheat-sorghum-fallow (WSF) rotation shown in Figure 9 [85]. Similar data
from Saskatchewan showed that using fertilizer and crop sequences with progressively less frequent
fallow periods increased annualized wheat grain and biomass yields that subsequently increased
SOC [86]. Hansen et al. [87] also noted that cropping system intensification produced progressively
greater biomass and SOC and, consequently, improved physical properties. Within the described W-F
and WSF rotations a possibility exists for spring-planted cover crops to grow during early summer
and partially replace fallow provided that normal cash crop production is unaffected by the redirected
precipitation, especially in the semi-arid Great Plains. Where summer cover crops are grown in
water conserving NT systems, aboveground biomass may be used for hay to improve cover crop
economics [29,44,47]. The added biomass of intensified cropping systems that increases SOC and
provides a protective cover can also decrease soil degradation by erosion. The benefits of residue to
reduce soil entrainment by slowing wind or intercepting rain drop impact that leads to greater runoff
combines with SOC stabilized aggregation to reduce soil erodibility [88,89].

In addition to increasing biomass for SOC and residue for soil protection, intensified cropping
systems provide drainage and nutrient management alternatives in more humid North American
climates. The cropping system intensification paradigm exemplifies a means to improved soil and
environmental quality that also sustains crop yields.

Animal grazing can also be used to intensify farm production. Doing so can provide weed
control, reduce feed cost, increase soil organic matter, and redistribute nutrients without depressing
crop yields [49,90,91]. In the southeastern USA, moderate animal grazing can improve soil quality
and productivity by enhancing soil organic matter and nutrient cycling, but excessive grazing can
degrade soil properties by reducing SOM [92]. In the southern Great Plains, Baumhardt et al. [93]
reported that surface compaction due to grazing cattle on vegetative dual purpose wheat without
remediating tillage increased the soil profile penetration resistance. They also observed reduced water
conservation resulting in depressed crop yields after three years compared with ungrazed no-tillage
cropping systems production.
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Figure 8. The annual wheat (A) and wheat-fallow (B) cropping sequences diagramed as a one or
two year cycle, beginning with wheat establishment in October for the southern Great Plains [85].
In both sequences, wheat is harvested about nine months after planting and either fallowed briefly
during July–September or after an additional 12 months if precipitation was insufficient for wheat
establishment and growth.
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Figure 9. The wheat-sorghum-fallow (WSF) rotation diagramed as a three-year cycle beginning with
wheat establishment in October and subsequent harvest 10-months later in July [85]. After delaying
until June of the second year, grain sorghum is grown using stored soil water to augment summer
rainfall. The soil is fallowed after sorghum harvest in November of the uncropped third year when the
cycle repeats with wheat planting.

Excessive tillage and grazing used to intensify agricultural production can degrade soil by
deforming or destroying soil structure [94]. This ultimately leads to compaction and a decrease in void
space that, by definition, increases bulk density [95]. For example, in northwest Ohio, soil compaction
was shown to reduce water movement, infiltration capacity, and root growth that, in turn, limited crop
yield [96].

227



Sustainability 2015, 7, 2936–2960

3.4. Engineering Strategies

For water erosion control, much of the early effort focused on using contour terraces. Although
this worked well in many cases, there were major disadvantages because the terraces would frequently
break during high intensity precipitation events. Also, as machinery became larger, contour terraces did
not work well because space between terraces was highly variable. Parallel terraces were sometimes
used to eliminate this problem, but this required more soil movement, made them more expensive to
build, and often created soil fertility problems. Based on these experiences we maintain that long-term
efforts to restore soil carbon by decreasing tillage intensities and retaining an appropriate amount of
crop residue will be the most efficient approach for restoring degraded soils in North America.

4. Concluding Remarks

The U.S. Census Bureau [97] reported that the global population doubled from three billion in
1959 to six billion by 1999 and projected continued population growth to reach nine billion by 2044,
which will require a corresponding increase in agricultural production to insure food security. Some
200 years after Thomas Malthus postulated failing global food security, Postel [98] observed in 1998
that water required for expanding overall crop production may be unavailable for degraded soils;
thus, further threatening food security. In contrast, a 2013 report by Ausubel et al. [99] shows that the
arable land required for sustaining crop production decreased by 65% during the period from 1961
to 2009, or the same period when the corresponding global population practically doubled. These
very contradictory interpretations of resource productivity highlight unsettled future food security
concerns, in part, because developing technologies have historically amplified agricultural production
from fixed land resources to secure food demand. Soil degradation as a consequence of unsustainable
management, however, may gradually decrease land productivity through in-situ soil salinization,
compaction, declining SOM, and deteriorating aggregate stability.

In the concluding chapter of a soil degradation review, Lal and Stewart [100] advanced the case
for separating “emotional rhetoric” of soil degradation from “precise scientific” results assessing
soil resource condition and management. Principal agents that degrade soil, such as erosion or
compaction frequently, follow the application of unsuitable agricultural management practices,
including soil-inverting tillage. Eventually, scientific investigation advances improved management
practices that reverse or mitigate soil degradation by negating the effects of causal processes or agents.
Not surprisingly, soil erosion is mitigated through the use of cover crops and residue retaining tillage
practices to promote aggregate stabilizing organic matter that, in turn, reduces soil susceptibility to
erosion while providing crop mulches to intercept raindrop impact and prevent soil entrainment by
wind or water. Improved soil and crop management practices must integrate unique differences in
climate and soil specific properties, which deny the application of a common solution or priority
for mitigating soil degradation. Preventing soil degradation, however, must control the universal
processes or agents governing erosion, contamination, destabilization, and nutrient or SOM losses by
crop production paradigms that emphasize resource stewardship.
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Abstract: Increasing global demand for oil seeds and cereals during the past 50 years has caused
an expansion in the cultivated areas and resulted in major soil management and crop production
changes throughout Bolivia, Paraguay, Uruguay, Argentina and southern Brazil. Unprecedented
adoption of no-tillage as well as improved soil fertility and plant genetics have increased yields,
but the use of purchased inputs, monocropping i.e., continuous soybean (Glycine max (L.) Merr.),
and marginal land cultivation have also increased. These changes have significantly altered the
global food and feed supply role of these countries, but they have also resulted in various levels
of soil degradation through wind and water erosion, soil compaction, soil organic matter (SOM)
depletion, and nutrient losses. Sustainability is dependent upon local interactions between soil,
climate, landscape characteristics, and production systems. This review examines the region’s current
soil and crop conditions and summarizes several research studies designed to reduce or prevent soil
degradation. Although the region has both environmental and soil resources that can sustain current
agricultural production levels, increasing population, greater urbanization, and more available
income will continue to increase the pressure on South American croplands. A better understanding
of regional soil differences and quantifying potential consequences of current production practices on
various soil resources is needed to ensure that scientific, educational, and regulatory programs result
in land management recommendations that support intensification of agriculture without additional
soil degradation or other unintended environmental consequences.

Keywords: soil degradation; erosion; soil organic matter; no-till; agricultural intensification

1. Introduction

Our global population is anticipated to be 8.1 billion in 2025 and 9.6 billion by 2050, with most
of the growth occurring in developing countries [1] and urban settings [2]. In addition to population
growth, the global Gross Domestic Product (GDP) is expected to grow at a rate of 2.1% year−1 from
2005/2007–2050 [3]. Collectively, population growth, increased per capita income, and the resultant
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anticipated dietary changes (i.e., more meat and dairy consumption) are expected to increase global
crop demand by 100%–110% by 2050 [4].

Meeting this global crop demand may be challenging because agricultural production, which
grew 2.2% year−1 between 1987 and 2007, is projected to increase at only 1.3% yr−1 between 2005/2007
and 2050 [3]. This estimate was supported by Ray et al. [5] who studied long-term yield trends for
maize (Zea mays L.), rice (Oryza sativa L.), wheat (Triticum aestivum L.), and soybean (Glycine max (L.)
Merr.). Those four crops represent two thirds of the total agricultural calorie demand. Their study [5]
analyzed crop yield data from 1989–2008 and projected yields to 2050 using 2008 as the baseline year.
The projections indicated global average increases of 1.6%, 1.0%, 0.9% and 1.3% year−1 for maize, rice,
wheat, and soybean, respectively. These values are well below the 2.4% year−1 crop yield increase
needed to double current production by 2050.

Fortunately, there are several ways to increase agricultural production. Crop yields can be
increased through genetic improvement and perhaps by increasing the amount and types of chemical
input. Total production can be increased through more intense land use by reducing the amount
of fallow, increasing the number of crops grown per year, and by cultivating new agricultural land.
These options were supported by an FAO study [3] that predicted 80% of the future crop production
increases will come from developing countries, with 71% of the increase coming from yield increases,
8% through higher cropping intensity and 20% by the addition of arable land.

A portion of the increasing global demand for oil seeds and cereals has been met by increasing
the cropping area and converting from conventional tillage (CT) to no-till (NT) throughout Argentina,
Bolivia, southern Brazil, Paraguay and Uruguay during the past 50 years. Increases in cropping area
have been accompanied by changes in land tenancy, tillage practices, and greater overall productivity,
but it has also contributed to a loss of crop diversity (i.e., conversion of long-term perennial pastures
to grain crop rotations or even monocultures). The transition from CT to NT throughout the region
was initially characterized as a tremendous soil management success, but more recently it has been
challenged because of the unprecedented expansion of cropland, devoted solely to soybean production,
into marginal areas. Our hypothesis is that current agricultural practices are having unanticipated
negative effects on soil quality in addition to the impacts associated with the loss of crop diversity.

2. Regional Soil Resource Characteristics

This review focuses on an area of approximately 195 million hectares in South America. The area
includes the Pampas and Gran Chaco regions of Argentina and Uruguay, the southern highlands of
eastern Paraguay, the eastern lowlands of Bolivia, as well as the Rio Grande do Sul, Santa Catarina
and Parana states of Brazil. Several soil associations are found in this region. Mollisols are dominant
throughout the Pampas-Chaco plains and Uruguay [6] and are among the best suited for agriculture
because of their high natural fertility. Alfisols are also widespread in the Pampas-Chaco region. Alfisols
are generally fertile, with high concentration of nutrient cations. Ultisols and Oxisols are the main soils
in southern Brazil and eastern Paraguay; these soils have good physical qualities, but require high
lime and phosphorus inputs. Vertisols are located in Entre Rios province at Argentina and Uruguay,
with good fertility levels but soil physical properties that demand a careful soil management. Alluvial
soils dominate the eastern lowlands of Bolivia, and also have good natural soil fertility.

The development of current agricultural practices throughout the region required the
transformation of natural ecosystems into agroecosystems with reduced structural and functional
complexity. The agroecosystems are also continuously evolving as the result of natural factors
and human actions [7–10]. At the global scale, agroecosystems have been evolving towards
oversimplification characterized by low efficiency of inputs, loss of resilience, intensification of outputs
(grains plus stocks, nutrient removal and leaching and soil erosion), increased carbon consumption by
the dependence on fossil energy (fertilizers, pesticides and fuel) and loss of soil quality and ecosystem
services [11–13].
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The capacity of agroecosystems to provide ecosystem services mainly depends on the adequate
functioning of the soil [9,14]. Soil provides the media for root anchoring and healthy plant growth.
In addition, soil health affects availability and transport of water, air and nutrients, the resistance to
degradation and erosion, soil temperature, and water and air pollution [14,15]. Soil organic matter
(SOM) constitutes one of the most affected soil components by agricultural management practices. SOM
depletion is associated with alteration of important soil properties (i.e., fertility, porosity, aeration-water
dynamics, resistance to erosion and compaction, among others [16], and to the reduction of the capacity
of soil to reorganize and restore its functionality after use or a stressful event [17]. Therefore, the
capacity of soil to provide other expected environmental services (i.e., supports biodiversity, regulate
water partition and purification, and sequester carbon), is affected [18,19]. Other soil properties
important for the adequate functioning of soil as aggregate stability and penetration resistance are
impacted. Aggregate stability indicates how aggregates will react to and how porosity will be impacted
by environmental events (i.e., precipitation, wetting and drying cycles), while soil penetration resistance
indicates the degree of difficulty for roots to grow into the soil, which is related to soil compaction and
salinization processes among others that affect nutrient and water use efficiency.

3. Cropping System Changes

The primary cropping systems changed throughout the study area during the past 50 years in
response to market globalization and the need to develop an internationally competitive agriculture
that was beneficial for the countries, farmers, and society in general [20].

Soybean, maize and wheat have become the primary grain field crops in Argentina, Bolivia,
Paraguay, Uruguay and southern Brazil (Rio Grande do Sul, Santa Catarina, and Parana states). These
crops represented 63%, 19%, and 12%, respectively, of the total cropped area in 2012 according to
FAOSTAT, IGBE and CONAB data [21–23]. In the last 54 years, total grain production from those three
crops has grown from 14.5 million Mg (16 million tons) in 1961 to over 142 million Mg (156 million
tons) in 2013 or roughly a 10-fold increase (Figure 1). Average grain yields for soybean, maize and
wheat increased from 1493–2309, from 1489–5485, and from 1114–2386 kg·ha−1, respectively, during
this period. According to Manuel-Navarrete et al. [20], agricultural expansion in Argentina has been
supported by the adoption of new technologies (i.e., genetic resources, chemical inputs, and agricultural
machinery), an increase in grain prices, a relative decrease in input costs, regional agricultural research,
active farmer participation, and relatively good and stable climatic conditions [24,25].

The rates of change in cropped area, grain yield, and total production have been different for
the various crops and countries within the region (Table 1). In general, soybean has expanded at the
expense of other crops and through land use change [26], increasing production at an annual rate of
5.9% from 1961–2013. Most of the increase can be attributed to an increase in production area (5%),
with an additional 0.8% attributed to increased grain yield. The largest recent increases in crop area
and total soybean production within the study area have occurred in Argentina, Bolivia, Paraguay and
Uruguay. Increases in southern Brazil have been more moderate, primarily because a significant area
in that country was already devoted to soybean in 1961 (Table 1). Wheat production also increased
in all the countries except Argentina, mainly due to increased grain yield in southern Brazil and
Uruguay, and increased area within Paraguay and Bolivia. For maize, there was a large increase in
regional production, primarily due to increased area in southern Brazil and Paraguay and higher
grain yield in Uruguay and Argentina. During the 1990s and early 2000s, NT stimulated an increase
in soybean/maize rotations which increased diversity, reduced insect pressure, restored SOM, and
increased crop residue input and nutrient cycling.

The most significant cropping system changes throughout the region since the mid-1990s were
the release and rapid adoption of glyphosate-tolerant (GT) soybean varieties and the unprecedented
expansion of NT. Since 1994, soybean production has increased at an annual rate of 6.3%, primarily due
to area expansion (+5.5% year−1) at the expense of grasslands, maize, sunflower (Hellianthus annuus
L.), and sorghum (Sorghum bicolor (L.) Moench). By 2012, soybean, maize, and wheat accounted for
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67%, 20%, and 13% of the region’s total cropland. With regard to yield, maize showed the highest rate
of increase throughout the entire region. Wheat yield increased most rapidly in southern Brazil and
Paraguay, while soybean yield increased most rapidly in Paraguay and Uruguay, but overall, yield for
both crops increased at a slower pace than maize throughout the region. More recently and despite
increases in potential maize yield, the soybean/maize rotation was replaced by a soybean-dominated
cropping system. The driver for this change was neither agronomic nor technically based, but simply
an economic one. Maize is generally a more expensive crop to grow than soybean. It is also more
vulnerable to short drought during critical phenological growth stages and within the region, the
commodity price was lower than for soybean.
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Figure 1. Fifty-year changes in planted area, grain yield, and total production of wheat, maize, and
soybean in Argentina, Bolivia, southern Brazil, Paraguay, and Uruguay. Elaborated with data from
FAOSTAT, IBGE and CONAB databases [21–23].
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Table 1. Rates of change in area, yield, and production for wheat, maize, and soybean in Argentina,
Bolivia, southern Brazil, Paraguay, and Uruguay.

Period
Area Grain Yield Total Production

Wheat Maize Soybean Wheat Maize Soybean Wheat Maize Soybean

Argentina

1961–2013 −0.6% 1.1% 20.5% 1.3% 2.5% 1.8% 0.6% 3.6% 22.7%
1994–2013 −2.5% 3.5% 6.3% 0.8% 2.2% 1.1% −1.7% 5.8% 7.4%

Bolivia

1961–2013 1.7% 1.4% 16.9% 1.3% 1.3% 1.3% 3.1% 2.7% 18.4%
1994–2013 3.1% 2.3% 7.1% 2.0% 1.5% −0.8% 5.1% 3.9% 6.2%

Southern Brazil (PR-SC-RS)*

1961–2013 1.8% 5.0% 2.6% 3.2% 3.3% 1.2% 5.0% 8.4% 3.8%
1994–2013 5.0% −1.7% 3.4% 3.3% 3.1% 1.0% 8.5% 1.4% 4.5%

Paraguay

1961–2013 8.3% 4.7% 15.8% 2.0% 2.3% 1.1% 10.5% 7.1% 17.1%
1994–2013 6.0% 8.1% 7.7% 3.9% 3.2% 0.7% 10.1% 11.6% 8.4%

Uruguay

1961–2013 0.6% −1.6% 14.3% 2.1% 3.8% 1.9% 2.7% 2.2% 16.4%
1994–2013 5.9% 4.1% 26.4% 0.0% 6.4% 2.9% 5.9% 10.8% 30.1%

Total

1961–2013 0.3% 2.0% 5.0% 1.4% 2.5% 0.8% 1.8% 4.6% 5.9%
1994–2013 0.3% 1.0% 5.5% 0.9% 2.4% 0.8% 1.2% 3.4% 6.3%

Elaborated with data from FAOSTAT, IGBE and CONAB databases [21–23]. * PR = Parana; SC = Santa Catarina; RS
= Rio Grande do Sul States, Brazil.

Adoption of conservation tillage, including NT, has been a leading practice in South America
(Table 2, Figure 2). The initial North American experience with NT (i.e., Shirley Phillips and the
University of Kentucky) became an important reference for the first South American experiences
with NT during the early 1970s. Pioneer farmers in Brazil and Argentina recognized the importance
of maintaining crop residues on the surface to protect against water erosion and to compensate for
rapid residue decomposition under high temperature and moisture regimes prevalent throughout
the summer cropping season. Although the adoption of NT was relatively slow from the 1970s to
1990s, it increased exponentially following the release of GT soybean varieties. The success of NT in
southern Brazil and Argentina became an important reference for its widespread adoption throughout
South America. Currently, NT is being used on 70%–90% of the grain crop area in Paraguay, Brazil,
Argentina, Bolivia, and Uruguay. Government and farmer associations throughout the region promote
adoption of NT for several reasons including its economic benefits, higher or more stable yields
through improved water use efficiency, erosion control, saving on fuel and labor/time, and improved
soil quality attributes (AUSID, MAGyP) [27,28].

The expansion of GT soybean and NT practices are highly correlated (e.g., 0.90 and 0.73 for
Argentina and southern Brazil, respectively) and have been supported by higher soybean prices when
compared to other grains within the region (Figure 3). For example, soybean grain prices increased
by 196% between 1991 and 2012, compared to increases of 54%, 77%, 59%, 77%, and 96% for barley
(Hordeum vulgare L.), maize, sorghum, sunflower, and wheat, respectively. Therefore, the main driver
for increased soybean production has been the higher price when compared to other grain crops.

It is important to stress that the economic impact of soybean has not only been very positive for
farmers but also for the economies of the countries in the region and society as a whole. However, to
fully examine the sustainability of this cropping system change, it is important to also examine how it
has affected soil resources and overall soil quality.
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Table 2. Area under no-tillage in selected South American countries.

Country
Area under

No-Tillage (ha) 2008/2009
Percentage of Total

Cropped Area

Brazil 25,502,000 58
Argentina 25,553,000 70
Paraguay 2,400,000 90
Bolivia 706,000 72
Uruguay 655,100 82

Data source is Friedrich et al. [29].
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Figure 3. Twenty-year grain price averages for the primary field crops in Argentina, Bolivia, Brazil,
Paraguay and Uruguay. Elaborated with data from FAOSTAT [21].

4. Soil Quality Impact of Agricultural Expansion

Assessment of soil quality indicators, including SOM content, N supply, P availability, aggregate
stability, bulk density, pH, and others, has received increased attention during the last decade
throughout the Pampas and extra-Pampas regions of Argentina as well as in Brazil, Uruguay, Bolivia,
and Paraguay. These assessments have indicated that the cropping system changes, which have
generally included removal of pasture from crop rotations, decreased crop diversity with the increased
frequency of soybean, and the conversion of marginal land into cropland, are imposing a threat to soil
quality [20].

In Argentina, comparisons of soil quality indicators for pristine and agricultural soils show
a general reduction in SOM content and aggregate stability and an increase in bulk density with
agricultural use (Table 3). Soils with less than 10 years of continuous agriculture had 83%, 62%,
and 106% of the pristine SOM content, aggregate stability and bulk density, respectively, while soils
10–20 years of continuous agriculture had 64%, 48% and 116% of the pristine values, respectively
(Table 3). These measurements indicate that SOM decreased by approximately 18% per decade of
agricultural use.
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Table 3. Aggregate stability (AS), soil organic matter (SOM) content, and bulk density (BD) of
agricultural and pristine soils in the Pampas region after various years of Agriculture (YOA) and
for different soil depth increments.

Zone Soil YOA
Depth

(m)
AS SOM BD Soil pH Soil pH Reference

% Relative to Pristine
Conditions

Pristine Cultivated

Extra- pampas O >20 0–0.1 - 59 143 - - [32]

Extra-pampas O >20 0.1–0.2 - 83 126 - - [32]

Extra-pampas O >20 0.2–0.3 - 74 128 - - [32]

Pampas center M, Argiudolls 12 >0.08 37 57 121 - - [33]

Pampas center M, Argiudolls 12 0–0.08 44 56 111 - - [33]

Pampas center M, Argiudolls >20 >0.08 64 83 103 - - [33]

Pampas center M, Argiudolls >20 0–0.08 29 81 105 - - [33]

Pampas center M, Argiudolls >20 0–0.2 37 73 - 6.3 5.9 [34]

Pampas center M, Argiudolls >30 0–0.2 23 77 - 6.3 6.1 [34]

Pampas center M, Argiudolls,
Natralbolls <10 >0.08 53 80 106 - - [33]

Pampas center M, Argiudolls,
Natralbolls <10 0–0.08 43 72 122 - - [33]

Pampas center M, Argiudolls 24 0–0.20 26 65 - - - [35]

Pampas center M, Haplustolls,
Hapludolls <10 >0.08 42 73 102 - - [33]

Pampas center M, Haplustolls,
Hapludolls <10 0–0.08 39 68 110 - - [33]

Pampas center M, Haplustolls,
Hapludolls >40 >0.08 37 75 112 - - [33]

Pampas center M, Haplustolls,
Hapludolls >40 0–0.08 39 71 118 - - [33]

Pampas center, W M, Hapludolls 13 0–0.20 40 61 - - - [35]

Pampas N I, Haplustept 4–23 0–0.025 115 75 - 6.4 7.3 [36]

Pampas NE M, Argiudolls >10 0–0.12 23 62 116 6.5 6.4 [37]

Pampas NE M, Argiudolls >20 0–0.05 57 45 109 - - [38,39]

Pampas NE M, Argiudolls >20 0.05–0.15 60 84 110 - - [38,39]

Pampas NE M, Argiudolls >20 0.15–0.3 - 86 - - - [38,39]

Pampas NE V, Hapluderts >20 0–0.05 57 45 109 - - [38,39]

Pampas NE V, Hapluderts >20 0.05–0.15 60 84 110 - - [38,39]

Pampas NE V, Hapluderts >20 0.15–0.3 - 86 - - - [38,39]

Pampas NW M, Haplustolls 20 0–0.1 39 71 113 7.1 6.7 [40]

Pampas NW M, Haplustolls 1–4 0–0.20 53 73 100 7.5 7.1 [41]

Pampas NW M, Haplustolls 1–4 0.20–0.50 71 72 102 6.9 7.4 [41]

Pampas NW M, Haplustolls 2–7 0–0.20 95 85 86 6.9 7.0 [41]

Pampas NW M, Haplustolls 2–7 0.20–0.50 88 86 100 7.7 7.5 [41]

Pampas NW M, Haplustolls 4–9 0–0.20 91 89 125 6.8 6.8 [41]

Pampas NW M, Haplustolls 4–9 0.20–0.50 66 122 108 7.5 7.2 [41]

Pampas NW M, Haplustolls 3 0–0.1 63 89 105 5.7 6.5 [42]

Pampas NW M, Haplustolls >10 0–0.1 37 63 120 5.7 6.6 [42]

Pampas SE M, Argiudolls 10 0–0.20 43 83 - - - [35]

Soil: O: Oxisols, M: Mollisols, V: Vertisols, I: Inceptisols.
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In Uruguay, the average SOM decrease in Alfisols after 10+ years of cultivation was 15% [43].
In southern Brazil, Campos et al. [44] reported 23% of decline of SOM in an Oxisol when measured
30 years after the conversion of pasture to grain production with CT practices. Ferreira [45] investigated
long-term NT (>20 years) in southern Brazil and reported that compared to native fields, the average
SOM declined 12% and 23% for the 0–0.3 and 0–1.0 m soil depths, respectively. In addition to
near-surface (≤0.2 m) SOM decline, another soil quality concern is SOM decline in deeper soil layers.
This can occur with the current regional cropping systems because of the difficulty in restoring SOM
at those depths. The main drivers for SOM decline within the region are: elimination of perennial
pasture from long-term rotations, increased soil disturbance associated with tillage, limited rooting
depth due to machinery traffic and soil compaction, soil erosion, decreased crop residue input, and less
crop diversity. Short-term land tenure, increases in cropland area managed by an individual farmer,
and increased inputs of low C/N crop residues also contribute to land use decisions that often reduce
SOM levels. Therefore, to prevent current cropping systems from further degrading soil resources,
several agronomic, economic and social factors affecting soil quality need to be addressed throughout
the region to better understand and improve soil and crop management.

5. Soil Quality Evaluation

The evaluation of soil quality indicators is important to avoid widespread soil degradation due to
inappropriate crop management. Previous evaluations at the landscape scale have shown important
changes in SOM, pH and P availability (Figure 4) [46,47], and in the soil’s capacity to supply N
(Figure 5) [48]. Soil quality assessment within the 0–0.2 m depth of agricultural fields throughout the
Pampas and surrounding regions (n > 34,000 samples) indicated that current SOM values ranged from
1 to 83 g·C·kg−1. The highest values were found in the southeast Pampas region and with gradual
decline toward the north and west (Figure 4a) [46]. In the same study, low soil pH (<6.0) due to acidity
was a concern only in the north Pampas region, while for the majority of the region, soil pH was within
normal range for crop production (pH 6.0–7.5) [46]. Assessments of P availability (Bray P) showed
low to very low (≤5 mg·kg−1) values throughout the Pampas region (15.2 Mha) and medium to high
(≥15 mg·kg−1) values north of that area (12.7 Mha) [47].

A similar survey in the 1980s [49] showed that after 25–30 years of cropping, areas that had
medium to high levels of P (west and north of the Pampas region) showed a major decrease in p
availability due to unbalanced fertilization. On the other hand, areas such as the south of Pampas
region which had low to very low levels of P (>10 ppm P-Bray I) had increased P availability due to long
term balanced fertilization (Figure 4c) [47]. Nitrogen mineralization potential in Buenos Aires province
of Argentina ranged from 12–260 mg·kg−1 with the majority of the fields below 65 mg·kg−1 [48].
Potential N supply showed a high relationship with SOC content and represented a reduction in
potential N supply of approximately 50% compared to pristine soils [48]. The availability of these
reports constitutes an important step for monitoring and characterizing soil quality indicators and
how soil management affects it.

In Uruguay, NT was adopted to mitigate soil loss due to intensive water erosion [50]. This would
be expected in improve soil quality and even though other soil and crop management changes are
hypothesized to affect the quality of natural resources including soils, quantifying long-term effects has
been considered very difficult because of the lack of baseline soil quality data [51]. Therefore, several
studies have measured the impact of agricultural practices on soil quality indicators as compared
to undisturbed conditions. For example, a 2009–2010 survey of commercial operations in Uruguay
showed an average reduction in SOM of 20% [52]. The loss of potentially mineralizable N (PMN)
was reported to be as high as 41.5%. These results are consistent with previous findings [53] and are
presumed to be real because most PMN is contained in the biologically active SOM fraction which is
easily degraded by agricultural operations. The variability of both parameters was very high, with
20% of locations reporting SOM increases between 1% and 20%, and 30% of locations reporting losses
between 30% and 60%. This indicates there are important interactions between soil management, soil
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type, climate, and cropping system. Regarding PMN, 12% of the locations had increases between 1%
and 14% while 30% of locations reported losses between 35% and 80% [52]. A different study [51]
compared soils under dairy pasture with those from crop production fields and reported that both
systems had 20% SOM losses. However, PMN losses from cropland soils were much higher (42%) than
in pasture soils (26%). This difference is attributed to higher soil N input by legumes in dairy pastures
compared to N removal by grain production.

  
(a) (b) 

 
(c) 

Figure 4. Median landscape values for (a) soil organic matter (SOM); (b) soil pH; and (c) available
soil phosphorous (Bray P1) in the Pampas region of Argentina. Source: Sainz-Rozas et al., 2011 and
2012 [46,47].
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Figure 5. Surface horizon (0–20 cm) potential nitrogen supply (Nan) in cropland soils of Buenos Aires
province, Argentina. N = number of observations. Source: Reussi-Calvo et al. 2014 [48].

In 2009, Mori [43] quantified several other soil quality indicators [SOM, PMN, total N (TN),
exchangeable bases (EB) and water pH] in agricultural Mollisols within Uruguay (Table 4). The study
showed SOM and NPM losses of 15% and 17%, respectively, for agricultural and native systems.
Other negatively affected indicators were TN (−23.7%), EB (−10.5%) and pH (−7.3%). The study
also demonstrated high correlation among some soil quality indicators (e.g., SOM, TN, EB and pH)
(Figure 6) and therefore, soil management strategies that result in the simultaneous losses of C, N and
EB are likely to cause a sharp decline in soil quality.

The use of CT in early 1970s in southern Brazil and in the 1980s in Paraguay resulted in severe
(>50 Mg·ha−1·year−1) soil erosion due to intensive rainfall during the maize and soybean establishment
period of September to December. It was estimated that soil loss for each Mg of harvested grain was
10 Mg·ha−1 throughout the 1970s [54,55]. The use of CT also promoted wind erosion in sandy soils
and flat croplands and resulted in significant runoff from bare soil on the undulating topography of
southern Brazil and Paraguay croplands [54].
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Table 4. The range and average change (agricultural versus undisturbed conditions) in selected soil
quality indicators of 15 Argiudolls from Uruguay.

Average SOM TN PMN EB pH

Young −16.4% −25.0% −21.6% −6.0% −5.7%
San Manuel −14.0% −22.7% −12.8% −14.4% −8.6%

All −15.1% −23.7% −16.9% −10.5% −7.3%

Range

Min −37.0% −41.9% −54.3% −38.2% −17.1%
Max 1.8% −1.4% 51.0% 15.8% 5.9%

Elaborated with data from Mori [43]. SOM: Soil organic matter; TN: total nitrogen; PMN: potentially mineralizable
nitrogen; EB: exchangeable bases; pH: water-pH.

 

Figure 6. The statistical relationship between soil quality indicators (SOC, NT, EB and water-pH) in
San Manuel (closed) and Young (open) soils from Uruguay. Regression results based on pooled data
from both sites. Elaborated with data from Mori [43].
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The intense soil disturbance of Oxisols by CT also resulted in decreased soil aggregate size and, as
a consequence, labile fractions of SOC that were previously occluded inside aggregates were exposed
to microbial processes. Soil erosion also removed the top soil carrying with it SOM and clay fractions,
thus resulting in a sharp decline in soil quality. Biological oxidation of SOM was also stimulated by
tillage, mixing of crop residues, and high temperature and moisture conditions during the summer.
It was estimated that with CT, crop residue input as high as 16 Mg·ha−1·year−1 would be necessary
to maintain SOC content [55]. Needless to say, achieving such a level of crop residue is very difficult
with grain crops. For southern Brazil and Paraguay, the first steps toward improving soil quality were
associated with reducing soil disturbance by conversion from CT to NT and by increasing crop residue
inputs to maintain soil protection throughout the year. Long-term experiments with agricultural grain
crop rotations indicated that even under NT it is necessary to design crop systems with high amounts
of crop residue input in order to balance the fast SOM decay associated with high temperature and
moisture conditions in subtropical and tropical environments of southern Brazil and Paraguay [56].
Furthermore, adoption of higher crop diversity and incorporation of pastures with well-developed
root systems will help restore soil structure and relieve soil compaction issues associated with the large
soybean expansion area. Equilibrated soil fertilization, lime and use of soil amendments as gypsum,
should also be considered as tools to sustain high crop residue input, especially on the naturally acid
and low fertility soils of southern Brazil [57].

6. Developing Cropping Systems for Sustained Grain Yield, Maintenance of Soil Quality, and
Environmental Protection

In southern Brazil, a recent study carried out by Ferreira [45] in six different croplands showed
that there was an average SOM decline of 23% in the 0–100 cm soil layer after 25 years of CT. On-farm
research showed SOM values that were similar to those observed in the few long-term experiments
carried out in Rio Grande do Sul [44]. On the other side, restoration of SOM with NT in southern
Brazil has been shown to be a long term process (>20 years) with increases ranging from 61%–117%
(Figure 7) depending upon climate, clay content and crop rotation. With continuous soybean crops in
summer and black oat (Avena strigosa Schieb.) or wheat in the winter, there was only a slight increase
in SOM under NT in relation to CT. Conversely, crop rotations that included soybean alternated with
maize as summer crops and cover crops during winter showed enhanced SOM restoration in the range
of 85%–116%. In the region, it is possible to grow crops all year along since there is only a very short
window of frost, and rainfall is generally well distributed. Typically, successful farmers use cover crops
mixtures that include black oat + vetch (Vicia sativa L.) + oilseed radish (Raphanus sativus var. oleiferus
Metzg.) before maize, which is then followed by oilseed radish during a short 3 month window after
which wheat followed by soybean are grown. This crop rotation is designed to increase crop residue
input, increase crop diversity and sustain high grain yields. In the scenario of long-term soybean as
the main summer crop, special attention must be given to the use of cover crops and pastures in the
short windows in order to maintain soil quality.

In Argentina, studies on SOM dynamics in Mollisols within the southeast of the Pampas region
showed a quick decline in SOC (Figure 8a) and its particulate fraction (POC) when soils under pasture
were converted to cropland regardless if they were managed using CT (moldboard plow) or NT
management [58–60]. Crops used in the rotation had a significant impact on the rate of SOC loss [46]
which was primarily associated with the amount of C returned through crop residues input [61,62].
Under continuous grain cropping, adoption of NT resulted in reduced losses, or even increases in SOC
and POC in shallow soil layers (0–5 cm) regardless of fertilizer management [60,62–65], or agricultural
intensification levels [66]. However, none of these studies reported improvements in SOC or POC due
only to the adoption of NT or to fertilization when the 0–20 cm depth soil layer was taken into account.
Nonetheless, the inclusion of a 3-year pasture in the rotation after 7–8 years of grain crops restored
SOC (Figure 8a) and POC contents to original contents before cropping after pasture [58,60]. These
results suggest that for the naturally rich SOM Mollisols of the southeastern Pampa, restoration and
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maintenance of SOM content within sustainable levels would require a combination of NT and pasture
in rotation with grain crops.

 
Figure 7. Soil organic matter in the 0–100 cm soil depth following the use of conventional tillage to
replace native pasture with grain crops and after conversion to no-till with different soybean-based
crop rotations. Source: Ferreira (2014) [45].

Direct consequences of SOC and POC loss under cropping systems include the reduction of
soil N and S supplying capacity [48,67–70] and an increased dependence on N [71,72] and S [73]
fertilizers to maintain crop yields. Under continuous cropping, potential N supply within 85% of
farmer fields in the southeast of Pampas region was <100 mg·N·kg−1 while only 35% of soils under
crop rotations including short term pastures were below that level [74]. Regarding aggregate stability,
both physical breakdown of aggregates and loss of SOM due to soil disturbance contributed to the
reduced aggregate stability of soils under agriculture [58,75,76] The use of NT delayed the reduction
in aggregate stability compared to CT, but ultimately, aggregate stability reached similar values for
both systems [77]. Furthermore, within the 0–20 cm soil depth, aggregate stability under continuous
cropping did not improve with the conversion of CT to NT [77]. Aggregate stability was highly
related to POC content [78] and particularly with POC content in macro-aggregates [79]. However, the
introduction of a pasture in the rotation not only resulted in recovery of SOC and POC contents but also
improved aggregate stability (Figure 8b) [58,77,78]. Based on these studies, we conclude that cropping
systems need to be designed and developed regionally. For Mollisols in Argentina under temperate
climate conditions, crop rotations including pastures were more critical to aggregate stability and
SOC content than tillage systems or fertilization. However, for tropical and subtropical environments
in southern Brazil and Paraguay, the role of minimum soil disturbance, lime and fertilization were
more critical.
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Figure 8. Changes in (a) soil organic C; and (b) aggregate stability in the arable layer of Mollisols from
the southeast Pampas region of Argentina. Elaborated from Studdert et al. [60] and unpublished data.

In a review of long term experiments in Uruguay, Garcia Préchac et al. [80] reported a six-fold
erosion reduction under NT compared to CT conditions. Soil losses were similar between continuous
pastures and crop rotations that incorporated pasture suggesting the efficacy of pastures to reduce soil
erosion was evident even in short-term rotations. Using USLE modeling, they estimated an average
annual erosion rate of less than 7 Mg·ha−1·year−1 in a Typic Argiudoll in a soybean/wheat or in a
soybean/winter cover crop rotation. This is a moderate level according to Clérici et al. [81]. Using
Century modeling [82], the same crop rotations were projected to result in long-term SOC losses.

In another study in Uruguay, Salvo et al. [83] quantified changes in SOC stocks in a long term
study that included CT and NT and two crop rotations (continuous grain crops, versus a rotation with
three-years of pasture and three years of grain crops). The study was carried on a Typic Argiudoll
and the measurements were taken 10 years after initiation of the experiment. The results comparing
NT versus CT, showed a SOC increase of 29% within the 0–3 cm depth under NT. Under CT, the
rotation that included pastures increased SOC content by 23% at the same soil depth. The inclusion of
maize under NT and pasture-crop rotations resulted in a 12% increase in SOC as compared with the
treatment with only soybean and sunflower as summer crops. The evolution of SOC and other physical
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properties after the incorporation of winter pastures such as ryegrass (Lolium multiflorum L.) and oat
(Avena sativa L.) to continuous soybeans managed under NT was investigated by Sawchik et al. [84].
After six years, SOC within the 0–7.5 cm layer was 17% higher on treatments with soybean and winter
pasture than under continuous soybean. Infiltration rates were also higher in treatments with soybean
and winter pasture compared to continuous soybean. Thus, in Uruguay, the recommendation for
maintaining a stable SOC content requires inclusion of pastures and alternating C3 and C4 summer
crops instead of using only C3 summer crops as soybean.

Soil management effects on soil quality in two long-term experiments carried out on Alfisols in
Rio Grande do Sul were evaluated by Amado et al. [85]. They found that CO2 respiration, aggregate
stability and infiltration rates were the most effective soil quality indicators to discriminate between
cropping and tillage systems. In general, the adoption of NT and use of cover crops increased CO2

respiration suggesting higher biological activity (Table 5). Adoption of NT also resulted in enhanced
aggregate stability, increased infiltration rates, and reduced soil erosion. In this study, the decline of
SOC was associated with decreased CO2 respiration, aggregate stability and infiltration suggesting a
loss of soil quality with CT and in association with lack of crop rotation. They also reported that the
soil quality kit from USDA/ARS was an efficient tool to evaluate soil quality under contrasting soil
management scenarios in the region. From the two long-term experiments, it was determined that
improved cropping systems should have legume cover crops or pasture in the crop rotation in order to
increase both crop N and C inputs to soil. Therefore, the treatments under NT that have hairy vetch
in consortium with black oats, maize in consortium with cowpea (Vigna unguiculata (L.) Walp.), or
tropical legume cover crops such as pigeon pea (Cajanus cajan (L.) Millsp.), lab-lab (Lablab purpureus
(L.) Sweet) or mucuna (Mucuna sp.) in consortium with maize had the best soil quality. Furthermore,
in this case, mineral N fertilization applied to maize did not replace the role of a legume cover crop for
improving soil quality.

Campos et al. [44] in a long-term experiment carried out on an Oxisol reported a linear relationship
between crop residue input and SOC stock in the 0–30 cm soil depth (Figure 9). This study supports
previous research suggesting an annual dry matter input of 8–10 Mg·ha−1·year−1 is needed to maintain
or increase SOC stock under NT [55]. In addition, this experiment showed an increase of 16% in crop
residue production under NT compared to CT. The increase in crop residue input under NT may be
associated with the improvement in soil fertility and soil quality compared to CT [44].
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In a study including native vegetation, CT and NT treatments from Argentina, United States
and Brazil, the role of biological activity in soil C protection was investigated [86]. The soil types
were Mollisol (United States), Vertisol (Argentina) and Oxisol (Brazil) with long-term tillage system
adoption. Microbial biomass, evaluated by total phospholipid fatty acids (PLFA), was higher in
NT than in CT for the Mollisol and Oxisol probably due to maintained permanent soil protection
and high C input by crop residues (Figure 10). Biological activity was also related to the amount of
macroaggregates in topsoil (Figure 11). The relationship was stronger in the Mollisol than Oxisol,
presumably reflecting the presence of iron and aluminium oxides and higher tillage intensity (eight
crops in three years). The presence of macroaggregates has been suggested as an important mechanism
for C protection under NT systems. With the exception of the 0–5 cm depth increment in the Oxisol, CT
and NT had decreased amounts of macroaggregates and increased amounts of microaggregates when
compared to native vegetation (Figure 12). These results agree with aggregate stability findings for
long-term tillage experiments on Mollisols from the southeastern Pampas region and Oxisols of Brazil
mentioned previously. Long-term NT adoption contributed to the improvement of some soil quality
indicators in the region and was crucial for reducing soil erosion. However, quality of agricultural soils
in the region has been affected despite the unprecedented adoption of this soil conservation practice.
Fortunately, research findings point out that soil quality recovery throughout the region is possible
with an integrated soil management approach that includes NT, crop rotations that include short term
pasture, and balanced fertilization.

 

Figure 9. The relationship between annual C input and soil organic C stocks (0–0.30 m) within
a subtropical Oxisol under conventional (CT) and no-till (NT) systems. Source: Campos et al. [44].
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Figure 10. Mean and standard error (SE) values for microbial biomass estimated through PLFA using
tilled (T), no-till (NT) and native grassland samples from the 0–0.05 m increments of an Oxisol (Brazil),
Mollisol (USA) and Vertisol (Argentina). Source: Fabrizzi et al. [86]. Reproduced with permission from
journal of Biogeochemistry.
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Figure 11. The relationship between microbial biomass, estimated through the PLFA technique, and
the amount of macroaggregates (>250 μm) in an Oxisol (�), Vertisol (�), and Mollisol (♦). Source:
Fabrizzi et al. [73]. Reproduced with permission from journal of Biogeochemistry.

 

Figure 12. Distribution of sand-free water stable aggregates (WSA) under tilled (T), no-till (NT) and
native grassland within the 0–5, 0–15, and 15–30 cm depth increments for the Oxisol, Vertisol, and
Mollisol sites. Error bars represent the standard errors of the means. Source: Fabrizzi et al. [73].
Reproduced with permission from journal of Biogeochemistry.

7. Strategies for Protecting and Restoring Regional Soil Quality

Recognizing that soil is a nonrenewable resource, several legislative efforts have been initiated
throughout the region to recognize, conserve, and protect both the ecosystem services and capacity for
food production provided by agricultural soils. Bolivia and Uruguay have national laws of soil use and
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conservation under agricultural management, while in Argentina and Brazil several provinces/states
have specific legislation for soil conservation. In Uruguay, farmers are currently required to develop
a Land Use Management Plan with the advice of a certified agronomist for each specific field under
agricultural management [87]. Each management plan is then used to determine potential soil erosion
associated with the proposed management by using a software package (Erosion 6.0) based on the
Universal Soil Loss Equation (USLE). For a plan to be approved, the estimated potential erosion needs
to be less than the maximum allowable soil loss threshold for that soil. The Environment Protection
law in Bolivia states that agricultural activities should maintain soil productive capacity and avoid soil
loss and degradation [88]. To obtain and maintain a soil use license, farmers need to comply with the
solicitation requirements by presenting a Management Plan and a Study of Environmental Impacts, to
follow the conditions stated in the granting documentation (the Environmental Impact Declaration)
of the regulatory authority, and to report the plan progress. The license is valid for 10 years if all the
requirements are met. In San Luis province (Argentina), there is an enforced legislation with emphasis
on peanuts (Arachis hypogeae L.) due to the crop’s high risk for soil erosion. Similar to Uruguay, farmers
that want to grow peanuts in San Luis province are required to present a five year management
plan with the advice of a certified agronomist for each field under production [89]. The plans are
evaluated for the potential soil loss based on soil and landscape characteristics, proposed rotations and
technology. In Entre Ríos province, Argentina [90], and Parana State of southern Brazil there are specific
legislative actions promoting soil conservation practices (e.g., construction of terraces). The legislation
is voluntary with modest government support in Argentina, but mandatory in Brazil. The Argentinean
legislation in Entre Ríos province also establishes mandatory and voluntary areas for implementation
of conservation practices in the province, where farmers in mandatory conservation areas should abide
to the conservation guidelines. While not widely spread in the region, these soil conservation efforts
based on research findings constitute a starting point for directing the future agricultural expansion
towards socially acceptable, economically viable, and environmentally sustainable systems.

8. Summary and Conclusions

This review provides an overview of research that supports our hypothesis that South America’s
current agricultural practices are detrimental to long-term soil quality even though NT has become a
cornerstone for those practices. The analysis highlights the impact of monocultures and a general lack
of biodiversity on soil degradation through wind and water erosion, SOM depletion and nutrient loss.

We found that regional economic and land tenure conditions are at odds with practices aimed at
long term soil quality conservation and improvement. However, there is strong evidence that farmers
embrace new practices if they understand the challenges and benefits. In the region, the adoption of
NT was a voluntary reaction by farmers, agronomists and researchers in response to the unsustainable
soil erosion observed under CT. The region’s adoption of NT was a huge success reaching more
than 54 million ha (approximately 45% of global NT area) in less than three decades without direct
government financial support for the conversion from CT to NT. In the soybean cropland of the main
agroecozones, NT reached adoption rates as high as 90%.

Codifying this trend, Uruguay and Bolivia, and provinces/states in Argentina and Brazil
established soil conservation regulations. A couple examples include requiring soil use management
plans with a crop rotation program (Uruguay and the San Luis province, Argentina) and promoting the
construction of terraces (Entre Ríos province, Argentina and Parana state, Brazil). These government
programs differ greatly from those in USA, Canada, and Australia, because they do not stimulate
farmers economically for adopting conservation management practices and providing environmental
services for the entire society.

Regional farmer adoption of NT without government support needs to be used as an example
when looking for solutions to resolve soil degradation problems and the need for increased biodiversity
and crop diversification. Developing and achieving adoption of alternative crop rotation systems
with equivalent economic return has been a challenge for regional farmers, despite the positive and
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well-documented impacts of incorporating cover crops, pasture and even maize in the rotation found
in agronomic research. There remains a need for multiple types of educational materials and programs
that emphasize the importance of conserving the environment and enhancing soil quality. Ultimately,
however, farmer compensation (direct and/or market based) for environmental services (i.e., carbon
sequestration, reducing nutrient runoff, and increasing biodiversity) may be required to overcome the
increasing use of crop monocultures. In developed countries, consumers and retailers are requesting
sustainable agricultural commodities. These demands will affect the global supply chain and producers
will need to adapt to meet those requirements that often include soil quality performance indicators.

Argentina, Bolivia, southern Brazil, Paraguay and Uruguay have tremendous agricultural
potential but without aggressive action and changing current crop production trends, the region will
suffer soil degradation as the growing global population increases demand for food. New paradigms
of agricultural production are needed to improve current soil conditions. Increased cooperation
between the government, scientific community and farmers is crucial for developing effective long
term solutions. Everyone’s aim should be to develop more sustainable agricultural systems that
balance soil quality, environmental sustainability and agricultural production while maintaining
economic and social benefits for all.
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Abstract: Soil degradation can take many forms, from erosion to salinization to the overall depletion
of organic matter. The expression of soil degradation is broad, and so too are the causes. As the
world population nears eight billion, and the environmental uncertainty of climate change becomes
more manifest, the importance of our soil resources will only increase. The goal of this paper is to
synthesize the catalysts of soil degradation and to highlight the interconnected nature of the social
and economic causes of soil degradation. An expected three billion people will enter the middle class
in the next 20 years; this will lead to an increased demand for meat, dairy products, and consequently
grain. As populations rise so do the economic incentives to convert farmland to other purposes. With
the intensity and frequency of droughts and flooding increasing, consumer confidence and the ability
of crops to reach yield goals are also threatened. In a time of uncertainty, conservation measures are
often the first to be sacrificed. In short, we are compromising our soil resources when we need them
the most.

Keywords: soil erosion; salinization; land degradation; soil degradation; climate change

1. Introduction

The year 2015 has been declared the International Year of Soils by the United Nations (UN). The
goal is to raise global awareness of the importance of soil for food security, climate adaptability and
ecosystem functioning. Inspired by the UN’s declaration, this paper serves to acknowledge the vital
role that soil plays in our ecosystem, with particular emphasis on the increasingly significant role
that degraded soils will play as the global population rises, and resources are stressed by climate
instability [1]. The first section addresses the importance of preserving our soil resources as agricultural
demand is amplified by shifting dietary expectations and an overall increase in earth’s population.
As agricultural demand increases, more output will be required of our soil resources, which in
turn may increase the rate of soil degradation. Considering that 25% of agricultural land is already
highly degraded, research addressing the ability of our land resources to meet agricultural demand
on increasingly degraded soils is an area of study that demands attention [2]. The second section
places this increased agricultural demand in the context of climate instability and the resultant, and
already occurring, strain on our natural resources. Often, when uncertainty is looming, such as a
fluctuating climate and an unclear ability to meet demand, soil conservation measures are the first
to be sacrificed in order to reach yield goals. However, this near-sighted approach compromises
our soil resources when we need them the most. The soil plays a critical role in buffering against
climate extremes, and yet the role of degraded soils in climate models remains poorly studied. The
goal of this paper is to bring into focus the increasingly important role that our soil resources, and
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particularly degraded soils, will play in the future. As more output is demanded of our soil, and
climate volatility compromises the ability to meet this demand, maintaining healthy soils will only
become more difficult, but more necessary.

2. Soil Degradation: A Global Pandemic

The expression of soil degradation is varied, but as the other papers in the journal demonstrate,
it is extensive. Soil degradation is not isolated to one region, or even one continent; it is a world
problem. Eleven percent of the earth’s land surface is occupied by agriculture and 25% is already highly
degraded according to the UN’s Food and Agriculture Organization [2]. Although the expressions
of soil degradation range from salinization to the overall depletion of organic matter and nutrients,
perhaps the two most extensive forms are salinization and erosion.

Salinization, or the buildup of salts in soil, decreases the osmotic potential of soils so that plants
are unable to take up sufficient water to meet physiological needs. Additionally, reclaiming saline soils
usually requires large amounts of irrigation water which, as will be discussed later, is a limiting resource
in many regions. Salinization is an ancient problem; the birthplaces of agriculture, Mesopotamia and
other parts of the Fertile Crescent, were degraded by salinization to the point of abandonment. Today,
34 million ha of land are affected by salinization and some of the major hotspots are in the United
States, Pakistan, Iraq and China [2]. Wood [3] estimates that, globally and at varying degrees, salinity
will affect an additional 1.5 million ha of arable land each year.

Erosion is the dominant form of soil degradation [4,5]. Erosion removes the most nutrient rich
and organic matter dense layer of a soil profile. In turn, this can compromise soil fertility, structure
and available water holding capacity. The reach of soil erosion is global and the rate at which it is
occurring is often unsustainable. In Europe, Verheijen [6] found that on tilled, arable land, soil is
eroding, on average, at 3–40 times the upper tolerable rate of 1.4 t/ha annually. In sub-Saharan Africa,
Vlek [7] found that 70% of farmland is degraded due to erosion. In the United States, a meta-analysis
by Pimental [8] reports that soil is eroding ten times faster than regeneration rates, while in China
and India the rates are 30–40 times faster than regeneration rates. Globally, Montgomery [9] estimates
that conventional agriculture practices result in erosion rates that are one to two orders of magnitude
greater than both the erosion rate under natural vegetation and soil regeneration rates. In layman
terms, we are losing soil much faster than we can replace it.

Additionally, the majority of water-induced soil erosion estimates do not include soil lost from
ephemeral gullies, or the cuts in the land that form seasonally [10]. This means that while our estimated
and reported soil erosion rates have, in many cases, already reached unsustainable levels, the reported
values are potentially much lower than what is actually happening on the ground. Estimated soil
erosion rates normally include only sheet and rill erosion components, and are typically reported as
averages over relatively large geographical areas, such as reported periodically by the United Stated
Department of Agriculture in the National Resources Inventory (NRI) [10]. The NRI uses a stratified
statistical sampling methodology allowing definable confidence levels to be identified regarding soil
erosion estimates for each state in the United States. The NRI is a critically important and reliable
resource, however, it does not illustrate soil erosion rates occurring at spatial scales that account for
topographical features, management decisions, and variable rainfall.

To illustrate, as shown in Figure 1, in 2011 the Environmental Working Group utilized the Iowa
Daily Erosion Project [11] to identify estimated soil erosion rates for each township in Iowa for 2007
and contrasted results to those of the NRI statewide average for that same year [12]. For the state, NRI
erosion estimates were 11.6 Mg/ha for 2007, while the Iowa Daily Erosion Project estimated that at the
township level more than 2.4 million ha, or close to 17% of the state, was eroding at rates greater than
22 Mg/ha. The maximum estimated township erosion rates were over 130 Mg/ha in 2007. Further,
estimates at the township level, approximately 100 km2, are still too coarse to adequately express the
intense spatial variability of soil erosion at the field scale. Current erosion estimates, averages at large
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spatial scales, therefore inadvertently conceal the damage to critical crop production areas and give a
false sense of security on the impacts to crop production.

As the Food and Agriculture Organization reported, soil degradation is not a theoretical problem;
it is actively diminishing production capacity and compromising livelihoods at this very moment [2].
Giller [13] found that on experiments in Zimbabwe, degraded soils were less likely to respond
to fertilizers because of deficiencies of Ca, Zn, N and P. In Ghana, Diao [14] asserts that land
degradation associated with soil erosion will reduce agricultural income from 2006 to 2015 by
approximately $4.2 billion or 5% of agriculture’s gross domestic product. Due to erosion, yields
have been compromised by 20% in India, China, Iran, Israel, Jordan, Lebanon and Pakistan [15].
Globally, salinity has the potential to decrease production at a cost of $11 billion per year [3]. And
lastly, Pimentel [8] found that soil erosion costs the US $37.6 billion each year in productivity losses,
while worldwide the estimate is close to $400 billion annually.

Soil degradation, however, is not an inevitable result of agriculture; while 25% of cultivated
land is highly degraded, 10% is improving [2]. The need to maintain and improve our soil resources
will only become more essential as demand for agricultural products increase, and land and water
resources diminish. Ironically, rising agricultural demand and resource stress are increasing reliance
on our soil resources while also driving soil degradation. The next sections of this paper will explore
some of the socio-economic and environmental factors that drive soil degradation.

 

Figure 1. Average estimated sheet and rill soil erosion rates for each township in Iowa for 2007 [12].

3. Increased Demand for Agricultural Products: Rising Populations and Shifting Class Lines

In the next 40 years, it is predicted that the world population of 7.1 billion will swell by 35% [16].
This growing population will result in an increased demand for agricultural products, and intensifying
demands on cropland. One-third of the food produced for human consumption is currently wasted
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every year, and unless there are drastic improvements in the supply chain and individuals’ lifestyles,
this trend will remain a constant, and any increase in population will require an increase in calories
produced [17]. Not only is the population as a whole rising, but socio-economic shifts within the
population are leading to an increased demand for meat and dairy products, and further demand on
grain production.

Three billion people are expected to enter the middle class in the next 20 years [17], and as pointed
out by Conway [18], growth in domestic product increases in unison with meat demand. What does
this increased meat consumption mean for land and water resources? We will assume that the average
“new” middle class will consume ~0.19 kg/capita/day of meat, or 60% of the average daily meat
consumption of a US citizen [19]. Meat consumption in developing countries currently averages
0.09 kg/capita/day [20]. If three billion people are added to the middle class and meat consumption
increases from 0.09 kg/capita/day to 0.19 kg/capita/day, this means an additional 300 million kg
of meat must be produced daily. Assuming a 25% average protein content for meat, 75 million kg of
animal protein must be produced daily to meet this need [21].

In turn, animals must consume 100–2200 kg of dry matter in order to produce one kg of protein.
The conversion efficiency depends on the species of animal, environment, and quality of dry matter
being fed [21]. If we assume the most efficient conversion (100 kg dry matter intake per 1 kg protein
produced), our land and water resources must produce an additional 7.5 billion kg of dry matter
daily. Herrero [21] indicates that the daily global dry matter consumption by livestock in 2000 was
approximately 12.9 billion kg. The implication for greater feed production per unit of land area and/or
expansion of land area for animal feed production is nontrivial. Currently, livestock production
accounts for 23% of all agricultural water use; growth in animal production to meet this rising demand
will significantly amplify water demand beyond the strain we are currently experiencing [20].

Further heightening the pressure on land resources is increased biofuel production. In the United
States, ethanol, a corn-based biofuel, consumes 25% of the annual maize harvest [22]. From 2000 to
2013, this was an increase of almost 720% [23], with the amount of land dedicated to biofuel production
increasing by 10% during the same period [24]. This statistic also takes into account that one-third
of the calories used in ethanol production can be recycled for animal feed [25]. In Europe, by 2020
European Union Member States have predicted an increase of 4.1–6.9 million ha of land use changes
associated with biofuels [26]. Although estimates for the amount of crops and land dedicated to biofuel
use are varied, most studies are in agreement that the number is increasing [27–29]. Additionally, the
rising number of hectares that are used for biofuels is not at the expense of uncultivated land, but
rather land that is already dedicated to food or feed crops [24]. Thus, the soil is likely to be used more
intensely as food production competes with fuel production on finite, and decreasing, land resources.

In the past, a Malthusian catastrophe was avoided by improved plant varieties, and increased
fertilizer and irrigated water use associated with the Green Revolution [30]. However the innovations
of the Green Revolution may be reaching important plateaus [27,31]. During the Green Revolution
productivity growth was at ~2% per year, while today it has declined to ~1% [32]. Yield plateaus
have been observed in rice in the Republic of Korea, and wheat in northwest Europe, and India.
Additionally, production plateaus have been witnessed for rice and maize in China, which is currently
the largest producer of these crops [33]. Despite attempts to make “drought resistant” crops, yield
gains will always be tied to the availability of water sources and a fundamental principle of plant
physiology that nutrients can only be taken up by the plant in solution. Sinclair [34] clearly articulates
that continued crop yield increases are not likely since yield is coupled to transpiration, and a plant
cannot continually and exponentially increase its water uptake. Evidence is also mounting that past
yield gains have come at the cost of nutritional content as well as the crops’ ability to respond to
environmental stresses such as drought [35,36]. Thus a higher quantity of crops may be needed to
meet the nutritional needs of a single person while the population as a whole is rising.

Further threatening food production is the reality that agricultural land is rapidly being converted
to other uses for economic gain. Lambin [37] predict that urbanization will remove 1.6–3.3 Mha of
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prime agricultural land from production every year. In Bangladesh, land is being converted at an
annual rate of 0.56%, resulting in a loss of rice production of 0.86%–1.16% annually [38]. Land use
plans in Indonesia have called for as much as 42% of their high-producing rice paddy fields to be
converted to other uses [39]. Rice is a major food source for over half of the world’s population, and
Bangladesh and Indonesia are the third and fourth highest suppliers of rice after China and India [40].
In the United States, over 9.3 million ha of agricultural land were converted to nonagricultural uses
from 1982 to 2007, or about 2.5% of farmland [41]. As agricultural land is lost to urbanization, often
ignored is the additional cost to our soil resources; globally 1.0–2.9 million ha of soil are degraded
annually as a result of expanding cities [37]. Agricultural land area is decreasing and likely to be used
more intensely due to the successive forces of rising populations, expanding cities and soil degradation.
But in order to provide for the growing population on fewer hectares, we must first preserve our
current soil resources. Here is yet another example of the paired fate of increased calories and soil
resources; the former cannot be accomplished without maintaining the latter.

With rising food demand and a marginal ability to meet this demand due to soil degradation
and land conversion, we are increasingly susceptible to production shocks and ensuing volatile food
prices [42]. These “shocks” pose a significant threat to our soil resources as price volatility leads to
conservation measures being undervalued and often abandoned. Generally, gross food prices have
fallen over the past century and stabilized in the past three decades, but these trends have recently
been interrupted by spikes in food prices [43]. Food prices, an indicator of global food availability,
have been implicated as a harbinger of political unrest. Lagi [44] point out that in 2008, food riots
occurred in 30 countries in North Africa and the Middle East which were experiencing high food
prices. In early 2010 and late 2011, even higher food prices corresponded with riots in Mauritania,
Uganda and other countries associated with the Arab Spring [44]. The root cause of these spikes in
food prices is still being debated, although most researchers agree that resource competition due to
biofuel production is a factor [45,46]. One thing is certain, as the demand for agricultural products
increases due to rising biofuel production, growing populations and the improved economic status of
billions, more will be asked of our land resources. Healthy soils will be necessary to meet these rising
demands and avoid the political unrest that often accompanies food price volatility.

4. Resource Stress: Climate Change and Our Soil Resources

In 2013 the concentration of greenhouse gases in our atmosphere outpaced predictions and
reached historically high levels [47]. As the concentration of these heat-trapping gases has increased,
so too have global temperatures. According to the International Panel on Climate Change (IPCC), the
period from 1983 to 2012 was the warmest three decades in the past 1400 years [29]. Needless to say, the
effects of climate change are not likely to decrease in the near future. And with each degree of warming,
the environmental repercussions are neither incremental nor linear, but exponential [29,48,49]. Impacts
include volatile and increasingly intense precipitation events, lengthier droughts, sea level rise and
decreasing water resources [29]. However, climate models that forecast these events rarely include the
limitation of highly degraded soils in their interaction studies. The next section will detail the resource
stress that is likely with climate change. It serves to highlight the importance of maintaining our soil
resources as a buffer against climate extremes as well as critical to reaching yield goals.

The majority of crop models predict that global crop yields are declining and will continue
to decline as a result of climate change [29,42,50,51]. Lobell [52] found that from 1980 to 2010, the
warmest three decades in the past 1400 years, global maize harvest was reduced by 3.8% while wheat
was reduced by 5.5%. Although there are significant regional differences in the effect of climate
change on crop yields, there is particular consensus that yield losses will occur at low latitudes and
tropical areas [29]. These are often the areas, as Wheeler [53] points out, where individuals are already
suffering from hunger [30]. More positively, many researchers agree that increased temperatures will
have a positive effect on production potential at higher latitudes, although the accompanying soil
limitations at these latitudes are rarely addressed [49,50]. In fact, the most recent IPCC Report notes

264



Sustainability 2015, 7, 866–879

that scientific publications assessing climate impacts, adaptation and vulnerability have “more than
doubled” between 2005 and 2010, while studies that address the intersection of climate change and
soil resources, particularly the increasing prevalence of degraded soils, are minimal [28,29].

Rising atmospheric CO2 levels result in warmer air which is able to hold a higher water vapor
content. As the global hydrologic cycle intensifies so too will precipitation extremes such as extended
wet and dry periods [29]. It is predicted that dry areas, such as sub-tropical regions, will become drier,
and wet equatorial regions, will become wetter [54–56]. The productivity of agricultural systems is
likely to be limited by environmental extremes rather than averages. For instance, plant response
to extended periods of drought will be more important than gradual and incremental changes in
precipitation averages. Just as the response of degraded soils is rarely addressed in climate change
studies, research addressing crop response to variance in climate change, such as extended wet or dry
periods, is needed.

Higher energy storm potentials and extreme precipitation events are also being observed and
predicted as a result of increased energy being stored in the atmosphere as latent heat [29,57]. According
to Nearing [58], as precipitation increases, soil erosion increases by a factor of 1.7, thus heightening
the vulnerability of soil under future climate scenarios. A healthy soil, with high organic matter, can
help buffer against precipitation extremes through increased aggregation which allows for higher
infiltration and increased water and nutrient retention [59]. Soil productivity of vast areas has been
reduced, and in some areas totally lost, due to soil degradation associated with erosion; a climate with
an increasing frequency of extreme rainfall events will likely accelerate this process.

In order to understand the potential impact of precipitation and temperature fluctuations, we will
take a closer look at the European continent. Fischer [60], using terrain suitability and current rainfall
patterns, identified a broad band across Europe as having a high, relative, suitability for rain-fed
agriculture. This observation is not surprising considering that central Europe has a high concentration
of organic matter rich Mollisols [61]. However, as Figure 2 shows, the IPCC has pinpointed a similar
band across Europe as being likely to experience a decrease in summer rainfall of more than 20% in the
coming decades [62]. While growing seasonal rainfall is predicted to decrease, Figure 3 demonstrates
that temperatures over the European land surface have rapidly increased since the mid to late 1980s [63]
causing hotter and drier summer conditions, and an increased likelihood for crop stress. And perhaps
the greatest threat to production potential, and in particular rain-fed crop potential, is the alarming rate
of soil degradation in this region identified by Verheijen [6]. These analyses for the European continent
serve to highlight two facts. First, we cannot properly address the risks and impacts of climate change
without including soil degradation as a limiting factor. And, resource stress, such as precipitation
declines, means modelers and land managers alike need to value the role that healthy soils play in
buffering against climate extremes.

Through variable and extreme temperature and precipitation events, like those seen in Europe,
climate change is likely to cause resource stress and crop yield fluctuations. As the global population
rises and class lines shift, there is also high certainty that demand for agriculture products will increase.
The combination of these two pressures, unstable crop yields and fluctuating populations, is likely
to lead land managers to rely heavily on irrigation to stabilize their crop yields. Already, modern
agriculture and irrigation are tightly linked. The UN’s Food and Agriculture Organization states
that 20% of agricultural land is irrigated, and this land provides 40% of the world’s food supply [64].
Irrigated land produces yields that are, on average, two to three times higher than rain-fed land in
developing countries [65]. Agriculture relies on the weather, an inherently risky position, but irrigation
reduces the risk and allows higher and more stable crop yields and a more predictable income for
the farmer.
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Figure 2. Projected patterns of precipitation change across the globe for the 21st century. Left side
projects for the months of December, January and February. Right side projects changes for the months
of June, July, and August [62].

 

Figure 3. For the period 1850–2009, observed annual temperature (C◦) deviations from the 1850–1899
average, and 10-year average for the same period over the European land surface (left). For the period
1850–2009, observed 10-year average temperature (C◦) deviations from the 1850–1899 average for the
European land surface (right) [63].

However, our freshwater resources are finite, and nowhere is this better illustrated than in our
depleted groundwater supplies. The High Plains Aquifer in the central United States is one of the
world’s largest freshwater aquifers and the main source of irrigation and drinking water for the eight
states that overlie it. Unsustainable pumping of the aquifer has resulted in water level declines of
greater than 45 m in parts of Texas, New Mexico and Kansas [66]. In northern China, where the
majority of the country’s cereals, cotton, fruits and vegetables are grown, groundwater levels have
declined at the rate of 0.5 to 3 m annually in the last three decades [67]. Saudi Arabia, in the past,
used irrigated aquifer water for domestic wheat production, but today the vast majority of wheat
is imported because of depleted groundwater supplies that were increasingly difficult to reach [68].
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Globally, Konikow [69] estimates that groundwater has been depleted by approximately 4500 km3

between 1900 and 2008, with the highest rate of depletion in the last decade. Providing for a growing
population with less water for crop production seems a stark reality, and one that will most likely
require increased dependence on healthy soils and rain-fed agriculture.

5. Conclusions

Climate scientists are in agreement that the foreseeable future holds a higher propensity for
extreme weather events, and an overall, and growing, strain on earth’s resources. The main conclusion,
however, is that our climate is changing and our future is increasingly uncertain. Adding to this
uncertainty is the lack of inclusion given to soil, and particularly degraded soils, in climate models.
Perhaps this is because soil is viewed as static, but it is more likely that studying the impact of multiple
and interconnected stressors on our environment is a difficult venture. However, this is the future of
our food production system, and soil degradation must be recognized as playing a dominant role or
projections will not adequately represent our future.

Accelerated soil degradation is likely with increasing precipitation intensity and frequency,
limiting water resources, and an increased demand for agricultural products from a growing
population. Degradation is likely to accelerate as land managers respond to climate variability and
increased demand by abandoning long-term soil conservation measures in order to insure yield goals
for the current year. Here is the soil degradation paradox: climate variability and a growing population
directly and indirectly lead to soil degradation just as healthy soils are increasingly needed to buffer
against climate extremes and provide for the population.

Just as the causes of soil degradation are varied and interconnected, the solutions require
cooperation, innovation and communication across many groups. The first step is for the scientific
community to recognize the societal value of soil and to include it in their discussions, studies and
models. In order to accomplish this, soil scientists must be included in trans-disciplinary studies,
and soil scientists themselves must broaden their focus and publish their results in a language that
is accessible to others. While 25% of agricultural land is highly degraded, 10% is improving [2]. Soil
degradation is not an inevitability of agriculture; on the contrary, agriculture can and has improved
degraded land by rehabilitating saline soils and implementing conservation measures. By being
cognizant of the drivers of soil degradation and recognizing the soils critical role in providing for a
growing planet and buffering against climate change, we can avoid the soil degradation paradox.
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Abstract: The extent and causes of chemical, physical and biological degradation of soil, and of
soil loss, vary greatly in different countries in Western Europe. The objective of this review paper
is to examine these issues and also strategies for soil protection and future perspectives for soil
quality evaluation, in light of present legislation aimed at soil protection. Agriculture and forestry
are the main causes of many of the above problems, especially physical degradation, erosion and
organic matter loss. Land take and soil sealing have increased in recent decades, further enhancing
the problems. In agricultural land, conservation farming, organic farming and other soil-friendly
practices have been seen to have site-specific effects, depending on the soil characteristics and the
particular types of land use and land users. No single soil management strategy is suitable for all
regions, soil types and soil uses. Except for soil contamination, specific legislation for soil protection
is lacking in Western Europe. The Thematic Strategy for Soil Protection in the European Union has
produced valuable information and has encouraged the development of networks and databases.
However, soil degradation is addressed only indirectly in environmental policies and through the
Common Agricultural Policy of the European Union, which promotes farming practices that support
soil conservation. Despite these efforts, there remains a need for soil monitoring networks and
decision-support systems aimed at optimization of soil quality in the region. The pressure on
European soils will continue in the future, and a clearly defined regulatory framework is needed.

Keywords: soil quality; Western Europe; sustainable soil management

1. Soil Degradation in Western Europe

1.1. Geographical Diversity of Soils in Western Europe

Western Europe (WE) is a loose term for the collection of countries lying in the most westerly part
of Europe. However, the definition is context-dependent as it has political and geographic connotations.
From a geographical point of view, the United Nations’ geoscheme divides Europe into four regions:
Western, Eastern, Northern and Southern Europe [1]. In this paper, the term WE is used to refer to
countries in the Western half of the continent, including the Western, Northern and Southern regions [1].
Most of the countries border with the Atlantic Ocean and/or the West Mediterranean Sea. The region
includes the countries that had joined the European Union (EU) before 2000 (Table 1) and which have
therefore implemented Common Agricultural Policy (CAP) regulations and other EU environmental
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directives affecting soils (i.e., Nitrates, Water and Pesticides Framework Directives) during at least the
last 15 years. Iceland, Norway and Switzerland are included because of their geographical location.
Historical land government and ownership also have common traits in the region. As a result, the
trends in agricultural and forest soil management, and the strategies for mitigating soil degradation
are somewhat similar in these countries.

In WE, interactions between climatic, geological and topographic conditions have resulted in a
large natural diversity of soils. Twenty-three of the 32 reference soil groups included in the World
Reference Base [2] occur in WE. Soil groups are presented for each country in Table 1, following
the Soil Atlas of Europe [3]. The most common soils across WE are Cambisols, Podzols, Leptosols,
Luvisols, Fluvisols Gleysols, Regosols and Calcisols. However, distribution of the soils is uneven.
Cambisols and Podzols each occupy 12%–14% of the total land in Europe. Cambisols occur in a wide
variety of environments and under all types of vegetation, and they are present in almost all countries.
Podzols are mainly present in the boreal and temperate zones of Northern countries (Norway, Sweden,
Finland, Denmark, Scotland, N Germany and some areas of France and the Alps). Leptosols (9% of the
European land) are mainly present in mountainous regions of Spain, France, Switzerland, NE Italy,
and Norway. Luvisols, Fluvisols, Histosols, Gleysols, Regosols and Calcisols each occupy 5%–6% of
the land. Fluvisols are common in river fans, valleys, and tidal marshes in all climate zones. Histosols,
which mainly comprise organic matter, are common in boreal and sub-artic regions, Scotland and
Ireland. Gleysols occur in lowland areas that have been saturated with groundwater for long periods,
mainly in the United Kingdom (UK) and Ireland. Regosols are widespread in arid and semi-arid areas,
as well as in mountainous regions of Portugal and Spain. Finally, Calcisols are also common in Spain.
They appear in regions with calcareous parent materials and distinct dry seasons, and in dry zones
where carbonate-rich groundwater appears near the surface.

Table 1. Major soil types in each country according to the Soil Atlas of Europe [3]. Soils shown in bold
type are predominant in the particular country.

European Region Country * Main Soil Types [2]

North Western

Denmark * Cambisol, Gleysol, Luvisol, Podzol
Finland * Cambisol, Gleysol, Histosol, Leptosol, Podzol
Iceland Andosol, Histosol, Luvisol, Podzol, Umbrisol

Ireland * Cambisol, Gleysol, Leptosol
Norway Albeluvisol, Cambisol, Leptosol, Phaeozem, Podzol
Sweden * Cambisol, Histosol, Leptosol, Podzol, Regosol

United Kingdom * Cambisol, Gleysol, Histosol, Leptosol, Luvisol, Podzol, Umbrisol

Central Western

Austria * Cambisol, Chernozem, Fluvisol, Leptosol, Luvisol, Podzol
Belgium * Albeluvisol, Cambisol, Fluvisol, Luvisol, Podzol
France * Albeluvisol, Andosol, Calcisol, Cambisol, Leptosol, Luvisol, Podzol

Germany * Cambisol, Chernozem, Fluvisol, Luvisol, Podzol, Umbrisol
Luxembourg * Arenosol, Cambisol, Fluvisol
Netherlands * Fluvisol, Gleysol, Histosol, Podzol
Switzerland Albeluvisol, Cambisol, Leptosol, Luvisol, Podzol, Umbrisol

South Western

Greece * Cambisol, Fluvisol, Leptosol, Luvisol, Vertisol
Italy * Andosol, Calcisol, Cambisol, Fluvisol, Leptosol, Luvisol, Podzol, Vertisol

Portugal * Cambisol, Fluvisol, Luvisol, Podzol, Regosol, Umbrisol, Vertisol

Spain * Calcisol, Cambisol, Fluvisol, Gypsisol, Leptosol, Luvisol, Regosol,
Umbrisol, Vertisol

* Countries indicated with an asterisk are part of the European Union.

Different risks and soil degradation processes occur within the various areas of WE because of
significant differences in the intrinsic properties of these types of soils and local variations in each
soil group.
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1.2. Historical Soil Management and Present Land-Use Patterns

Land and soil are fundamental pillars of agricultural economies and are essential for industrial
and urban development. In WE, agriculture and forestry have traditionally been the most widespread
types of land use and have shaped the rural landscape [4]. Their relative importance has changed
throughout history. The historical relationship between these types of land use has been shaped by
socioeconomic and technological changes, demographical fluctuations and environmental variability.
At the beginning of the Middle Ages, more than 80% of the population in WE was working in
agriculture [4]. In the 14th century, the European population was drastically reduced as a result of the
Black Death, and the cultivated area thus became smaller. The agricultural area then expanded until the
end of the 18th century, when a new period of contraction began due to the increased productivity per
hectare. During the 19th century, the agricultural area again expanded because population growth rate
exceeded the agricultural productivity per hectare. Forests expanded and contracted in the opposite
fashion to agricultural land. About half of WE forests are estimated to have been cleared prior to
the Middle Ages [5]. The highest rates of deforestation occurred on the land best suited for farming,
especially in France, Germany and the UK. Since then, the periods of most intense deforestation have
coincided with those of high economic activity. Trees were felled when grain prices rose and forest
land was converted to cropland. The use of wood for construction and shipbuilding also contributed to
forest degradation and eventual deforestation in France, Portugal and Spain. Wood was also needed to
fuel foundries and smelters early on in the Industrial Revolution, resulting in further forest degradation
and deforestation, even on land not suitable for agriculture. Old-growth, primary forests essentially
disappeared from WE in these periods. In the last 150 years, forests planted to produce raw materials
expanded dramatically in WE. Requirements for food and/or timber, as well as town and country
planning, were therefore the drivers of land use in WE until the mid 20th century.

In the early 1960s, the European Union’s CAP enforced some degree of harmonization in
agriculture and influenced land use patterns in many WE countries. The CAP was designed to
guarantee the supply of sufficient food for EU citizens, to support the price of agricultural products,
and to provide farmers with an acceptable level of income. Implementation of the CAP together with
technological progress caused a sharp increase in agricultural productivity, which led to overproduction
of agricultural goods in the 1970s and 1980s. In the following decades, the CAP has been reformed
several times to regulate agricultural production and stabilize agricultural markets (see Section 3.2).
As a consequence, the recent history of land use patterns again shows contraction of agricultural
areas and expansion of forests. This process, which is particularly notable in the extensive margins
(i.e., alpine regions), has somewhat counterbalanced the historical loss of forest.

Nowadays, rural European landscapes are generally still strongly linked to agriculture and
forestry. In 2009, agriculture (43% of the surface) and forestry (30%) were the most common primary
land use categories in the EU [6]. As shown in Table 2, the land cover pattern in WE shows a clear
North-South gradient [6–9]. Semi-natural forest prevails in the Northern countries (Norway, Sweden
and Finland), while agricultural land (arable land, permanent crops and grassland) dominates the
rural landscape between Denmark and Southern Europe, as well as in the UK and Ireland.

The proportion of arable land that is actually cultivated varies greatly among countries. This
is related to population density and traditional land use. In the tilled arable area, although the
most widespread system across WE is conventional tillage, the tillage systems vary greatly between
countries [10] (see below, Section 2.1). Regarding woodland, the most common function of forests
in WE is for wood production, although different patterns also exist among regions and countries.
The Atlantic area of WE is characterized by forest plantations, which cover more than 5 million ha in
Portugal, Spain, France and the UK, producing 33 million m3 of wood in 2012. As a region, WE is the
sixth industrial roundwood producer of the world, just behind Chile and in front of New Zealand.
In the WE, the proportion of industrial roundwood produced in plantations is 31% in France, 52% in
Spain, 65% in UK and 99% in Portugal [5]. The most common species in planted forests in WE are
Eucalyptus spp., Populus spp; Picea sitchensis, Pinus radiata and Pinus pinaster.
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Land management in agriculture and forestry has had a strong impact on the natural environment,
including soils. On the one hand, over the centuries, farming has created and maintained a variety of
valuable semi-natural habitats on which a wide range of wildlife depends for survival. On the other
hand, land use changes and farming practices have also had negative impacts on natural resources,
such as habitat fragmentation, loss of biodiversity and soil degradation. In particular, more than half
of the land in Europe has suffered some type of soil degradation in the last few decades [11].

Table 2. Land use in each country in Western Europe (as a percentage of total land area).

European
Region

Country Woodland Cropland Grassland
Artificial

Land
Other *

North
Western

Denmark 18.3 48.5 21.1 7.1 4.9
Finland 71.8 4.9 4.4 1.6 17.4
Iceland 0.3 0.1 2.3 0.4 96.9
Ireland 13.2 4.7 67.1 3.9 11.2
Norway 37.5 2.9 0.7 2.1 56.8
Sweden 75.6 4.3 4.6 1.8 13.7
United

Kingdom 19.8 21.7 40.1 6.5 11.9

Central
Western

Austria 47.5 17.7 22.9 5.8 6.1
Belgium 24.7 27.5 32.3 13.4 2
France 31.8 30.6 26.9 5.8 4.8

Germany 32.9 33.1 22.5 7.7 3.8
Luxembourg 30.5 18.3 37.1 11.9 2.2
Netherlands 12.6 23.1 38.0 12.2 14.1
Switzerland 31.3 11.1 24.8 7.5 25.3

South
Western

Greece 37.4 23.2 11.4 3.8 24.2
Italy 34.5 32.2 15.4 7.8 10.1

Portugal 44.2 17.6 15.1 6.2 16.9
Spain 36.7 28.0 13.9 3.9 17.4

Average 33.4 19.4 22.3 6.1 18.9

* Includes wetlands, shrubland, bare land, water bodies and other semi-natural areas; Sources: [6] for EU members
(data for 2012); [7] for Finland (data for 2010); [8] for Norway (data for 2011); [9] for Switzerland (data for 2009).

The objective of this review paper is to examine soil degradation problems in WE, along with the
different strategies and policies implemented to protect soil (with special focus on agricultural and
forest soils) and future perspectives, in light of present legislation and technical support to soils. With
this review, we intend to provide an up-to-date summary of soil degradation, soil management, soil
quality (SQ) and SQ evaluation in the region.

1.3. Soil Degradation Issues in Western Europe

Damage to Europe’s soils from modern human activities increased in the second half of the
20th century and led to irreversible losses due to a number of causes, which vary in importance and
intensity across WE [12]. These include increasing demands from almost all economic sectors, mostly
agriculture and forestry [13], but also households, industry, transport and tourism.

The European Environment Agency (EEA) and the Joint Research Center (JRC) of the European
Commission have published numerous papers and reports describing soil degradation problems in
Europe, in some cases, with special emphasis on WE (e.g., [11–13]). From a general perspective, soil
degradation problems can be classified into four major groups: chemical, physical and biological
degradation (including soil organic matter decline), and soil loss. Land-use changes can be considered
as a cross-cutting factor that also affects soils. The following sections explain the present situation in
relation to these problems in WE. It is important to note that many soil degradation problems usually
occur together in many areas of WE [14].
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The ENVASSO Project (Environmental Assessment of Soil for Monitoring), which involved 37
partners drawn from 25 EU Member States, represents a significant step in the identification of these
problems and in the quantification of their spread and importance [15]. The aim of this section is not
to repeat this information, but to provide a summary of these problems in WE, adding up-to-date
information and giving significant and recent examples.

1.3.1. Chemical Degradation

The three major problems of chemical degradation in WE are soil contamination, soil salinization
and acidification, and nutrient depletion [14]. The causes of these problems are varied, as are their
relationships with agricultural management.

When addressing soil contamination, distinction must be made between local soil contamination
(contaminated sites) and diffuse contamination over large areas [11]. For local contamination, in 2003,
the European Environment Agency (EEA) reported soil contamination as a growing problem in WE,
despite the existence of national and international legislation controlling sources of contamination and
waste management [13]. A recent review on contaminated sites in Europe identified most of these
as being located close to landfill sites, industrial and commercial installations emitting heavy metals,
oil installations and military camps [16]. Mineral oil and heavy metals are the main contaminants,
with the metal industries, gasoline and vehicle service stations being reported as the most frequent
sources of local soil contamination [16,17]. The most recent available EEA report on the management
of contaminated sites shows that the sizes of these vary widely across WE [17]. While in the UK,
industrial waste treatment accounts for 31% of the contaminated sites, this is reduced to 20% in Italy
and 0% in The Netherlands. On the other hand, municipal waste treatment and landfill sites account
for just 1% in the Netherlands and up to 41% of contaminated sites in Switzerland.

The significance of this problem also differs between WE countries. The Netherlands, Belgium
(Flanders), Denmark, France, Germany and the UK all have more than the EU average of 2.46 identified
contaminated sites per 1000 inhabitants [16]. The corresponding figures are much lower in Greece,
Norway, Ireland and Italy. This is clearly related to past and present industrial and commercial
activities in these countries. Although reclamation and remediation of these sites has increased
significantly in recent years, many potentially contaminated sites are still not clearly identified as
such [11]. In addition to the references given, detailed information for most WE countries can also be
found in [18].

In general, agriculture and agricultural soil management are not related to this type of
contamination. Data on diffuse contamination, which is in many cases related to agriculture, are
scarce and inaccurate owing to the lack of harmonized requirements for gathering this type of
information in the different countries [11]. The overuse of plant protection products and fertilizers are
usually highlighted as significant sources of diffuse soil contamination associated with agricultural
production in WE [19]. Unlike in Eastern Europe, the use of fertilizers generally decreased in WE
(in ton ha−1 and total ton) during the last decade (2000–2012). Much of this decrease is due to the
implementation of legislation to prevent contamination of fresh water due to agricultural activities in
the EU (such as the Nitrate Directive 676/1991 and the Water Framework Directive 60/2000). However,
the rates of application of N and P vary widely between different regions. The highest average inputs
of N and the highest share of manure to the total N fertilizer application have traditionally been
observed in The Netherlands and Belgium (>300 kg/ha in 2008) [20]. On the other hand, Spain and
Portugal, while using only an average of 89 and 79 kg N ha−1, respectively, in 2008, used less manure,
although the amounts appear to be increasing. Differences in the way the data are reported by each
country make straightforward comparisons difficult. The variability within countries is also high, with
irrigated agriculture accounting for much higher N and P doses than dryland areas, especially in the
Mediterranean region [21].

Another source of diffuse soil contamination in agricultural soils is the use of sewage sludge. Since
1986, the use of sludge as a soil fertilizer has been regulated in the EU by a specific directive (Directive
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278/1986/CEE). In relation to the risk of soil degradation, this Directive mainly focuses on heavy
metal concentrations. However, since publication of the Directive, more stringent legislation has been
adopted by several European countries for sludge disposal on soil, with lower limits established for
heavy metals and limits also established for pathogens and organic pollutants [22]. There is currently
increasing concern about the presence of emerging pollutants in sewage sludge that may contaminate
soil when used in agriculture, and this should result in an up-grade of this legislation in the near future
(see for instance [23]). Nonetheless, in WE, the prevailing destination for sewage sludge is recycling
in agriculture [24], which accounts for 44% of the total sewage sludge production overall, although
this varies in different countries. For instance, the proportion is >60% in Portugal, UK, Ireland and
Spain, and <30% in Germany, Sweden, Italy, Austria and Belgium. In addition, sludge management
practices vary greatly between regions within the same country [22]. These differences arise from
local political, social and legal conditions, such as the adaptation of legal restrictions on toxic element
concentrations. Future trends in the WE seem to be for stable or increased agricultural use as the most
frequent option, although some shifts may be seen as biogas and energy production from sludge is also
a current trend. In relation to the potential effect of this practice on soil contamination, several local
scale studies have shown different trends depending on soil type, agricultural or forest management,
etc. (e.g., [25]). On a regional scale, a study involving the distribution of heavy metals in European
soils showed that concentrations of Cd, Cu, Hg, Pb and Zn were closely correlated with agricultural
practices and some parent materials [26]. In France, diffuse contamination with heavy metals was
identified close to industrial sites and also associated with sewage sludge amendments carried out in
agricultural areas before the present legislation was implemented [27]. In Mediterranean Spain, Co, Cr,
Fe, Mn, Ni and Zn in agricultural soils have been associated with parent rocks, while Cd, Cu and Pb
have been related to human activities [28].

In WE, soil salinization (understood as the accumulation of soluble salts in soils as a result of
human activities) is mainly of concern in the Mediterranean region, where it is most frequently caused
by inadequate irrigation techniques, including the use of saline water or salinized groundwater and/or
poor drainage conditions [13]. In contrast to other soil degradation problems, the thresholds and
baselines of salt concentrations used to assess salinization are well defined and almost universally
accepted, because of the importance of this issue for the development of irrigated agriculture
(e.g., [29,30]). A map of salt-affected soils in the EU reveals that these are particularly important
in Spain and Greece [31]. Coastal areas of France also have a high proportion of saline soils. However,
the map does not indicate which of these areas are naturally saline or have soils with poorly soluble
salts such as gypsum. There is evidence that at least some parts of the Ebro Basin in Spain and smaller
regions of Italy, Greece, Portugal and France have been salinized due to improper irrigation strategies;
however, data on present trends in this problem are not available on a continental scale [11].

Finally, soil acidification may occur as a result of atmospheric acid deposition and/or the use
of acidifying amendments. No systematic national and continental-level studies on soil acidification
are available for non-forested soils [11]. Acid deposition has decreased drastically in WE since
1980 ([13,32]). However, the effect of this reduction on soil acidity and acidification is not evident,
because while some studies report declining levels of acid (see [11]), others indicate no or very slight
reductions in acidity despite much lower rates of acid deposition.

In forest soils, nutrient depletion due to intensive soil management has been reported in several
areas of WE [33]. The depletion depends on the level of biomass removal [34]. For instance, in
weathered, acidic soils with low reserves of nutrients, stem-only harvesting in Eucalyptus sp. stands
was found to involve the export, every 15 years, of more than 80% of the nutrients available in the
soil [35]. Stem-only harvesting of Pinus radiata and Pinus pinaster in Southern Europe also involved
high exports of K, Mg, P and Ca, leading to losses of 60%–100% of the soil available stores [35]. In a
study in the UK, it was concluded that the removal of N, P and K in the tree biomass by whole tree
harvesting was three to four times greater than by stem-only harvesting of the first rotation of Sitka
spruce (Picea sitchensis L) [36]. It was also observed that after 23 years of growth of the next rotation of
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trees, the plots where whole trees were harvested had a significantly lower basal area on average [36].
Furthermore, the removal of tree stumps and coarse roots from felling sites as a source of woody
biomass for bioenergy generation is being established in parts of WE such as Aquitaine (France) [37].
However, harvesting roots may be unsustainable if soil fertility is reduced, with consequences for
future forest production [37,38].

1.3.2. Physical Degradation

Soil compaction has been widely studied in WE. It affects the air capacity, the permeability and
the water-holding capacity of soils, as well as root development and soil biological activity, and it
has therefore been observed to determine plant growth and agricultural yields [39]. The two most
significant human activities responsible for soil compaction in Europe are agriculture and forestry [40].
Two major causes are identified [41]: ground pressure from machinery and/or animals, and soil
management in agricultural land (including tillage systems). A complete survey of the surface affected
by compaction has not yet been conducted in WE. The most important work is the elaboration of a map
showing soil susceptibility to compaction [42]. This map shows that some areas of Belgium, NW France
and The Netherlands are highly or very highly susceptible to compaction, although parts of England
and South Scotland in the UK, and some Mediterranean areas such as the Ebro and Guadalquivir
basins in Spain, and the Veneto region and some parts of Lombardy and Piedmont in Italy are also
affected [13]. An earlier report declared 37% of European soils as being highly or very highly sensitive
to compaction [43]; however, the map was created using pedotransfer functions, and it must therefore
be interpreted with caution. In addition, many of the susceptible areas in the map correspond to
peatland and other types of soil that are not cultivated or are managed with heavy machinery [44].
Nonetheless, the increasing weight of agricultural machinery, the introduction of irrigation and the
use of farm equipment when soil water content is high suggest that some WE agricultural soils will be
increasingly compacted to ever-greater depth [44].

Forest management can result in significant compaction problems because of the weight and size
of forest machinery. In planted forests in WE, different rotation schedules involve more or less frequent
use of heavy machinery. Eucalyptus spp., which occupy 1.5 million ha of land in the Iberian Peninsula
(Spain and Portugal), are cultivated through a coppice system in short rotation forestry (10–12 year
rotations), generally for three consecutive rotations. Poplar (Populus spp.) plantations, which are
mainly found in France (230,000 ha) followed by Italy, Germany and Spain, cover between 100,000
and 125,000 ha of land [5]. This species, which has a deep root system and requires rich soils and large
amounts of water [45,46], is usually also managed intensively in short rotations (12–16 years), with
weed control techniques (mainly surface ploughing) used regularly during the first six years. Sitka
spruce (Picea sitchensis L) plantations, mainly located in the UK and Ireland (1.2 million hectares) [47],
are typically grown on 35–45 year rotations, but rotation lengths of 25 years have been proposed.
Among pine species, the rotation lengths of Pinus radiata are typically between 35 and 40 years and
may include both pre-commercial and commercial thinning and mechanical weed control. Pinus
radiata plantations are mainly located in N Spain (290,000 ha) [48]. After clear-cut felling, the trunks
are harvested with the help of skidders that are sometimes driven over the plantation area. The
conventional method of site preparation consists of the partial removal of logging residues followed
by down-slope ripping or blading, which consists of pushing the logging residues and the humus
layer away from the site [49]. Pinus pinaster, which covers 2.6 million hectares of land in Portugal,
NW Spain (Galicia) and SW France (Aquitaine), is characteristic of an Atlantic climate [50] and is well
adapted to sandy soils [51]. The rotation lengths are typically between 30 years in NW Spain and
45 years in France and always include thinning and mechanical weed control. These management
techniques have consequences for both soil compaction and erosion risk (see Section 1.3.4). Although
the effects are assumed to be most pronounced on clayey or loamy textures [52], it has been suggested
that a single pass of a harvester is enough to induce a large increase in bulk density and penetration
resistance in sandy soils [53].

278



Sustainability 2015, 7, 313–365

Finally, another important factor in relation to the soil physical status is the loss of structural

stability, which can also favor erosion and greatly reduce soil porosity and the capacity of soil to
store and conduct water. In many agricultural soils in WE, this is also related to the formation of
crusts (e.g., [28]). However, this topic is seldom addressed as such on regional, national or continental
scales in WE Europe. This is probably because soil structure is considered as a diagnostic soil property
related not only to physical degradation, but also to chemical and/or biological problems, such as
organic matter decline and salinization [54]. The risk of soil crusting has only recently been addressed
in relation to potential wind erosion [55]. Sandy soils, which are common in the glacial deposits of
Denmark, N Germany, the Netherlands, Scandinavia and the Baltic area, as well as in some areas of the
NW of the Iberian Peninsula and SW France, are less affected by the formation of a soil surface crust.

1.3.3. Organic Matter Decay and Soil Biological Degradation

Soil organic matter (SOM), in particular organic C (SOC), has been in the spotlight of soil research
for decades. At the European level, an overwhelming amount of research on SOC storage, gains and
losses in soils has been conducted on different scales. However, the high variability and diversity of
data make comparisons difficult [56]. A general view on the average content in SOC of European soils
is that most of South Europe is covered by soils with less than 2% SOC [57]. This is related to both
climate and historical land use. Many areas of France fall also below this threshold. The average SOC
contents are higher in northern countries, the UK and Ireland.

The reasons for the generally observed decline in SOC in agricultural soils in WE Europe have
been summarized [15]. These include conversion of grassland, forests and natural vegetation to arable
land, deep ploughing of arable soils, intensive tillage operations, overfertilization [11], drainage,
liming, fertilizer use and tillage of peat soils, crop rotations with reduced proportion of grasses, soil
erosion, and wildfires. The latter two are of particular importance in Mediterranean countries [58].

At a national level, some long-term studies have reported changes in the SOC contents of
agricultural soils. For instance, losses of 0.5–2 g SOC/kg soil per year were observed in England and
Wales between 1973 and 2003 [59]. A large-scale inventory in Austria revealed that croplands were
losing 24 g C/m2 annually [60]. In S Belgium, losses of 0.12 t/ha per year were reported for croplands,
but with an increase 0.44 t/ha in grasslands between 1955 and 2005 [61]. Grasslands on sandy soils
in the Netherlands displayed a non-homogeneous trend, with some gains and some losses of SOC
between 1984 and 2004. Continuous maize crops on the same soils systematically lost SOC in the
period mentioned [62]. A slight average increment of 0.10 and 0.08 g SOC/kg soil in grasslands and
arable land was reported for the same period [63]. In France, long-term observations (e.g., [64]) show
decreasing stocks in many regions, because of deforestation, conversion of grassland into cropland,
increasing cropping intensity or climate change. Vineyards and arable land display the lowest SOC
contents overall [28]. An overall decrease in SOC was also recently observed in Bavarian cropland,
although the variability was high, with some plots showing no change or a net increase between 1986
and 2007 [60]. This was also reported in France, where some intensely cultivated areas showed stable
or slightly higher SOC stocks over time [28].

Despite these regional-scale studies, consistent figures for SOC stocks and how they change at
European level are still scarce [65]. The interaction between SOC and climate change is an important
issue that complicates predictions about SOC changes in relation to future land-use changes in WE
in [66]. Recent simulations predicted an overall increase in this pool in agricultural soils in Europe, with
a non homogeneous distribution [66], including C losses in the South, which could be compensated
by a gain in Central and Northern regions. This model also showed pastures in the UK, Ireland, the
Netherlands and France as the dominant SOC reservoirs, while permanent crops (olives, vineyards
and orchards) accounted for only 3% of the total SOC stock, despite being widespread in Southern
Europe. Arable land was predicted as containing 43% of the total stock of C, while it represents 53% of
the total agricultural surface. In forest soils, harvesting activities and site preparation may lead to the
removal of the humus layer from more than 80% of the surface [67].
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Change in soil biodiversity, understood as the variety of all living organisms found within the
soil system, is directly related to soil degradation in WE [68]. Some authors have suggested that it is
essential to establish the present extent and distribution of soil biodiversity and to identify current
threats [69]. The strong correlation between these threats and problems related to soil degradation
problems described in the study becomes evident as the major challenges to soil biodiversity in Europe
are land-use changes, intensive human exploitation of soils, soil compaction, soil erosion, soil organic
matter decline and soil pollution [69]. Other issues of importance are invasive species and the use of
genetically-modified crops (GMCs), climate change, salinization, desertification and wildfires [69–71].
The intensity of land exploitation has been identified, both in terms of agricultural use intensity and
land-use dynamics, as the main factor affecting soil biodiversity in the EU [71]. The extent and intensity
of these factors enable identification of the areas of WE most at risk. The areas at high, very high, and
extremely high risk are concentrated in the UK, the Netherlands and Belgium, where almost 100% of
the territory appears within these categories in different maps [69,71]. Most of Central and Northern
France, Denmark and Germany also fall within these categories. This is attributed to the combined
effect of intense agriculture, with a relatively large number of invasive species and an increased risk
for the soils to lose organic carbon. In general, Mediterranean countries and areas of Southern Europe
dedicated to intensive agriculture are at a lower risk. However, some areas of Italy and Spain under
intensive land-use have been identified as being at high risk of suffering a decline in soil biodiversity.
A recent modeling study of the susceptibility of European soils to antibiotic contamination from cattle
also shows an uneven distribution in WE [72]. The Netherlands, Ireland and Belgium displayed by far
the highest risk, while the risk was much lower in Mediterranean countries.

These characteristics refer to the relative pressure exerted to soil biodiversity, but not to the actual
state of soil biota. At the national level, some WE countries have carried out a systematic evaluation of
soil biodiversity in national soil monitoring networks [70]. These countries include France, Germany,
the Netherlands, Switzerland, Ireland and the UK [11,70,73,74]. Diverse types of soil organisms are
targeted in these studies, and data on the changes in soil biodiversity are scarce. Earthworms and
soil fungi are some of the most commonly studied organisms [11]. The abundance and diversity of
earthworms and other soil organisms have been found to be related to land use (dairy farms display
the highest numbers and arable land the lowest among non-natural sites) and soil type [75]. In France,
most of the soil biological groups exhibited lower values of abundance and community richness in
cropland than in meadows [76]. Within agricultural land, the intensity of the management system also
affected most biological soil properties; however, the type of tillage, fertilization and pesticide use were
only related to the total microbial biomass and earthworm diversity, which were lower in sites in which
fertilizer use is restricted, ploughed soils and sites with high inputs of pesticide. The use of fungicides
and herbicides generally increased between 1992 and 2003 [77], but their use has decreased in most WE
countries [78] following the adoption of strategies encouraging low-input or pesticide-free cultivation
to reduce the risks and impacts of pesticides on the environment (EU Directive 128/2009). National
action plans are being developed in most WE countries following this Directive [11]. It appears from
these data that the relationship between land-use and soil biodiversity is a much-needed but still
pending topic in WE Europe [74].

1.3.4. Soil Loss

The two major processes that cause soil loss are soil erosion and landslides. Although both have
been clearly identified as soil degradation problems in WE [11], the nature, potential remediation and
severity of both are rather different, and their extent and degree of significance in Europe also differ.

Soil erosion is a key environmental problem that has long been recognized in WE. The first
extensive essay on soil conservation known to the Western world was published in Germany in
1815 [79]. The paper focused on depicting the most appropriate methods of preventing soil erosion
in mountainous arable land. Since then, an enormous body of work has been developed in WE,
as elsewhere, with the aim of understanding, defining, modeling, measuring and preventing soil
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erosion (see e.g., a comprehensive review of keynote references in N Europe in [80]). Nonetheless,
soil erosion by water remains one of the most widespread forms of soil degradation in WE, especially
throughout Mediterranean Europe [11,13]. Soil erosion has also traditionally been strongly associated
with desertification. Desertification does not only affect soil and is now perceived as a wide-ranging
issue associated with the loss of SOM, salinization and other soil degradation problems in WE [15],
where it mainly affects the Mediterranean countries (Spain, Portugal, S France, Greece and S Italy).

Estimated mean annual erosion rates are higher than 6 t/ha in Italy and Portugal, between 4 and
6 t/ha in Austria and the UK, and between 2 and 4 ton/ha in Spain, France, Luxembourg, Belgium
and Germany [81]. However, these data are average values of very different patterns within each
country. In Portugal and Italy, for instance, some regions display average rates of >20 ton/ha and
others of <2 ton/ha. This leaves few regions in WE with average erosion rates below the threshold of
1 t/ha/year, which has been repeatedly cited as the safe or tolerable value for soil erosion [11,41,82,83].
If non-arable land is excluded from the analysis, the highest rates correspond to Central-East and
S Italy, S and SW Spain and N Portugal, SW France and Brittany. Of these, only 2% of the areas
suffering from moderate to severe erosion are permanent grassland and pasture in the EU. The trend
in the period 2000–2006 was towards no change in potential erosion rates in WE, except for some
areas of Italy, Portugal, Austria and the UK (the countries with the highest average erosion rates) in
which increments have been detected [81]. These data may be underestimated because of the short
time period considered. It is also important to note that all these data are estimates derived from
erosion models (in some cases RUSLE (e.g., [84–87]) and also PESERA (Pan–European Soil Erosion Risk
Assessment [88]), and they should therefore be considered as such and not as actual measured data.

A review of the relationship between land use and actual erosion rates using measured erosion in
plots at the country level confirmed the dominant influence of land use and cover on soil erosion rates
in many countries in WE [89]. This study concluded that high erosion rates occurred in hilly loess-rich
areas of West and Central Europe (2–10 ton ha−1 per year) and in agricultural areas in the piedmonts
of the major European mountain ranges. Within agricultural land, cropping systems in which soil lay
bare for long periods displayed the highest erosion rates. The period of year when soil is covered by
crops is therefore an indicator of erosion problems [90]. The magnitude of erosion varies greatly across
WE Europe, mainly due to climatic differences that induce different agronomic practices. For example,
the percentage of soil covered by green crops on arable land varies from 25% to 50% in Spain, Italy
and Southern France, and to more than 50% above a latitude of 46◦N. Conversely, bare soil, which
accounts for 20%–30% of arable land in France, Spain and Italy, represents less than 10% in the UK [90].
In areas of Southern Europe dominated by vineyards, in which the soil is often bare, erosion rates are
high (12.2 ton ha−1 per year but with a great variability (standard deviation = 27.8 ton ha−1year−1).
Measured erosion rates on arable and bare land were also related to slope steepness and length and to
soil texture, while this was not the case for plots with permanent land cover [90].

From the above-mentioned measured data, estimated average rates were calculated per country
and land use [89]. The rates were lower than those calculated using model simulations (Denmark
and Italy were the only two countries in WE with rates >2 ton ha−1year−1). In particular, erosion
rates in the Mediterranean were much lower than predicted, mainly due to the stoniness of many
Mediterranean soils [84]. Areas of intense erosion were, however, found in Spain (in the Guadalquivir
and Ebro river basins) and Italy (Apennines and Sicily).

In the Mediterranean region, wildfires are of particular concern in relation to soil erosion [13,83].
The characteristics of post-wildfire erosion in Mediterranean countries have been summarized, showing
a strong influence of the topography, slope orientation and erratic rain distribution in the observed
erosion rates at different observation points in Mediterranean WE [58]. Peak and average erosion rates
were reported to be similar to or lower than those reported for fire-affected soils elsewhere or even
those reported for common land uses in this region. Human-induced soil degradation since prehistoric
times was suggested as the most likely factor explaining low erosion rates. Human occupation,
abandonment, forestry use, etc., have resulted in shallow, stony and weak soils.
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In general, the loss of soil in forestry operations has also been related to a significant decrease
in the water holding capacity [49]. Thus, although forest roads are essential structures that provide
access to forests for wood extraction, their construction is the most destructive operation in the
forest environment, causing soil compaction, increased surface run-off and soil erosion. Studies in
which the degree of soil disturbance has been directly evaluated have shown that mechanized labor
typically produces alteration of more than 80% of the soil surface, basically through the removal of
the topsoil, compaction and soil displacement in Pinus radiata plantations in N Spain [67]. In the
same region, the use of heavy machinery increased the erosion rate from 15 to 1600 kg ha−1 year−1.
Other types of soil erosion that can affect or have affected soils in WE are wind erosion and tillage
erosion (the displacement of soil masses through intense tillage). Wind erosion has been less well
studied in WE [11,81]. However, soils are highly susceptible to wind erosion in N Europe (Belgium, the
Netherlands, N Germany and Denmark) and some areas of SW France and Spain [55]. This has been
related to a lower tendency of soils in these regions to form crusts that would prevent wind erosion
(see above). Tillage erosion has recently been studied, and although available data are scarce, studies
in Europe highlight the importance of the magnitude of tillage erosion relative to water erosion, with
mean annual rates in the order of 3 ton/ha for Belgium, northern France, and eastern England [82].
Tillage erosion rates were measured in an experimental field in Belgium and were found to be a more
important soil redistribution factor than water erosion at present [91].

In summary, soil erosion remains a matter of concern in WE, where it is related to natural
characteristics, land use and soil management. However, despite significant efforts form European
institutions (e.g., [43]), harmonized data on actual erosion rates for the European continent are not yet
available [11,58]. Identification of vulnerable areas that are affected by erosion is required in WE [82,87].
Current efforts on standardizing national erosion measures and estimates show discrepancies between
countries, models and actual plot data [86] that must be overcome for better assessment of soil erosion
and soil erosion risk in WE.

Landslides represent a serious natural hazard in many areas of WE and particularly affect the
mountainous regions (Alps, Pyrenees, Apennines, and other). Although the total affected area in
Europe is not known, the Italian national database states that more than 400,000 ha of land in Italy
is affected [11]. From the point of view of soil degradation, landslides represent dramatic but highly
localized problems of soil loss.

1.3.5. Land-Use Changes

In addition to changes within agricultural and forest systems, land take and agricultural land
abandonment can also have important effects on soils.

Land take can be defined as the loss of agricultural land to non-agricultural sectors. It represents
an increase in settlement areas (or artificial surfaces) over time, usually at the expanse of rural areas [92].
Land take has increased significantly in WE in the last few decades [93]. In the EU, about 1000 km2

of land is taken for housing, industry, roads or recreational purposes every year [92]. In WE, the
countries in which the largest areas of agricultural land were converted to artificial surfaces between
2000 and 2006 were Spain (104,706 ha) and France (76,000 ha). In the same period, the highest
proportion of the total area of agricultural land converted (1.42%), mostly for construction work,
occurred in The Netherlands [94]. A high percentage of land was converted to alternative uses in
2012 in Belgium and the Netherlands (13.4% and 12.2%, respectively), which is directly related to the
high population densities in these countries [95]. Many aspects of the consequences of such change
are serious. Thus, although soil sealing is the most evident consequence, land take also affects soil
erosion, soil productivity, water storage and biodiversity in neighboring areas, as it interrupts the
exchange between soils and other ecological compartments [92]. Soil sealing has been described as
the destruction or covering of soils by buildings, constructions and layers of completely or partly
impermeable artificial material. It has also been defined as a process that changes the nature of soil so
that it becomes impermeable. Soil sealing is the most intense form of land take in WE and is essentially
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an irreversible process [92]. The effects of soil sealing are much more complex than those of other soil
degradation issues because the process affects other ecological compartments (biosphere, atmosphere
and hydrosphere) apart from soils [92]. In addition, the drivers and potential control of soil sealing
are beyond the reach of soil conservation policies and must be addressed in an integrated approach
implemented at all policy levels [11,13]. Understanding the potential services that urban and other
sealed soils can provide is undoubtedly a first step [96].

Agricultural land abandonment has occurred as the result of the decline in the viability of
extensive systems in some areas. This process has mainly affected farmland in marginal land, such
as cold, wet and/or mountainous areas of WE [97]. In France and the UK, it is a marginal process,
except in French vineyards (11% of the surface lost between 1990 and 2000). The rates of agricultural
land abandonment are higher in Italy and Germany (2% of the total utilizable agricultural area, and
250,000 ha, respectively). It has recently been estimated that around 8% less land will be farmed under
the new trade policies in the EU, if agricultural subsidies are further decoupled from production,
which will particularly affect livestock grazing farms [98]. Regions where agriculture is limited by
natural climate and/or soil limitations, such as some areas of Finland and Sweden, the Pyrenees, NW
Spain and Portugal, the Massif Central and Brittany in France, the Apennines (Italy), the Alps, and
other upland areas of Germany and arid zones of SE Spain, would be the most strongly affected. It has
also been argued that there is reasonable evidence from trends in the drivers of abandonment that
significant amounts of farmland will be abandoned in Europe over the next few decades, particularly
in extensively grazed areas [99]. Eurostat identifies a higher risk of land abandonment in Southern
states (Portugal, Spain, Italy and Greece) and also in some areas of N Finland and Sweden and NW
Ireland [100].

The consequences of land abandonment on soil resources in WE are not yet clear. On the one
hand, land abandonment has been associated with soil degradation issues such as wildfire and erosion
in S Europe and biodiversity loss in N Europe [98]. On the other hand, it can provide an opportunity
for restoration of natural habitats. The final balance seems to be both site and time-dependent.
For instance, it has been noted that erosion problems tend to decrease and disappear as vegetation
colonizes cropland following abandonment of sloping land [97]. The same study also established that
the degree of intensification of agriculture before abandonment is also important: abandonment of
intensively managed farmland has more positive effects as it reduces soil erosion and use of pesticides
and fertilizers to a greater extent than abandonment of extensively managed farmland. In semi-arid
mountainous areas of Mediterranean Europe, land abandonment has been shown to reduce soil
loss and sediment delivery in surface water flows, despite slower plant colonization. When the
abandoned farmland comprises terraced areas, this trend can be reversed, as small-scale landslides
and erosion may increase as terraces collapse [101,102]. Slow recovery of soil properties has been
noted in abandoned vineyard soils in semi-arid Spain and attributed to intense soil degradation under
the vines [103]. In the Alps, small differences have been observed in the soil biological properties of
abandoned land and organically fertilized meadows and grasslands [104].

Finally, a particular case of land-use change can be observed within agricultural land upon
irrigation adoption (e.g., [105–107]). Overall, the socio-economic relevance of irrigation is considerable
in WE [108]. In France, Greece and Spain together, the total area of irrigated land was 7.4 million ha in
2000, which represents an increase of 28.8% between 1990 and 2000 [109]. Across the entire European
continent, irrigated land increased from 14.5 to 25.2 million ha in 2003 [110]. In 2007, more than 30%
of the total area occupied by agriculture in Italy and Greece was irrigated. The proportion in other
Mediterranean countries such as Spain and Portugal was close to 15%, and Northern countries such as
the Netherlands and Denmark it was also >15% [111]. In 2011, irrigated land already represented 13%
of the agricultural land in Central and Western Europe [112]. In Spain, 20.2% of the agricultural land
was irrigated, which in absolute terms (in total, an irrigated area of 3,780,000 ha) represents the largest
area of irrigated land in WE [113].

283



Sustainability 2015, 7, 313–365

According to available data in Eurostat, the trend is for irrigation land to be stabilized in
WE. In the Mediterranean region, present irrigation projects also include improvements in terms
of water-use efficiency and soil conservation [108]. However, the environmental impacts of irrigation
are variable and still poorly documented in many WE countries [108]. In relation to soil degradation,
problems involving erosion and salinization are most often associated with irrigation in Southern
Europe [108,113–115], although some cases of organic matter loss have also been reported [105]. Recent
studies have shown that deficit irrigation strategies must be implemented with caution because they
may lead to soil salinization and sodification problems, especially when moderately saline waters are
used [116,117].

2. Mitigation of Soil Degradation in Agricultural and Forest Soils in Western Europe

Different strategies promoting management systems that attempt to reduce or mitigate soil
degradation in agricultural and forest areas have been adopted in WE. The degree of implementation
and the effectiveness of these strategies vary greatly between countries. In the EU, the European
Parliament launched a pan-European project in 2007 to evaluate the status of soil degradation and
appropriateness of relevant policy measures and the so-called “soil friendly farming practices”. This
project, which remains one of the most comprehensive studies of sustainable agricultural management
at the EU level [118], summarized the actual and potential effect of some farming practices on soil
degradation processes. The study found that actual and potential effects of farming practices on soil
degradation depend on the type of degradation considered and that the implementation of farming
practices is a complex and site-specific process that requires the cooperation of farmers and depends
on local conditions (soil and climatic). These factors determine the potential success of changes in
farming practices in the prevention and mitigation of soil degradation. A pan-European meta-analysis
has recently revised the effects of some sustainable farming practices on soil chemical, physical
and biological properties, also concluding that the success and adoption of such strategies is highly
site-dependent [119].

2.1. Conservation Farming

Conservation farming (CF) comprises a series of techniques granting minimum mechanical
soil disturbance, permanent soil cover with crop residues and diversification of crop species
grown in the same field [120]. These techniques have been reported to reduce soil degradation
in different agroecological situations (and in some cases are designed for this purpose). As excessive
tillage and/or crop residue removal and uncontrolled grazing have been the cause of many soil
degradation-associated problems, CF seems an appropriate strategy for solving such problems.
Statistics on the share of conventional, conservation and zero tillage on the total arable area and
the tilled arable area show that CF techniques are less frequently adopted in Europe than in other
areas (especially the US and Latin America), and reduced tillage is more common than no-tillage
(NT) and the use of cover crops [121]. The uptake of NT varies widely in WE; for example, in 2009 it
varied from 4.5% to 10% of total arable land in Finland and Greece and from 2.5% to 4.5% in Spain
and the UK [118]. Reduced tillage was practiced on 40%–55% of the arable land in Finland and the
UK, and on 20%–25% of arable land in France, Germany and Portugal. Although the major driver
for CF adoption in WE in recent decades has generally been the need to reduce costs in extensive
agriculture [119,122], soil management and soil degradation issues have been given as reasons for
both adopting and abandoning CF in different areas. In Northern Europe (including France), soil
erosion, soil crusting in loamy soils and the need to increase SOM and soil trafficability are widely cited
as reasons for adopting CF [123]. In the Mediterranean countries, soil water storage and water-use
efficiency can be added to this list of reasons [124]. Different studies show that the effectiveness of
CF in solving these problems is highly site-dependent because the contrasting soil and climate types
existing in WE exert a strong influence on the success of these techniques [119,125]. Numerous studies
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have examined the effect of CF on soil properties across WE. Some general trends can be drawn from
reviews and pan-European projects conducted on the topic in recent years.

There is some agreement about the positive effect of CF in reducing erosion in WE [119,121].
The most widely reported benefits of CF in relation to erosion are the increased soil infiltrability
and/or the protective effect of crop residues on the soil surface. This is of particular importance
in Southwestern Europe [125]. The capacity of reduced tillage and NT to increase SOC stocks is
currently under discussion [126]. SOC increments have been reported under NT in many WE countries
(see [125] for cases in UK, Spain, Portugal, France and Germany). In one study, NT increased SOC
concentrations and SOC stocks by on average 3% and 7%, respectively, although differences were
observed depending on the soil type and climate area [119]. Other studies reported no significant
differences in the long term (e.g., in Scotland and Switzerland [125], in NE Spain after 20 years [127],
and in N France in a 41-year experimental trial [128]) or inconsistent results (e.g., in Denmark [129]).
This has been attributed to CF favoring stratification of SOC over accumulation in depth [130], or to
NT being able to stock more SOC only when it induces higher yields and inputs of crop residues to the
soil [131]. Climate and soil constraints may therefore modulate the effect of CF on crop yields and SOC
accumulation in WE [125]. Other cultivation practices associated with low intensity soil management
have been observed to have a greater potential for SOC accumulation than NT in WE. For instance, ley
cropping systems and cover crops have been shown to perform better than straw incorporation and
reduced tillage [66].

The effects of CF on physical properties have also shown variable results across WE. The soil
water-retention capacity has been observed to be greater in semi-arid land under NT in Spain [132,133]
and other Mediterranean countries in WE [124], but not in Germany [134]. In general, increased
infiltration rates under NT have been reported [125], although this seems to be related to the type of
soil and to the presence and activity of earthworms. It has been reported that NT induced soil physical
degradation in some cases (higher bulk density, lower aggregate stability and permeability [119]). Soil
compaction, usually understood as increased bulk density relative to that of non-CF soils, has generally
been reported during the first years of NT and reduced tillage adoption, especially in Germany and
Scandinavia [135,136], although it sometimes seems to decrease over time [125]. This problem is
directly related to waterlogging and soil ponding in many areas in Northern and WE, for instance in
Denmark and Germany [123] and Finland [137]. The positive effect of CF on the soil biological activity,
especially earthworms, is generally observed all across WE [119,121,135,136,138].

The above-mentioned studies generally suggest that the adoption of NT and other CF techniques
have had different consequences on WE depending on the type of soil, climate, the CF activities and
the crops involved. When negative effects have been observed, these can be included in the reasons
for fluctuations in the interest in CF shown by WE farmers [121]. The greatest soil limitations for CF
adoption in N Europe are soil texture (sand and silt soils and heavy clays are difficult to cultivate
without ploughing), soil drainage and the soil water regime (cold and wet conditions hinder organic
matter incorporation into the soil and favor waterlogging) [121,122,125]. Also directly related to
soils, reduced yields are also frequently cited as a reason for abandoning CF techniques, especially
in Northern Europe [121]. A meta-analysis revealed that the effect of CF on crop yields in Europe is
highly site-dependent, with NT tending to decrease yields to a greater extent than reduced tillage, and
that the effect varies depending on climate, soil characteristics, type of crops and management under
conventional farming [139]. Adoption of CF in the UK is mainly under systems of non-inversion tillage
because the generally reduced yields under NT do not favor direct drilling [140]. In Mediterranean
land, higher yields are commonly obtained under NT than under other tillage systems only in dry
years [119,132,141].

Increases in weeds, pests or diseases, although not directly related to soil characteristics, are
agronomic limitations also often cited as reasons for rejecting CF in WE. The combined use of
CF techniques, especially NT, and intensive use of herbicides and other phytosanitary products
(increasingly discouraged by European environmental and agricultural policies, see Section 3.2),
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together with the reduced acceptance of GMCs by European consumers are undoubtedly also related
to the lower uptake of these techniques in WE than in other regions. Some authors acknowledge that
future restrictions on the use of herbicides may deter NT adoption in WE [125]. However, others
report cases of lower mobility and persistence of herbicides in soils under conservation tillage in
Mediterranean Europe [124]. Finally, other circumstances not related to soil or environmental issues,
such as the existence of subsidies, technical problems with weeds and soil management, scarce technical
expertise, unfavorable market conditions and other socio-economic aspects are very often cited as
explaining the lower use of NT and adoption of CF in WE [119,121,122,142]. For example, although CF
adoption (especially the use of permanent soil cover [143]) in olive groves in Mediterranean land has
proven to be efficient in reducing erosion and increasing soil fertility (e.g., [144]), it has been shown that
the factors that determine the adoption of such practices include the socio-demographic characteristics
of olive growers and the role of social capital as well as the characteristics of the olive groves [145].

Considering that CF is not equally suitable for all WE agrosystems [121], there is a need to
define which regions are the most suitable for its implementation, which entails the need for soil
databases and decision support systems [119,122]. Because of the complexity and site-specificity of CF
implementation, training of farmers and the adaptation of CF techniques to local circumstances are
still required in WE [118,119].

2.2. Organic Farming, Agroecology and Agroforestry

Organic farming (OF) in WE is mainly regulated by national and regional rules issued from a
common legislative framework within the EU (Regulations 834/2007 and 889/2008). OF is defined
therein as a system of farm management [ . . . ] that combines best environmental practices, a
high level of biodiversity, the preservation of natural resources [ . . . ] and production [ . . . ] using
natural substances and processes. These regulations clearly state that OF must adopt those farming
practices that aid the conservation and improvement of soils, with special emphasis on organic matter
management. Since the beginning of the 1980s, agroecology has emerged as a distinct conceptual
framework with holistic methods for the study of agroecosystems [146]. Agroecology, which includes
organic management of soils and other approaches, has been defined as a means of protecting natural
resources with guidelines for designing and managing sustainable agroecosystems. It is difficult to
obtain accurate data from farmers following these principles as a whole in WE, and therefore only OF
data 15% can be used to analyze its potential impact in the region.

Organic farming has developed rapidly during recent years in the EU. According to Eursotat [147],
in 2012 the EU-27 had a total area of 5.8 million ha cultivated as fully-converted organic land plus
4.2 million ha under conversion, representing an increase from 2.6 million in 2003 (2.8 including fully
converted and in conversion). However, in 2012, the whole OF area represented only 5.7% of the total
agricultural area in the EU. In absolute terms, the countries with the most extensive fully converted
areas in 2012 were Spain (1.4 million ha), Italy (0.9 million ha) and Germany (0.9 million ha). In relative
terms, in 2012, the importance of the OF sector was highest in Austria (18.6%), followed by Sweden
(15.8%), Italy (15%) and much further behind by Spain (7.5%), Denmark (7.3%) and Germany (5.8%).
The number of studies and reports on the effect of OF on soils in WE is much fewer than for CF. Effects
on the soil organic carbon and soil biodiversity have been reported, although these were not consistent
in all parts of WE [118]. A meta-analysis revealed that, on average, SOC was significantly higher in
organic plots than in conventional plots, although some paired studies reported no differences [148].
Another study also reported that organic farms in Europe tend to have higher SOC contents and lower
nutrient losses per unit of field area [149]. However, both studies report that the differences may be
lower when expressed per product unit. Gains in organic matter under OF have been reported in
many Mediterranean agrosystems (e.g., in olive orchards [150] and in dryland crop rotations [151])
and attributed to the use of organic amendments (e.g., [152]).

The effects of larger organic C stocks on other soil properties reportedly vary in different sites
and for different crops. Organic fertilization (relative to mineral N) yielded significant increases in
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SOC, N availability, earthworm density and activity, microbial biomass and diversity in European
soils [119]. Microbial biomass was also found to be significantly higher under organic than conventional
management [118]. Other authors observed better structure and porosity in soils under OF than in
conventionally cultivated soils in the UK, but this effect was found to be scale and time-dependent [153].
In a study evaluating the long-term effects of organic viticulture in France, the authors found that OF
led to an increase in SOC, potassium content, soil microbial biomass, and nematode densities [154].
However, OF also increased soil compaction, decreased endogeic earthworm density and did not
modify the soil micro-food web evaluated by nematofauna analysis. Similar values of organic
matter were associated with OF and conventional management in agroforestry (dehesa) soils in
Spain, where differences in the soil physical condition were more dependent on the soil type than on
management [155].

In relation to OF and other low-intensity farming systems, changes in land allocation as a result
of social and land-use policy changes has resulted in extensification of agriculture in some areas of
WE, especially those where revenues from agricultural production are low and/or land costs are high
and decrease because of lower demand [156]. Some of these low-intensity areas support agroforestry
systems. In a modeling study of the environmental benefits in the Mediterranean and Atlantic regions
of Europe, soil erosion and nitrogen leaching were found to be lower than in conventional cropping
land, and carbon sequestration was enhanced [157]. In a review of the benefits of alley cropping
systems combining agriculture and short rotation coppices by growing trees in agricultural sites in
temperate Europe, these systems proved efficient for soil carbon sequestration, improving fertility,
controlling erosion, storing water and regulating its quality, and increasing the overall productivity
compared to conventional farming [158]. In a review of alley cropping agroforestry systems in Europe,
other authors also reported overall increases in the soil organic C stocks [159].

The dehesas and montados, which are characteristic of Western Spain and Portugal, represent
a particular case in agricultural land management. These systems, which are the most extensive
agroforestry systems in Europe, integrate forestry (usually with evergreen holm oak (Quercus ilex L.)
and cork oak (Quercus suber L.) with agricultural and livestock management practices [160]. They cover
more than 3 million ha [161]. They are usually developed on acid, sandy, poor soils in semi-arid land,
and yield significantly higher primary productivity than forestry or crops alone. Some authors found
that soil fertility increased near the trees, with a significant increase in organic C, total N, available
P, CEC and exchangeable calcium and potassium in dehesa systems in Central-Western Spain [161].
Similar systems in Sicily (Italy) have also been described as effective for maintaining relatively good
soil condition [162]. They generally yield smaller erosion risks than croplands in the area, although
they may be prone to severe erosion if stocking rates and/or tillage frequency become excessive [163].

2.3. Other Sustainable Crop Management Strategies

A significant number of agricultural practices that may have positive impacts on soils have been
developed in the last few decades. Some of these practices have been implemented to a variable extent
and with variable success in WE. Among those not specifically included within CF or OF, ridge tillage,
contour farming and buffer strips, bench terraces and subsoiling have been identified [118]. Cover
and catch crops, and the efficiency of crop rotations have been studied together with NT and organic
fertilization [119]. These practices may be beneficial for addressing different soil degradation problems,
and they have been identified as affecting the soil physical, chemical and biological parameters at
different levels in WE [118,119]. As a result, they can help to address some soil degradation and related
environmental issues. Their adoption in WE is variable.

Ridge tillage may favor retention of water in the soil. It is frequently used for crops such as
potatoes and beet that are not suitable for CF. Reduced forms of ridge tillage have been shown to
improve the soil physical quality and favor N mineralization in Belgium [164,165]. Contour farming

involves developing cropping practices along the field contours, especially in sloping areas. It has been
shown to be an effective measure for controlling erosion in England [166], especially when combined
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with minimal tillage [167]. When including hedgerows, as in the Armorican Massif in W France, gains
in SOC were also significant both under the hedges and upslope [168].

Bench terraces, which are mainly built to prevent erosion and to enable cultivation in steep
slopes, greatly modify the soil profile by leveling the slope to the contouring strips. They are very
common in many mountainous areas in WE, especially in Alpine and Mediterranean regions, where
they constitute a historical and traditional landscape feature [169]. Despite differences due to the
heterogeneity of soil-forming factors across the area, terraced soils have some common elements. They
display improved water availability, together with better nutrient conservation, which are known
to increase crop yield in arid or semi-arid environments. Improved soil structure, physical quality,
fertility, organic matter and porosity have also been reported for terrace soils, and they are often of
better agricultural quality than the surrounding undisturbed soils [169]. However, significant nutrient
losses have been reported to occur from terrace taluses when these are not properly built or not
protected by vegetation [170]. Bench terrace systems require intensive maintenance to retain their
sustainability [101,118] because if abandoned they may be subjected to gradual decay due to erosion
processes and slope failure resulting in the loss of organic C and soil fertility [171].

As an intermediate system between contour farming and bench terraces, detention ponds can be
constructed along the borders of the fields and perpendicular to the main slope. These ponds can store
run-off and sediments. This system is common in many smallholdings in areas of Central and WE,
and has been observed to be effective in reducing soil and nutrient loss through erosion [172].

Subsoiling is a cultivation practice generally used to loosen compacted or hardpan subsoil
horizons with the aim of improving soil infiltration and/or root penetration [118]. It is widely used in
agricultural soils that are prone to compaction in Central and N Europe [173] and also before planting
vineyards in many wine-producing areas in WE (e.g., [174]). Its final effect depends on multiple factors,
especially soil texture, the type of tools used in the operation and the crops planted.

The design and implementation of adequate crop rotations, and where possible, the introduction
of cover crops have generally been observed to have positive effects on soils across Europe, especially
in relation to SOM and biological soil properties [119]. However, trade-offs in terms of decreased
crop yields and/or increased greenhouse gas (GHG) emissions must be considered for a complete
assessment of the consequences of their implementation.

2.4. Sustainable Forest Management and Afforestation

As outlined above, there has been a significant increase in forested areas in WE in recent years. In
the period 1990–2005, the gain in forest surfaces in Europe was around 10,939,000 ha [97]. The greatest
increases in this period were observed in Ireland (+52%, with 10% of the total country surface under
forest), Spain (+33%), Portugal (+22%), Italy (+19%), Greece (+14%), Denmark (+12%), and the UK
(+9%). Afforestation has been strongly encouraged by EU funds and regulations, such as the Council
Regulation 2080/92, and afforestation of agricultural land and the development of forestry activities
on farms have been promoted [175].

In planted forests, the Ministerial Conference on the Protection of Forests in Europe (MCPFE) is a
pan-European policy process for the sustainable management of the continent’s forests. It develops
common strategies for its 46 member countries, which include all of the EU Member States, other
European countries and Russia. Cooperation between countries, which began in 1990, has produced
guidelines, indicators and criteria for sustainable forest management (MCPFE, 2007). In the resolution
of the Helsinki Conference in 1993, the signatories explicitly stated that “Human actions must be
avoided which lead, directly or indirectly, to irreversible degradation of forest soils and sites, the
flora and fauna they support and the services they provide” (MCPFE, 1993). In the subsequent
Ministerial Conference held in Lisbon in 1998, the participants adopted six criteria for sustainable
forest management from the Pan-European Criteria and Indicators for Sustainable Forest Management,
and endorsed the associated indicators as a basis for international reporting and for development of
national indicators (MCPFE, 1998). Among these criteria, soil conservation is mentioned several times.
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In particular, SOC stocks are included as indicators for the maintenance of appropriate enhancement
of forest resources and their contribution to global C cycles, soil condition is used an indicator for the
maintenance of forest ecosystems health and vitality, and soil functions are used as indicators for the
maintenance and appropriate enhancement of the protective functions in forest management.

Some countries in WE have designed good forest practice guidance for soil protection. In the UK,
the government’s approach to sustainable forestry involves specific good forestry practice requirements
and guidelines for soils. In Northern Spain, specific regulations are implemented to avoid damage to
soil in forestry operations [176].

In addition to national and regional guidelines, many planted forests in WE are established
under different certification frameworks that in most cases include requirements in relation to soil
management. Forest certification is a voluntary process conducted by an independent third party who
issues a written statement or certificate guaranteeing that forest management is carried out according
to standards considering ecological, economic and social aspects [177]. The two principal objectives of
certification are to improve forest management and to ensure market access for products from certified
forests, allowing both consumers and companies who sell forest products to play an important role in
forest conservation [178]. The proportion of certified forest area decreases significantly from North to
South in WE: in Ireland and the UK more than 50% of the forest surface is certified, in Portugal and
Spain it is only around 6% and in France around 32% of the forest surface is certified [178].

3. Soil Quality and Future Trends in Western Europe

Unlike for air and water, environmental issues associated with soil degradation have been given
marginal consideration in environmental regulations in WE. Soil protection has been addressed
indirectly through measures aimed at the protection of air and water or developed within sectoral
policies [13]. The most important initiative that partly redresses the lack of explicit soil protection is,
undoubtedly, the proposal for the development of a Thematic Strategy for Soil Protection. Officially
launched in 2002 (COM (2002) 179), this has led to a significant research effort and yielded an
impressive amount of information on soil degradation in the EU. The final aim of these efforts was
the implementation of a EU Directive for soil protection within the EU (i.e., in most WE countries).
Unfortunately, after several years of discussion between different European institutions, the proposal
for a Soil Framework Directive similar to those existing for Air and Water was finally withdrawn from
the European Commission agenda in May 2014 [179].

Although great efforts are being undertaken to recover this EU initiative, at present soil protection
in WE mainly relies on national-level policies and indirect policies such as the Nitrates Directive
and the Water Framework Directive [118], and the agri-environmental measures included in the
CAP regulations, as explained below. As a result, many soil degradation issues are not completely
covered by legislation at present. The only field in which soil protection is directly addressed in
national laws is soil contamination and the management of contaminated sites. Between 1980 and
2006, most WE countries developed specific laws to address issues related to soil contamination and
contaminated sites (see [180]). For instance, in Germany, the Soil Protection Act acknowledges the
ecosystem functions of soils and states that they should be preserved over time. However, the Act
focuses on and limits the threats to these functions derived from chemical contamination [181,182]. In
the Netherlands, the Soil Protection Act states the importance of prevention, reduction and reversal of
changes in the soil quality that imply a reduction or threat to the functional properties of soil has for
humans, plants and animals [181]. The German Act mainly focuses on degradation risks associated
with contamination of soil by toxic compounds.

3.1. Soil Quality and Ecosystem Services of Soils in Western Europe

The formal concept of soil quality (SQ) was developed in the second half of the last century [14],
in response to the need to assess soil degradation problems from a holistic perspective [31,183,184].
Assessment of SQ is complicated by the fact that soil is a heterogeneous resource for which it is difficult
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to establish quality standards. Thus, SQ has not been defined by established universal criteria, but as
the capacity of a given soil to function [185]. Proper soil functioning is understood as the capacity of a
soil to accomplish its natural (ecosystemic), social and economic functions in a sustained way over
time [186]. Defining soil functions was one of the goals of the European Thematic Strategy for Soil
Protection. Five critical soil functions have been identified: production of food and other biomass;
storage, filtration and transformation of minerals, water and other elements including C; supply of
habitat and gene pool for a variety of organisms; acting as the physical and cultural environment for
mankind (present and past); and as a source of raw materials. As the Commission’s Communication
(COM (2002) 179) states, most of these functions are inter-dependent and the development of some of
them (raw materials, physical environment for mankind) may imply a reduction in the ability of soils
to accomplish the others.

Since this Communication was launched, some efforts have been made to develop SQ monitoring
systems, mainly within the EU. At the continental level, the basis for SQ and sustainability evaluation
was established via definition of a common framework to assess soil functions, degradation threats
and soil-use options [187]. This framework proposed a three-step evaluation in which the capacity of a
given soil to accomplish a selected function is first evaluated. The existing threats for the considered
soil and soil function are then determined, and finally, the capacity of the soil to accomplish the function
is evaluated for different levels of pressure from the threats identified in the second step. This approach
acknowledges that the results of the three steps, and especially the sensitivity of a soil to different
threats, is soil- and site-dependent. This implies that the soil functional ability (number of functions
that a soil can accomplish) and the soil responses to different levels of human-induced or natural
threats (soil response capacity) must be evaluated to define SQ for a given soil [188]. The development
of this framework requires detailed information on soil types, soil characteristics and threats to soil
in each area studied. Its full development in detail therefore seems complicated. A first step is the
identification of risk areas based on clearly described criteria (such as in [189]) for the identified threats
to soil. Strategies for evaluating the risk of SOM decline, soil erosion, soil compaction, salinization and
landslides in WE have been suggested [189]. For each of these, the authors provided the information
needed to evaluate the risk of soil degradation based upon soil/topography/climate parameters in
each site. For most sites, it was concluded that determining quantitative scores or thresholds requires
more accurate information than is currently available.

The ENVASSO project is another important pan-European attempt to advance towards the
identification of SQ indicators (SQI) and baseline values. The main aim of this project was the creation
of a comprehensive, harmonized soil information system in Europe via the design and testing of an
integrated and operational set of indicators [70,74]. Its output ([15,41]) includes selected indicators,
threshold and baseline levels for the major soil threats identified in the European Thematic Strategy
for Soil Protection (COM(2002) 179 final) and its subsequent evaluations (e.g., COM(2012)46). For each
soil threat, three parameters were selected from an initial base of 290 indicators [15]. Some of the
selected soil parameters are actually measured values, and others are estimated through modeling.
The indicators were selected by experts, following these criteria: relevance for assessing each soil
threat, ease of application, link to policy aims and applicability in a pan-European context. Baseline
and threshold values were established for some of these indicators. However, it is recognized that
such values may have to be established separately for different areas in Europe because of the variety
of soil types and the variability in environmental conditions and land use. Table 3 summarizes the soil
threats and properties suggested as indicators by the ENVASSO Project team, and which of those were
finally selected as the best indicators for each threat.

The performance of those indicators was tested in different pilot areas in Europe, and the results
of these tests have been reported in detail [190,191]. Complete descriptions of the protocols that should
be used in each case have been published [84]. The purpose of drawing up this list of indicators
was to establish a monitoring network in which changes in soil characteristics can be periodically
controlled [192].
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Development of the European Soil Data Centre provides additional mechanisms for reporting
information on soil and SQ data and adequate definitions of SQ, SQI and monitoring networks [85].
The spatial density of soil monitoring networks is very non-homogeneous in WE, with no or very few
systematic sampling sites available for many of the indicators shown in Table 3 [192]. In fact, some
of those SQI (e.g., those related to soil erosion or soil organic C) have been monitored with much
higher intensity and frequency than others such as soil biodiversity [70]. The LUCAS (Land Use/Land
Cover Area Frame Survey) represents the first effort to build a consistent spatial database of the topsoil
(0–30 cm) cover across Europe, based on standard sampling and analytical procedures [193]. The aim of
LUCAS is to gather harmonized information on land use/land cover and several soil properties, such
as soil texture, organic carbon, nitrogen content, pH and cation exchange capacity. The survey also
provides territorial information for the analysis of the interactions between agriculture, environment
and countryside, such as irrigation and land management. LUCAS field surveys have been carried out
every three years since 2006. The next LUCAS field survey is planned for 2015.

Finally, within agricultural soils, the above-mentioned Communication of the European
Commission on the development of agri-environmental indicators for monitoring the integration
of environmental concerns into the CAP (COM(2006) 508 final) also established SQ as a state/impact
indicator set [194] (see Section 3.2). This indicator set, which has not yet been completely assessed,
aims to describe the following: (i) the soil capacity for biomass production; (ii) the input required for
optimal productivity; (iii) the soil response to climatic variability; and (iv) carbon storage, filtering
and buffering capacity. These four issues are to be integrated in a SQ index aimed at quantifying the
ability of soils to provide agri-environmental services by performing their functions and responding to
external influences. The index is determined following a similar previously described approach [187].
The SQ index is calculated from four sub-indicators of similar weight, which are relevant either to the
agricultural and/or to environmental performance of soil: (i) soil productivity index; (ii) soil fertilizer
response rate; (iii) production stability; and (iv) soil environmental services. So far, only indicators
(i) and (ii) have been calculated for most regions and countries within the EU. The productivity
index (i) takes into account both the inherent soil properties, and the climate and topography of each
territory. When climate is more limiting for rainfed agricultural production, soil properties supporting
productivity gain more weight in the index than in areas with fewer or no climatic limitations. The
index therefore does not only represent soil characteristics and should be considered as a land quality
index rather than a SQ indicator. In WE, the most productive croplands are found in NW France,
Belgium and the Netherlands, together with W England and Scotland. The most widespread areas of
land of low productivity are in Spain and SE Italy.

The response to fertilization (ii) was calculated by assigning a fertilizer response score for each
soil unit based on soil properties. The areas with a high response value matched those with high
productivities in (i). Conversely, the areas with soils displaying a low response to fertilization in rainfed
croplands were found in Spain, especially in the Ebro and Guadalquivir river basins. The stability
of crop production will be estimated from soil characteristics that explain higher variability under
limiting water and climate conditions. Finally, four soil functions will be considered for evaluating the
environmental services of agricultural soils: organic C storage, the filtering capacity, the transforming
capacity of the soils, and their biodiversity and biological activity. Further development of this index
will be of use in land-use planning and environmental protection.

At a national level, some attempts have been made to establish standard systems for the periodic
control of SQ and SQI, such as the National Soils Indicator Consortium in the UK (UKSIC) and
the Soil Quality Monitoring Network (Réseau de Mesures de la Qualité des Sols, RMQS) in France.
In the UK, the UKSIC has established a minimum set of SQI for broad-scale soil monitoring. This
includes soil organic carbon, soil pH, heavy metals (Cu, Zn, Ni), Olsen P, potentially mineralizable
N and bulk density [195]. These indicators were selected by experts and constitute a basis for
periodical comparisons in a network of sampling sites across England and Wales. Scotland is at
present developing its own soil monitoring system within the Scottish Soil Framework (SSF) [196].
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In France, the development of the RMQS was designed as a periodic (every 10 years) collection of
soil samples in a regular template (16x16 km). As in the UKSIC, soil properties (texture, organic C,
nutrient contents and some other physical and chemical properties) are measured at each sampling
point where soil and soil use are characterized [29,197].

Similar soil monitoring networks exist in other WE countries such as Germany and Austria.
Many of these networks aim to monitor soil degradation at a national level by making regular and
comprehensive comparisons of the selected indicators over time. They are not intended for field-scale
application to detect main soil constraints and thus to derive soil management and conservation
recommendations for particular sites [198].

One problem associated with studying SQ in such a way is the difficulty in evaluating the absolute
values and observed changes in SQI. This problem arises from two sources. First, the heterogeneity
of soils and soil uses makes it difficult to establish baselines and thresholds (see gaps in Table 3, and
the case for SOM in [62]). Second, the same factor may have a different score depending on the soil
function or ecosystem service being evaluated.

In this sense, to our knowledge, no systematic and normalized strategy for SQ evaluation
at the national level equivalent to the Soil Management Assessment Framework (SMAF) in the
USA [183,199,200] exists in WE. This type of evaluation focuses on the selection of a minimum data set
of SQI that must include soil physical, chemical and biological attributes of soil. Different scores can
be assigned to these indicators on the basis of their average values and the relationship between these
values and the performance of each soil function. The scoring therefore depends on the soil type and
the soil function(s) considered [183]. In contrast to SQ evaluations focused only on monitoring soil
properties in time, this type of system defines different scores and quality attributes depending on
the soil function and/or soil ecosystem service considered. Although these studies are complicated to
carry out because they are site specific, they are very valuable for assessing SQ response to different
types of agricultural management (e.g., [200]). Some initiatives are currently being developed for
considering the multi-functionality of soils for land management decision (see Section 3.3 for those by
Schulte et al. and by Volchko et al. [201,202]).

At regional and local levels, many studies have addressed SQ monitoring systems with a
holistic approach in WE. Most of these focus on the evaluation of SQI for SQ monitoring under
particular soil uses and/or under particular conditions, such as soils under OF ([203,204], forest soils
under different types of management [49,205], extensive rainfed cereal crops in semi-arid land [206],
Mediterranean mountain agrosystems and vineyards [207,208], and many others. Since biological SQI
are generally not considered in large soil inventories or monitoring networks [209], many of these
studies identify suitable biological SQI such as microbial parameters, soil fauna, earthworms and other
macro invertebrates, etc. (e.g., [76,208,210]). The results of studies using holistic SQ evaluation systems
in agricultural soils are diverse, as are the agrosystems studied. In general, different management
systems are compared. To cite two examples, enhanced soil quality was observed under NT in
extensive rainfed cereal systems in semi-arid Spain, but the impact of organic farming in vineyards in
S France was not detectable in the overall SQ [154,206].

In summary, the development of SQ monitoring programs and SQ evaluation systems that
enable accurate assessment of the soil ability to accomplish functions or ecosystem services is an
ongoing and promising strategy for soil protection in WE. Two considerations are important in this
framework: inclusion of the farmers’ perspective and evaluation of economic trade-offs in the different
evaluations [211].

3.2. Soil Protection and the EU’s New Common Agricultural Policy (CAP)

Although there is a shift towards including the multi-functionality of soils into the legislation in
many WE countries (e.g., The Netherlands [212], Belgium [213] and France [214]), a specific legislative
framework for unpolluted agricultural soils is so far lacking. However, as most countries in WE belong
to the EU, they are affected by the CAP. The CAP is based on two groups of measures or pillars. Pillar
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one corresponds to the legislative framework in relation to agricultural production subsidies. Pillar
two includes the support policies for rural development in the EU.

Since 1999, in the so-called Cardiff process, environmental protection measures have been
integrated into the CAP. This implies that the successive reforms of the CAP established a list of
statutory management requirements and a reference level of good agricultural practices that should be
respected by European farmers being supported by the CAP. Different requirements and reference
levels have been established for different local conditions by member states or competent regional or
local authorities. The cross-compliance character of these measures implies that they are mandatory
for farmers receiving CAP subsidies. From the perspective of soil conservation, cross-compliance links
direct payments with compliance by farmers with the obligation of keeping land in good agricultural
and environmental condition, including standards related to soil protection (namely protecting soil from
erosion and the maintenance of soil organic matter and soil structure) (EU Council Regulation 73/2009).
Table 4 shows the different measures adopted in this framework for different WE countries in 2006, as
compiled by GEIE Alliance Environment [215].

The CAP has also encouraged sustainable soil management by funding the provision of
environmental public goods and services beyond mandatory requirements to those farmers adopting
the so-called agri-environmental measures (AEMs). In many cases, this implies adopting agricultural
activities or levels of production intensity that deliver positive environmental outcomes, while not
necessarily being the first choice from the point of view of profitability. Some of these measures
are related to management systems that can promote SQ. As a result, throughout its successive
reforms, soil protection measures have been reinforced in the CAP and expanded to encourage organic
and integrated farming, extensification, maintenance of terraces, safer pesticide use, use of certified
composts, and afforestation, among others [13]. The flexibility of AEMs allowed WE countries in the
EU to develop different measures or schemes to reflect different bio-physical, climatic, environmental
and agronomic conditions and therefore to tailor management options to suit the characteristics of
their agricultural sector. As described in a case study in Brandenburg (Germany) [182], AEMs and
cross-compliance measures associated with the CAP are often the only significant official policies
addressing soil conservation in agricultural land in WE [53].

Table 4. Soil-related measures adopted for maintaining arable land in good agricultural and
environmental condition within the Common Agricultural Policy (CAP) framework in Western Europe
(WE) countries within the EU.

Country

Measure DE AT BE * DK ES GR FR IE IT LU NL PT UK SE
Soil erosion control
Minimum soil cover x x x x x x x x x x x x x

Minimum land management x x x x x x x x x x
Terrace conservation x x x x x x x

Other measures for erosion x x x x
Organic matter (SOM) management

Crop rotation x x x x x
Management of crop residues x x x x x x x x x

Other measures for SOM x x x x x
Soil structure protection

Use of adequate farm machinery x x x x x
Other measures for structure x x x x x

Other measures
Livestock density control x x x x x x x x x x x x x

Grassland protection x x x x x x x x x x x x
Slope assessment x x x x x x x x

Wild vegetation control x x x x x x x x x x x
Olive-grove preservation x x

Other x x x x x x x

* Data for Belgium include Flanders and Walonia; Source: Adapted from [215] (Data for 2006).
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Within this framework, the development of agri-environmental indicators for monitoring the
integration of environmental issues in the CAP was introduced in 2006 (COM 2006-508 final).
As explained above, some of these indicators involve soil protection. These have been selected
for monitoring farm management practices, agricultural production systems, pressures and risks to
the environment and the state of natural resources. Their level of development differs greatly: while
some are already operational, others are only defined and lack data. Table 5 shows these indicators
and their development to date.

The changes in CAP towards more environmentally-oriented policies had different results in
relation to SQ [175]. In most cases, measures included in AEMs, such as contour and reduced tillage, led
to reduced erosion rates, higher biodiversity and generally improved SQ in arable land and grasslands
across WE. However, promotion of set-aside, for example, may have the opposite effect in arid and
semi-arid land. The difficulty in fulfilling the requirements of cross-compliance also stimulated land
abandonment in some areas. The CAP has also encouraged the use of soil cover systems and crop
rotations, and has contributed to the dissemination of CF [121].

The latest reform of the CAP (for the period 2014–2020) includes significant changes in relation
to environmental protection: a new policy instrument of the first pillar (greening) is directed to
the provision of environmental public goods [217]. This instrument has been designed to reward
farmers for respecting three obligatory agricultural practices: (i) maintenance of permanent grassland;
(ii) maintenance of ecological focus areas (land left fallow, terraces, landscape features, buffer strips
and afforested areas); and (iii) crop diversification (which includes having at least three crops on the
same agricultural exploitation, or including agronomic practices with minimum soil disturbance and
green coverage of the soil surface in permanent crops). Implementation of these measures across the
EU is expected to increase soil protection, as many of the measure directly involve soil. For instance,
in Spain, ecological focus areas include set-asides, N-fixing crops, afforested surfaces and land devoted
to agroforestry. The aim of this reform is also to extend and reinforce the environmental component to
Pillar 2, by including agri–environmental-climate measures, OF, forestry measures and investments
that are beneficial for the environment or climate (amongst others) in rural development policies.

Nevertheless, the final net effect of the new CAP on SQ in WE will depend on multiple factors,
both at local and national level, and it is possible that trade-offs between conflicting agricultural sector
policies will appear. For example, a policy aimed at mitigating soil erosion (achievable through CF)
may conflict with another policy discouraging the use of herbicides (often critical to the initial success
of CF practices [121]). Similarly, CAP measures designed to promote increased agricultural production
may diverge from those developing environmental policy objectives [201].

In addition to environmental issues affecting terrestrial and aquatic systems, CAP reforms
included since 2010 support climate action. The reduction of GHG emissions from farmland, when
including soil management strategies and the stabilization of organic C in soils, may affect SQ in WE.
The efficiency of these strategies may differ both in terms of the abatement of GHG emissions and
economic costs, as shown for ten possible measures in French farms [218]. Among these measures,
those directly affecting soil and soil management had positive (cover crops, hedges), very little (legume
crops, agroforestry, reduced tillage) and negative (organic fertilizer application) effects in terms of
net CO2 abatement. Conversely, some agricultural practices that improve SQ have been observed to
increase GHG emissions [119].

The new CAP structure offers the possibility of including climate action instruments in both
Pillar 1 and Pillar 2; however, in some cases the impact of such measures is still uncertain. Nevertheless,
according to [219], the new CAP will probably be one of the most important opportunities for the
EU-28 to tackle the climate change issue. Implementation of CF and use of cover crops are included
among the proposed measures to be adopted at farm level.
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3.3. Promising Strategies for Soil Quality in Western Europe

From the above it can be concluded that SQ monitoring, assessment and protection are currently
at different levels of development in WE. Some promising strategies for increasing the awareness of
SQ and improving its consideration in future policies in WE include (i) the development of soil status
and SQ monitoring networks at a continental scale; (ii) the inclusion of SQ and soil functionality issues
in environmental and agricultural legislation; (iii) the research for accurate and, if possible, simple SQ
monitoring tools; and (iv) the implementation of multi-actor and multi-target strategies for promoting
and increasing SQ awareness and the effective implementation of SQ-improving management practices.

Monitoring SQ (i) is essential to measure soil degradation and to develop appropriate strategies
for soil protection. This includes the creation of international networks to address critical and
crosscutting soil issues. In addition to national initiatives, Europe has several projects that address these
issues. For example, the above-mentioned LUCAS survey and the recently launched (2013) European
Soil Partnership (ESP) are added to previous initiatives under the support of the Joint Research Center
of the EU, such as the European Soil Bureau and the European Soil Data Center, from which information
on soils in the EU can be retrieved at the European Soil Portal (http://eusoils.jrc.ec.europa.eu/). All
these initiatives are supported by the JRC of the EU. The ESP is one of the regional partnerships
of the Global Soil Partnership. The objective of this regional network is to bring together the
various scattered networks and soil-related activities within a common framework, open to all
institutions and stakeholders willing to actively contribute to sustainable soil management in Europe.
The ESP has five main pillars of action, which include promoting sustainable management for
soil protection, encouraging investment, technical cooperation, policy, educational awareness and
extension in soil, promoting soil research related to productive, environmental and social development
actions, enhancing the quantity and quality of soil data and information, and harmonizing methods,
measurements and indicators for the sustainable management and protection of soil resources. These
initiatives must account for the fact that sampling schemes suitable for inventory are not necessarily
also suitable for monitoring [220]. Monitoring information on farm management practices, on how
these practices affect the environment, and whether they correspond to recommended (or legislated)
practices and standards may also contribute to early detection and assessment of SQ issues [221].

In relation to the inclusion of SQ issues in legislative and assessment tools (ii), the functional
land management strategy recently proposed by Schulte and coworkers is a complete and promising
model for developing policies that enable achievement of goal targets for productivity by considering
and enhancing the capacity of soils to provide ecosystem services [201]. This strategy is based on
optimizing five basic soil functions (biomass production, water purification, C sequestration, habitat
for biodiversity and recycling of nutrients) by studying the potential of soils to supply these, as well
the present and future demands by taking into account growth goals and environmental restrictions.
Although the study was proposed for Irish agricultural soils, it could be expanded to other European
regions (including the EU).

Another example of a decision tool that considers soil functions and that can be used to evaluate
remediation alternatives for contaminated soils has been described by Volchko and coworkers [202].
This is based on the inclusion of selected ecological soil functions (basis for primary production, cycling
of carbon, water, nitrogen and phosphorus) in a multi-criteria decision analysis. The degree to which
these functions are fulfilled in remediated sites is determined using a minimum data set of SQI (soil
texture, coarse material, organic matter, available water, pH, potentially mineralizable nitrogen, and
available phosphorus), which are scored and integrated in a SQ Index, in an approach very similar to
that described in the SMAF [199].

A good example of the incorporation of soil functionality criteria in legislative frameworks is the
ongoing process in the above-mentioned SSF in Scotland. This framework aspires to develop the EU
Soil Thematic Strategy for Scottish soils, providing a legislative framework for soil protection that
accounts for the inherent soil quality and the multi-functional roles. The declared aim of this SSF is
to promote the sustainable management and protection of soils consistent with the economic, social
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and environmental needs of Scotland. The framework identifies more than 35 actions in different
fields (research, soil conservation, land management, etc.) linked to expected soil outcomes. Each
action has a delivery date and designates the persons or bodies responsible for its accomplishment.
These actions include the development of a Scottish soil-monitoring network and review of the land
capacity for agriculture. The monitoring network focuses on the functions of soils related to ecosystem
services. This strategy will be included in the more general strategy for land use [222], which includes
for instance, the rationale for woodland expansion. In this rationale, a soil-based evaluation of land
is made in order to protect sensitive soils (such as peatland soils) or high quality agricultural land,
which provide essential services such as C sequestration and food production, from being converted
into forest plantations. Similar systems in which the soil types (and therefore their inherent quality)
are considered for management decisions have been developed in England for forestry management.
These guides (e.g., Whole-tree harvesting guide [223]) determine the type of practice to be implemented
as a function of soil characteristics in each forest plantation.

In this sense, the positive and negative market services provided by forests (including those
related to soil protection) play a significant part in decisions about forests, but they are notoriously
difficult to quantify, and people seldom agree on their value. The EU needs a policy framework that
coordinates and ensures coherence of forest-related policies and allows cooperation with other sectors
that influence sustainable forest management. For example, the efficient use of wood biomass as a
renewable energy resource and increased utilization of domestic, renewable resources of biomass
has been identified as an opportunity for many European countries to increase their energy security.
Significant impacts on roundwood and wood residue markets are expected as the energy sector
becomes a major consumer of wood biomass. There has already been a rapid increase in the production
of energy from harvested forest residues (small diameter tree stems, branchwood and foliage) in some
Nordic countries [224,225].

Another challenging aspect in many areas in the future is the development of adequate SQI

(iii) [16] and in particular establishment of the relationship between their levels and soil functions
for different areas and land uses across WE, as indicated for levels of soil organic matter [62]. In this
sense, although much work has been done in some aspects (for instance in relation to climate change
mitigation and adaptation strategies), research for developing SQ assessment tools and SQI in other
aspects is still pending in WE. For example, new methodological approaches for soil biodiversity
measurement are being developed [73], as well as new tools to assess land susceptibility to wind
erosion [55]. New techniques such as near-infrared reflectance spectroscopy are being considered for
the evaluation of SQ and soil properties [226,227].

Finally, attempts to broaden the participating agents (multi-actor) and the objectives (multi-target)

of new soil management strategies that enable improved SQ (iv) also exist in WE. For example, the
LIFE project series devoted to soil degradation problems and soil protection aims to translate science
and policy into practice [228]. These measures enable the involvement of stakeholders in the launching
and demonstration of new techniques and systems for sustainable soil use in the EU. There is a special
need for developing cost/benefit analysis, such as that recently developed for GHG abatement in
French agriculture [218].

At a different level, certification of agricultural and forest goods has been a successful strategy in
some cases. In addition to public policies or official certifications, some initiatives such as integrated
farming and GlobalGAP are provided to producers who apply some soil-friendly management
practices, with certified labels awarded for their products. This type of labeling increases the awareness
of consumers and can indirectly promote the adoption of production strategies that preserve or
improve SQ.
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4. Concluding Remarks and Future Threats to Soils in W Europe

The objective of this review paper was to consider soil degradation problems, the policies and
strategies for soil protection and the future perspectives for SQ assessment in WE, with the aim of
providing a summary of SQ problems and evaluation in the region.

The review of soil degradation showed that different population trends, economic activities, local
legislative conditions and historical land use have created different types of SQ-related problems.
Problems related to soil chemical, physical and biological degradation have been identified in
different areas of WE. Soil losses through erosion are also significant in many regions. Many of these
problems are related to agricultural and forest management, which are the predominated activities on
non-urban land.

The strategies implemented in WE to overcome these problems in cultivated and forest land
include conservation agriculture, organic farming and other sustainable agriculture and forest
management systems. These have had results of varying success, mainly because of the site-specificity
of their effectiveness. This highlights the fact that universal solutions are difficult to design and achieve
for a complex problem such as soil degradation.

Moving towards strategies that consider soil functions within the framework of SQ assessment and
regulation in WE would help to optimize the assessment of soil degradation problems and the search
for effective strategies for sustainable soil management adapted to the characteristics of European
regions. However, although promising examples exist at a local level, and a significant amount of work
has been done in pan-European projects, more information than is currently available seems necessary
for a national or continental-scale SQ assessment. Some platforms such as the European Soil Database,
the LUCAS framework and development of the European Soil Portal will undoubtedly contribute to
the harmonization of soil data and soil monitoring across Europe, for instance in the task of identifying
adequate SQI that should be calibrated across the continent. Developing cost/benefit analysis and
multi-actor approaches to address SQ and soil protection strategies in WE seems a promising approach.

However, so far only some problems related to soil degradation have been considered in the
legislation (i.e., contamination), and specific soil legislation is lacking in WE. As a result, most of
the attempts involving soil protection and SQ enhancement are found in normative frameworks
that affect soils only indirectly, mostly in the form of environmental-oriented restrictions to the CAP
subsidies both to agricultural production and in rural development plans. Thus, the sustainable use
and conservation of WE soils are not yet fully guaranteed. This is especially true for forest soils, which
are not directly affected by most CAP regulations and mainly depend on certification strategies as
indirect mechanisms of ensuring sustainable management.

The need for specific legislation and holistic SQ assessment strategies becomes clear in light of
evidence of future threats to soils and SQ in the region. In 2012, the European Commission identified
increased future soil degradation problems for European soils if several aspects are not properly
addressed [229]. The greatest challenges cited were land use issues (including the increasing demand
for productive soils and land take for urbanization and infrastructure areas), the preservation of SOM
(especially in peatland, pastures and forest soils) and more effective use of fertilizers and organic waste
that may help to optimize soil fertility without leading to SQ degradation. These three aspects are
closely connected to most of the soil physical, chemical and biological degradation processes and
soil loss problems described in the Soil Thematic Strategy. A review of the topics addressed suggests
that, as recently noted [201], greater scientific knowledge and management of soils will be critical in
meeting the challenges of food security and environmental sustainability in the forthcoming years in
WE and worldwide.
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Abstract: Soil degradation is one of the most serious ecological problems in the world. In arid and
semi-arid northern China, soil degradation predominantly arises from wind erosion. Trends in soil
degradation caused by wind erosion in northern China frequently change with human activities and
climatic change. To decrease soil loss by wind erosion and enhance local ecosystems, the Chinese
government has been encouraging residents to reduce wind-induced soil degradation through a series
of national policies and several ecological projects, such as the Natural Forest Protection Program,
the National Action Program to Combat Desertification, the “Three Norths” Shelter Forest System,
the Beijing-Tianjin Sand Source Control Engineering Project, and the Grain for Green Project. All
these were implemented a number of decades ago, and have thus created many land management
practices and control techniques across different landscapes. These measures include conservation
tillage, windbreak networks, checkerboard barriers, the Non-Watering and Tube-Protecting Planting
Technique, afforestation, grassland enclosures, etc. As a result, the aeolian degradation of land has
been controlled in many regions of arid and semiarid northern China. However, the challenge of
mitigating and further reversing soil degradation caused by wind erosion still remains.

Keywords: soil degradation; wind erosion; northern China

1. Introduction

Soil degradation is one of the most serious ecological and environmental problems facing the
world [1]. In China, the total land area affected by soil degradation is approximately 861,600 km2,
accounting for 9.0% of the national territory [2]. It recognized that water erosion, wind erosion,
salinization, acidification, and soil contamination are the main factors leading to soil degradation [3].
The most typical and serious form of soil degradation for China is soil erosion caused by wind or
water. For arid and semi-arid northern China, the dominant soil degradation force involves aeolian
processes [4]. Recently, the aeolian desertification survey of China revealed that the total area suffering
from soil degradation caused by wind erosion covered 375,935.5 km2 by 2010, about 44.1% of the total
soil degraded land in China [5].
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Wind-induced soil degradation may take several forms. The first and most visible form is total
removal of the topsoil from bare fields, particularly on knolls within fields. This fertile topsoil may
be transported to other areas of the field, deposited along the margins of the field, or totally lost
into adjacent land. A more subtle form of wind-induced soil degradation is the winnowing of the
finer, more chemically active particles from the soil. These fine soil particles have high surface area
to volume ratios and thus carry disproportionate amounts of soil nutrients and organic carbon with
them. Fine soil particles may be carried long distances from the source fields and even deposited in
the oceans where they are lost from terrestrial ecosystems. They are also key to soil water holding
capacity and soil aggregation and their loss often results in a looser, drier, sandier soil surface. Thus, a
negative feedback loop is formed where wind-induced soil degradation may lead to a more vulnerable
soil surface. Finally, wind-blown sand in the form of dunes or sand sheets may migrate over and bury
fertile farm fields and grasslands resulting in lost ecosystem productivity.

Wind-induced soil degradation significantly affects local economic, society and ecosystems
sustainability. The total economic loss due to wind-induced soil degradation has been estimated
to be more than 54 billion Chinese Yuan (approximately 6.8 billion U.S. dollar) per year. About
170 million residents in arid and semi-arid northern China are threatened by wind-induced soil
degradation [6]. Severe soil degradation generally decreases land productivity, which may result
in local poverty, malnutrition, and disease. In turn, the poverty may push residents to over-exploit
local natural resources, which may further degrade local sensitive ecosystems [7]. To combat wind
erosion induced soil degradation and enhance local sustainability, the government invests about
0.024% of the annual Chinese gross domestic product (GDP) to launch a series of national policies
and ecological projects [8]. Consequently, many land management practices and control techniques
for different landscapes have subsequently been created. These national policies coupled with local
residents’ efforts, have made significant achievements in combating soil degradation in China. The
expanding rate of soil degradation for some typical regions (such as Horqin Sands and Mu Us Sands)
is controlled [9]. However, the campaign for reversing the trend of soil degradation still needs more
efforts from government officials, local residents and research in the future.

The purpose of this paper is to review Chinese processes and experiences in combating wind
erosion induced soil degradation for the last 60 years. In this paper, we focus on (1) historical
and current trends of wind-induced soil degradation in northern China; (2) status of typical
regions suffering from wind-induced soil degradation; (3) current land management practices and
problems to combat wind-induced soil degradation; and (4) perspectives on reversing wind-induced
soil degradation.

2. Historical and Current Trends of Wind-Induced Soil Degradation in Northern China

2.1. Wind-Induced Soil Degradation in Northern China

In northern China, low annual precipitation (generally less than 500 mm) and strong wind
between March and June are the climatic driver to wind-induced soil degradation [4]. Wind erosivity
can be used to describe how the climate affects wind erosion. Many equations of wind erosivity have
been proposed [10]. The C-value from the Food and Agriculture Organization (FAO) is one of the
most widely-used wind erosivity indexes [4,10]. The C-value is estimated from monthly climate data
(average wind speed, potential evapotranspiration, and precipitation) [10]. Figure 1 illustrates the
spatial pattern of C-value for northern China. The regions with high C-value are mainly distributed in
Xinjiang, Inner Mongolia, Qinghai, Ningxia, and Gansu province, with the exception of a few coastal
regions (Figure 1). These dry and windy regions with high C-value are generally suffering serious
wind-induced soil degradation.
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Figure 1. Spatial pattern for the wind erosivity (C-value) estimated from the Food and Agriculture
Organization (FAO) method in northern China. Notes: Dr. Benli Liu (Cold and Arid Regions
Environmental and Engineering Research Institute, Chinese Academy of Sciences, Lanzhou, Gansu,
China) provided the figure. The authors thank him for his contribution.

In modern China, wind-induced soil degradation mitigation efforts began in the late 1950s [11].
The first national aeolian desertified land survey was conducted in 1994 with a repeating period of
five years using remote sensing, the latest survey was performed during 2009. Spatially, most land
with wind-induced soil degradation (aeolian desertified land) are distributed in arid and semi-arid
northern China where the annual rainfall is below 500 mm [7]. As Figure 2 shows, aeolian degraded
lands are mainly scattered in (1) the semi-arid agro-pastoral ecotone of northern China (about 40.5% of
total aeolian degraded land) where wind erosion and sand sheet incursions are responsible for most
soil degradation; (2) the semi-arid steppe in the middle of Inner Mongolia (about 36.5% of total aeolian
degraded land) where reactivation of fixed dunes and shifting sand incursions create the most soil
degradation; and (3) the margins of oases and lower reaches of inland rivers in the arid region (about
23% of total aeolian degraded land) where reactivated fixed dunes cause most soil degradation [7].

Generally, human activities are considered to be one of most important factor contributing to
wind-induced soil degradation [7,12]. According to the statistics of wind-induced soil degradation
in arid and semi-arid regions of northern China, over-cultivation, over-grazing, over-collecting fuel
wood, inappropriate irrigation management, and engineering construction are responsible for 25.4%,
28.3%, 31.8%, 8%, and 1% of aeolian soil degraded land, respectively [7].

For the last 60 years, the trends of soil degradation caused by wind erosion in northern China
frequently changed with human activities [7,12]. Table 1 presents the fluctuations of aeolian soil
degradation during the last 60 years. In this paper, the standard titled “Classification Standard of
Sandy desertification degrees” [12] was used to classify the wind-induced land degradation hazard,
which is classified as slight, moderate, severe, or very severe (Table 2). The total area of aeolian
degraded land changed from 296,470.4 km2 to 375,935.5 km2 between the 1950s and 2010. From the
1950s to 2000, aeolian degraded land rapidly expanded with an accelerating rate. The rates of increase
for periods of the 1950s to 1975, 1975 to 1990 and 1990 to 2000 were 1560 km2 per annum, 2100 km2

per annum, 3600 km2 per annum, respectively [13]. In contrast, from 2000 to 2010 the amount of
aeolian- degraded land annually shrank. From 2000 to 2005 aeolian-degraded land decreased 1635.3
km2 per annum and decreased 1114.4 km2 per annum from 2005 to 2010. Analysis of wind-induced
soil degradation spatial pattern for different period shows that variations of aeolian soil degraded
land mainly occurred in the agro-pastoral ecotone of northern China [5]. In a word, wind-induced
soil degradation has passed through two stages in arid and semiarid northern China. First, rapid
wind-induced soil degradation occurred from the 1950s to the late 2000s. Second, wind-induced soil
degradation has generally been prevented in many regions of arid and semiarid northern China by the
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2010s, except for a few regions where arid-windy climate and more frequent human activities threaten
the soil health (such as Bashang region, Minqin Oasis, Hexi Corridor, etc.) [7].

Figure 2. Spatial pattern of the aeolian soil degraded land in northern China. Notes: 1 = Taklimakan
Desert, 2 = Gurbantunggut Desert, 3 = Kumtagh Desert, 4 = Qaidam Basin Desert, 5 = Badain Jaran
Desert, 6 = Tengger Desert, 7 = Ulan Buh Desert, 8 = Hobq Desert, 9 = Mu Us Sandy Land, 10 = Onqin
Daga Sandy Land, 11 = Horqin Sandy Land, 12 = Hulunbeir Sandy Land. I = Sandy Desert; II = aeolian
degraded land with very severe and severe hazard; III = aeolian degraded land with moderate hazard;
IV = aeolian degraded land with slight hazard; V = Gobi. The standard titled “Classification Standard
of Sandy desertification degrees” [12] was used to classify the wind-induced land degradation hazard.

Table 1. Changes of aeolian soil degraded land from 1950s to 2010 for arid and semi-arid
northern China.

Class
1950s 1975 1990 2000 2005 2010

Area of the Class (km2)/Percentage of Total Area for the Class (%)

Slight – 93,886.3/29.2 109,041.6/30.7 132,795.6/34.1 129,793.4/34 127,066.2/33.8
Moderate – 72,525.4/22.6 81,736.7/23 89,170.5/22.9 87,120.9/22.8 85,863.7/22.8

Severe – 76,851.7/23.9 83,477.1/23.5 85,969.2/22.1 84,086.7/22 83,307.3/22.2
Very severe – 78,204.1/24.3 81,050.7/22.8 81,785.1/21 80,543.8/21.1 79,735.9/21.2

Total ~295,000.0 321,430.4 355,268.8 389,683.7 381,507.3 375,935.5

Notes: The data were compiled from [7] and [13]. (–) = no data; (~) = approximate data; In the 1950s, the aeolian soil
degraded land survey lasted several years, thus the approximate total area of soil degradation is derived from the
data in 1975 [5], and the detailed soil degradation hazard data is also not available.
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Table 2. Classification Standard of Sandy desertification degrees.

Class
Percentage of Blown

Sand Area (%)

Percentage of
Annual Increasing

Area (%)

Percentage of
Vegetation Cover (%)

Percentage of
Annual Reduction

in Biomass (%)

Slight <5 <1 >60 <1.5
Moderate 5–15 1–2 60–30 1.5–3.5

Severe 25–50 2–5 30–10 3.5–7.5
Very severe >50 >5 10–0 >7.5

Notes: The data were obtained from [7].

2.2. Wind-Induced Soil Degradation for Typical Regions

The rain-fed agricultural region of the agro-pastoral ecotone in northern China (APEC) is a typical
region suffering from wind-induced soil degradation where changes of aeolian soil degraded land
mainly occurred in the APEC for last 60 years [7]. It is generally recognized that the APEC is a
transitional zone including grassland and farmland, where the soil degradation is very sensitive to
climate and human activities. The trends of soil degradation for different parts of the APEC differ
according to the specific locality and stressors.

The Bashang region, located in the northeast part of the APEC, is a typical region where the
wind-induced soil degradation is increasing due primarily to intensified human activities. The land
use dramatically changed during the 20th century. The natural landscape of the Bashang region is
steppe, and cultivation of steppe grassland for grain production, often leads to severe wind-induced
soil degradation. The total area of aeolian degraded land changed from 2524.0 km2 to 4608.6 km2

between 1975 and 1987 [7]. The degraded land increased from 4608.6 km2 in 1987 to 6970.4 km2 in
2000 [7]. Improper tillage practices generally leads to significant soil degradation. The fine soil material
carrying much of the organic C and N, and P nutrients is the first to be winnowed from the soil and
lost from the landscape as fugitive dust. After eight years of cultivation, more than 50% of the soil
organic C, total N, and total P had been lost from the topsoil (0–20 cm plough layer), and the nutrients
decreased 60%–79% in the topsoil after 50 years of cultivation near the town of Datan in the Bashang
region [14]. Soil degradation was so severe that some of the cultivated lands were abandoned. With
increasing abandonment time, the soil nutrients tended to increase (Figure 3) [14]. This indicates
that the soil health can be significantly improved when intensified human disturbance such as tillage
is discontinued.

Note: the data were obtained from [14]. 

Figure 3. Soil properties affected by year of land abandonment for Datan Town in Bashang region.
Note: the data were obtained from [14].

The trends of wind-induced soil degradation in the Horqin region is different from the Bashang
region. Figure 4 presents the changes of aeolian degraded land in the Horqin region from 1959 to 2000.
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The wind-induced soil degradation accelerated in the 1970s, and decelerated in the early 1980s. Before
1987, the aeolian degraded land increased. From 1959 to 1975, the total area of aeolian degraded land
area increased by 9084.0 km2. The total area increased by 9624.0 km2 between 1975 and 1987. After
1987, the trend of increasing wind-induced soil degradation was reversed. The total area of aeolian
degraded land declined from 61,008.0 km2 in 1987 to 50,198.0 km2 in 2000. During this period, the
total area of the severe and slightly aeolian degraded land area increased 393.0 km2 and 1749.0 km2,
respectively, but very severe and moderate aeolian degraded land area decreased 488.0 km2 and
12,463.0 km2, respectively [13]. The atmospheric environment has also improved with the reductions
of aeolian degraded land. Figure 5 presents the variations of the indexes of atmospheric environment
for Nanman Banner (County) in the Horqin region. The annual days with sandstorm and annual
dusty days gradually decreased while the annual average wind speeds fluctuated between 3.2 to
3.8 m s−1 from the 1960s to the 1990s (Figure 5). The reduction of soil degradation with time is generally
attributed to effective comprehensive artificial measures, such as grassland restoration, afforestation,
enclosures, etc. [15].

Figure 4. Changes of the (a) total area for aeolian degraded land and (b) area for different aeolian
degraded hazard in Horqin region. Note: the data were obtained from [13]. The data for different soil
degradation hazard were unavailable for 1959.

Figure 5. Variations of the (a) annual days with sandstorm (b) annual dusty day in Naiman Banner
(County) in Horqin region. Note: the data were edited from [15]. The visibility is less than 1.0 km in
the days with sandstorms, the visibility is between 1.0 and 10.0 km on dusty days.
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3. Current Land Management Practices Status

To decrease soil loss by wind erosion and enhance local ecosystems, the Chinese government has
been encouraging residents to reduce wind-induced soil degradation through policies, economic, and
technical measures. On average, the government invests 0.024% of the Chinese gross domestic product
(GDP) to mitigate wind-induced soil degradation. As a result, about 20% of the degraded lands have
been controlled [8,16]. The measures for combating wind-induced soil degradation include national
policies (projects) and land management practices at the field scale.

3.1. State Policy and Projects to Combat Wind-Induced Soil Degradation

To combat wind-induced soil degradation and further reverse the degradation trend, a series of
state policies have been implemented. In 1994, the Chinese government signed the United Nation
Convention to Combat Desertification (UNCCD) for promoting international cooperation [17]. To better
implement the UNCCD, the Chinese Committee for Implementing the UNCCD (CCICCD) was
organized [9]. The Natural Forest Protection Program (NFPP) and the National Action Program to
Combat Desertification (NAPCD) were conducted during the late 1990s [18]. Based on these policies,
the national strategic objectives to combat wind-induced soil degradation were divided into three
stages: (1) a short-term objective (1996–2000) in which 3.2 million hectares of lands affected by wind
erosion will be rehabilitated; (2) a mid-term objective (2001–2010) in which 7.5 million hectares of
lands suffering from wind erosion will be rehabilitated; (3) a long-term objective (2011–2050) in which
about 30.0 million hectares of wind eroded lands will be rehabilitated [19]. The three stages are closely
interrelated and constitute a basic framework of wind-induced soil degradation control. With the
implementations of these policies, the Chinese Government gradually recognized the importance
of legislation for combating soil degradation and the Law of Combating Desertification (LCD) was
enacted in 2002 [9]. In addition, a national monitoring system which consists of 43 research stations
across China under the direction of the State Forestry Administration of China (SFA), the China
Desert Ecosystem Research Network (CDERN), has been under development since 1978 (Figure 6) [17].
The national policies mentioned above are the guidelines to combat wind-induced soil degradation
in China.

Meanwhile, a number of national ecological engineering projects have been launched. The
Three-North (northwestern, northern, and northeastern parts of China) Shelterbelt Project (TNSP)
(1979–2050), one of the most ambitious conservation programs in the world, was established to prevent
soil degradation through extensive afforestation in arid and semiarid China (Figure 6) [20]. The project
involves about 590 counties in 13 provinces, covering a total area of 4.1 million km2, accounting for
42.4% of China’s territory [19]. During the project period, 35.7 million hectares of afforestation is
planned and the forest coverage will change from 4.0% to 16.0% for the project region [19]. From 1979
to 2010, about 27.9 million hectares of afforestation have already been implemented [19]. Another
national afforestation project, the Grain for Green Project (GGP) (or named as Returning Farmlands
to Grassland and Forest Project) (1999–2010), aims to return 147.0 million hectares of farmlands and
173.0 million hectares of grassland to forest between 1999 and 2010 [21]. The GGP began its pilot
program in Sichuan, Shanxi and Gansu province in 1999 and finally extended to 1897 counties in
25 provinces of China [21]. By 2010, the GGP achieved its hectares goals, and the Chinese government
restarted the GGP on 10 October 2014 [22]. In addition, the Beijing and Tianjin Sandstorm Source
Control Project (BTSC) (2001-present) has been conducted for reducing the wind-induced soil loss and
related sandstorms in the Beijing-Tianjin megacity belt [23]. The BTSC involves 75 counties in Beijing,
Tianjin, Hebei, Inner Mongolia and Shanxi covering an area of 458,000 km2 around the Beijing-Tianjin
megacity belt (Figure 6). From 2001 to 2010, the first stage of BTSC has been implemented with an
investment of 55.8 billion Chinese Yuan (approximately 9.1 billion U.S. dollar), with the result that
18.0 million hectares of land have been acquired and 2.6 million hectares of farmland have been
afforested [24]. As to the benefit of the BTSC, the spatially average wind-induced soil loss decreased
from 26.3 in 2001 to 18.7 t hm−2 a−1 in 2010 with the total vegetation coverage of the BTSC increased
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from 40.9% to 49.1% [23]. However, the large-scale afforestation projects did not effectively solve
the local wind-induced soil degradation [25]. The overall survival rate of planting trees during
afforestation projects is only 15% in the arid and semi-arid northern China [26]. This suggests that
afforestation alone could not effectively reverse the trend of soil degradation. However, planting
grasses or bushes may be an effective measure to curb soil degradation for some regions [25].

 

Figure 6. State projects to combat wind erosion induced soil degradation. Notes: CDERN = research
stations of the China Desert Ecosystem Research Network; Three Norths = northwestern, northern,
and northeastern parts of China; BTSC = Beijing and Tianjin Sandstorm Source Control Project.

Additionally, many local policies, regulations, and projects have also gradually been proposed
to complement or augment the state plans. These policies and projects, at different scales, offer an
ongoing strategy-system to combat wind erosion induced soil degradation in China.

3.2. Current Land Management Practices Status for Different Landscape

At the field scale, the policies and projects mentioned above have yielded many typical and
classical land management practices and control techniques for different landscapes. The main
landscapes suffering wind-induced soil degradation are sandy land, farmland and grassland in arid
and semiarid northern China.

Sandy land is most susceptible to aeolian degradation. A typical engineering measure for sandy
land erosion control is the “Straw Checkerboards Barrier” (Figure 7). This technique effectively reduce
wind velocity, thus lower field sand transport rate [27]. Research has revealed that the wind velocity
can be reduced by 20%–40% at a height of 0.5 m and the soil surface aerodynamic roughness could
increase by 400–600 times when the height of the checkerboard barriers is 0.15–0.20 m [27]. The
economic and reasonable height of “Straw Checkerboards Barrier” is 0.1–0.2 m [27]. The building
materials of checkerboards barrier are flexible and include straw, shrub branches, stones, clay, and
artificial plastic products (Figure 7). This classical “Checkerboards Barrier” technique is still widely
used in China. More recently, an ecological technique, the “None-Watering and Tube-Protecting
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Planting Technique for Haloxylon ammodendron”, was invented and used for sandy land ecological
recovery and restoration [28]. The planting technique uses plastic or sand-made tubes to nurse the
seedlings of Haloxylon ammodendron based on the theory that the high temperature of sandy land
surface layer (0–2 cm) (>50 ◦C) is one of the important ecological limiting factors [28]. After several
years of testing, it was found that the technique can efficiently increase the percentage of average
seedling survival by greater than 70% and annual growth rate by greater than 20% for Haloxylon
ammodendron. In addition, the technique is also suitable for planting other sandy land plants [28].

The farmland scattered in arid and semi-arid northern China, especially farmland with bare
surfaces, is another landscape undergoing soil degradation. Conservation tillage is generally
considered to be an economical, practical and feasible wind erosion control method [29]. The efficacy of
conservation tillage and its application for dry lands of northern China have been addressed since the
1970s [30]. Many reports have shown that conservation tillage could efficiently mitigate wind-induced
soil loss at field scales even at regional scales in China [9,31]. The Chinese government has been
encouraging residents to adopt applicable conversation practices since 2002 [30]. However, at a
national level, the traditional cultivation practices, such as intensive tillage, residue removal or burning,
are still common [30]. It may be a long time before local farmers accept and embrace conservation
tillage. In contrast, windbreak networks for farmland have been gradually and steadily increasing
due to the strong support of the Chinese government. As a part of the TNSP and BTSC, windbreak
networks for farmland projects in arid and semiarid northern China have obtained continuous national
investment. By 2008, the total area of farmland with windbreak networks was 533,300 hectares in
the Three-North (northwestern, northern, and northeastern parts of China) region [19]. The effects
of windbreak networks for farmland on controlling soil degradation is closely related to its porosity
(density), orientation, height, width, distance between barrier rows, and length [32]. At a local scale,
windbreak networks could lead to reductions of wind speed and turbulence intensity within a certain
distance in the leeward and improve micro-agro-climate. At a regional scale, windbreak networks can
increase terrain roughness, so a dense network has been suggested as the cause of a reduction in the
average surface wind speed for the region [32,33]. Therefore, windbreak networks with optimal design
is a feasible measure to combat wind erosion induced soil degradation for the farming regions in arid
and semi-arid northern China where the water resource is sufficient to build and sustain windbreaks.

 

Figure 7. Various materials used for Checkerboards Barriers. (a) Straw; (b) Shrub branches; (c) Stones
and Shrubs; (d) Plastic.
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Grasslands are also very sensitive to wind-induced soil degradation in arid and semi-arid northern
China. Enclosing degrading grassland to keep out grazing animals is considered to be a simple,
economic and effective measure to maximize pastoral productivity and curb soil degradation, thus
it is widely used in the rain-fed regions of northern China [34]. For example, an enclosed grassland
significantly increased soil seed density and facilitate vegetation restoration in the Horqin region [35].
This study showed that seed density in the enclosed grassland increased by 15.7%, 482.5% and 728.1%
for sites enclosed for two-year, six-year, and 12-year periods, respectively, and the vegetation coverage
of the six-year and 12-year sites increased by 261.6% and 271.6%, respectively [35]. Nevertheless, some
research also questioned the total regional benefit for Chinese households for grassland enclosures.
Actually, enclosures generally do not decrease the number of livestock for a region. This measure
could force more grazing animals from enclosed grassland to non-enclosed grassland, which may
increase stocking rate of non-enclosed grassland. Investigations from Inner Mongolia revealed that
grassland enclosures conducted at a village level actually increased soil degradation processes across
vast territories while only protecting small isolated fields [36]. Planting grass on the degraded
grassland (planted grassland) is an important measure to recover and further reconstruct the grassland
ecosystem [37]. Planted grassland could also enhance pastoral productivity in a relative short time.
Experiments conducted in Qaidam Basin have showed that the forage of the planted grassland could
increase by 380% compared with the degraded rangeland [38]. The planted grassland generally
requires tillage, fertilization, and irrigation. It is an expensive and water-consuming measure, which
limits its wide use in arid and semi-arid northern China.

These measures and techniques for different landscapes are typical practical-experiences in
preventing wind-induced soil degradation. Actually, the design, construction, and implementation of
measures and techniques for preventing wind-induced soil degradation generally depend on local
geographical features, regional soil degradation control experiences, laboratory experiments, and
field observations [9]. It is still a challenge to develop and determine economical and efficient local
measures or techniques for mitigating soil degradation.

4. Perspectives on Reversing Wind-Induced Soil Degradation

National policies and projects together with local land management practices and control
techniques outline a blueprint to combat wind erosion induced soil degradation in arid and
semi-arid northern China. Although significant progress and abundant achievements for preventing
wind-induced soil degradation have been made to date, the campaign for reversing the trend of soil
degradation still needs more efforts from government officials, local participants, and researchers in
the future.

In China, the campaign for preventing wind-induced soil degradation involves more than 10 state
ministries and administrations [14]. More time and effort is needed to coordinate these government
branches to more effectively combat soil degradation. Accordingly, the government’s decision-making
may lag behind the development of soil degradation. Thus a powerful steering committee with a more
effective institutional framework may be necessary to curb and further reverse soil degradation. The
Chinese government could improve current policy in many ways. An efficient financial system with
more investments has been proposed to fund the control projects and related research, and to further
improve local residents’ enthusiasm for combating soil degradation [39]. It is also a feasible way to
explore international cooperation and funding.

The campaign for preventing wind-induced soil degradation also needs continuous research
involvement and affordable control techniques. In the degradation-prone regions, an increasing local
population with a resulting expanding economy makes the soil degradation and degradation reversal
processes more complex. Meantime, research on soil degradation is discontinuous in northern China,
which in turn decreases the locally effective tools to combat soil degradation [39]. Although it is
generally recognized that vulnerable eco-environments and irrational human activities result in soil
degradation, there is ongoing debate on the soil degradation process for different temporal or spatial
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scales [12,40]. Therefore, a series of spatially diverse long-term research projects on soil degradation
are needed to support executive decision-making.

Wind-induced soil degradation is a physical, economical and social-related process [41]. Basically,
executive policy and research involvement finally need to inspire local residents’ initiatives. To
effectively encourage local residents to combat wind-induced soil degradation, affordable technical
supports to combat soil degradation and adequate economic rewards from preventing soil degradation
are necessary.

5. Conclusions

Soil degradation due to wind erosion is a significant concern in arid and semi-arid northern
China. The total area of lands suffering from wind-induced soil degradation was 375,935.5 km2

in 2010. Most wind-induced degraded lands (aeolian desertified lands) are scattered in arid and
semi-arid northern China where the annual rainfall is below 500 mm. For the last 60 years, the trends
of soil degradation caused by wind erosion frequently changed with human activities. Changes of
aeolian soil degraded land mainly occurred in the agro-pastoral ecotone of northern China. The
wind-induced degraded lands increased from 1950s to 2000 but decreased between 2000 and 2010.
The reductions of soil degradation are attributed to a series of state policies and projects. These
policies include CCICCD (1994–present), NFPP (1998–present), NAPCD (2000-present). In light of
these policies, a national strategic objectives were described by a short-term objective (1996–2000),
a mid-term objective (2001–2010) and a long-term objective (2011–2050), respectively. Enaction of
the LCD (2002–present) and construction of the CDERN (1978–present) were also launched. The
national projects consisted of the TNSP (1979–2050), the GGP (1999–2010 and 2014–present) and the
BTSC (2001–present). These national policies and projects yielded many land management practices
and control techniques for different landscapes. These include conservation tillage and windbreak
networks for farmland, checkerboards barrier, and the None-Watering and Tube-Protecting Planting
Technique for sandy land, and planted grassland and grassland enclosures for grassland. Although
progress and achievements for preventing wind-induced soil degradation have been made to date,
more government officials, local residents and research efforts are still needed to reverse the trend of
wind-induced soil degradation in the future.
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