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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.
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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 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
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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 lowa 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 lowa 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 km?, are still too coarse to adequately express the
intense spatial variability of soil erosion at the field scale. Current erosion estimates, averages at large
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
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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.
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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 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
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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 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
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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
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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 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 COz 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.
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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].
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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].

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
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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.

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]. Globally, Konikow [69] estimates that
groundwater has been depleted by approximately 4500 km® 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
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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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