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Soil Degradation

The United Nations Environment Programme (UNEP) sponsored project, Global

Assessment of Soil Degradation (GLASOD), estimated that 38% of all agricultural lands in the world have been impacted by man-made soil degradation (Oldeman 1992). About 20% is moderately degraded, i.e., farming is still possible but soil productivity is greatly reduced to the extent that major inputs are required to restore the soil to full productivity. Another 6% is severely or very severely degraded, i.e., with such low productivity that farming is not possible without uneconomical major capital investments and engineering inputs. The Food and Agriculture Organization of the United Nations (FAO) estimates that in the Ukraine, 22% of agricultural lands are severely degraded while 18% are very severely degraded. (FAO, 2006). Greater than 50% of agricultural lands in the Ukraine are dominantly affected by soil degradation (Fig. 1).  
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Fig 1. Severity and Extent of Soil Degradation in the Ukraine (FAO, 2006).
Soil Quality

Many scientists have defined and refined the term ‘Soil Quality’. As scientists, policy makers, and the general public have become more environmentally conscious, definitions of Soil Quality have expanded from being associated only with agricultural productive potential to the soil acting as an environmental buffer; protecting watersheds and groundwater from agricultural chemicals and industrial and municipal wastes, and sequestering carbon that would otherwise contribute to global climate change (Fig. 2). Maintaining and improving Soil Quality is crucial if agricultural productivity and environmental quality are to be sustained for future generations. Increased inputs and technologies in modem agricultural production systems can often compensate for and mask losses in productivity associated with reductions in Soil Quality. However, increased agricultural inputs not only reduce economic sustainability but also increase the potential for negatively impacting environmental quality. 
A good ‘working’ definition of Soil Quality is “fitness for use”. For producers, that means having a soil with properties that are conducive to optimal crop growth and yield. 
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Fig 2. Soil Quality is the converse of degradation and the concept is based on balancing agricultural productivity, human needs, and environmental quality.
There are many soil properties that serve as indicators of Soil Quality. However, Soil organic carbon (SOC) is the most reported attribute of soils chosen as an indicator of Soil Quality and sustainability because of its impact on other physical, chemical and biological indicators of Soil Quality (Fig. 3). Soil organic carbon and soil organic matter (SOM) are often used interchangeably, but organic matter consists of other materials than organic carbon. Soil organic matter typically contains from 47-58% carbon; a useful conversion factor is SOC = SOM/2. Thus, a soil with 2.5% SOM contains 1.25% SOC.
.
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Fig 3. Soil carbon (SOC) is crucial to chemical, physical, and biological indicators of Soil Quality. 
Soil organic carbon is integrally tied to many Soil Quality indicators and is arguably the most significant single indicator of Soil Quality and productivity. Soil C serves as the energy source for microbial processes; microbial respiration and nutrient storage/cycling are Soil Quality indicators vitally dependent on SOC. Other Soil Quality indicators linked to SOC are plant available water, aggregate formation and stability, bulk density, soil strength, cation exchange capacity, soil enzymes, and animals like earthworms. 

Sustaining Soil Quality: Historical Lessons

We can learn a lesson in managing soils to sustain SOC and Soil Quality from ancient agricultural sites (Sandor and Eash, 1991). They compared paired (cultivated and uncultivated) landscapes at two ancient agricultural sites, one in New Mexico, USA and another in the Colca Valley of southern Peru (Fig. 4). The site in New Mexico was farmed from 1000 to 1150 A.D. and the Peruvian site still has terraces under cultivation, some since 400 A.D. The USA site was cropped predominantly to corn while in Peru, a diversity of crops, including corn, potato, small grains, and legumes (fava bean and alfalfa), were grown in rotations and intercropping systems. Manures and hearth ashes were also applied to the Peruvian soils.
At the USA site, bulk density in the top soil of abandoned cultivated sites averaged 9% greater than in uncultivated sites with native vegetation, and the level of soil compaction after eight centuries of abandonment was within that reported for soils managed with machinery today. The compaction and poor soil structure in the cultivated fields was attributed to loss of SOC, which averaged 46% less than in cultivated sites. 

In Peru, cultivated fields had greater SOC in the top soil than uncultivated fields, as a result of the crop rotations and additions of manure. There was no difference in soil compaction (bulk density) among cultivated or uncultivated fields. 
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Fig 4. Ancient agricultural production systems prove the need to manage soils to maintain or increase Soil carbon (SOC) for sustainability. 

Amazingly, SOC was 30% greater in presently cultivated soils compared to their uncultivated counterparts in native vegetation. Five centuries of cultivation in the Colca Valley has proven that humans are capable of not only maintaining but actually improving Soil Quality under continuous cultivation, provided they manage soils to increase SOC (Fig. 5).
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Fig. 5. Soil organic matter (SOM) from cultivated and uncultivated (native vegetation) areas in two ancient agricultural sites. The site in New Mexico was farmed for 150 years and abandoned due to loss of productivity. The civilization in Peru used wise soil management practices like crop rotations and additions of animal manures, which increased SOM above the level found naturally in native vegetation. Consequently, the site is still farmed after 1600 years. (NOTE: to quickly convert SOM to SOC, divide SOM by 2.)
Tillage Destroys SOC

Continuous tillage and reductions in cropping intensity and diversity are especially detrimental to sustaining SOC and Soil Quality. Bowman et al. (1990) measured indicators of Soil Quality from native rangeland, and sites that had been farmed using continuous tillage cropping (primarily wheat-fallow rotation) for 3, 20, or 60 years in the Central Plains of northeastern Colorado. Sand content increased with years in tillage, as a result of loss of silt from wind erosion. After 60 years of cultivation, SOC, nitrogen (N), and phosphorus (P) had declined by 55 to 63% in the surface 15 cm, with about half the decline occurring in the first 3 years of cultivation. Declines in SOC in the surface soil are especially detrimental, as it is the surface ‘skin’ of soil that typically controls infiltration of precipitation. The loss of SOC and silt after just 3 years of tillage cropping decreased cation exchange capacity (CEC) by 38%. Cation exchange capacity is important for plan nutrient storage and cycling. The clean-tilled wheat-fallow rotation proved a non-sustainable farming practice for this sandy drought-prone soil.
Data from long-term cropping systems experiments have repeatedly shown that continuous cultivation depletes SOC and destroys Soil Quality compared to native vegetation, regardless of cropping system. However, it has only been in the last 35 to 40 years that the role of tillage or the lack of it, in maintaining SOC and Soil Quality has been evaluated. The feasibility of planting and growing food and fiber crops without tillage was ushered in by advances in herbicide developments (Cannell and Hawes, 1994) during the 1960s. Today, we know that conservation tillage is required to preserve or maintain SOC derived from above-ground crop residue and crop roots.  
Sustaining SOC
Maintenance of SOC is paramount to sustaining Soil Quality. Tillage-induced losses of SOC occur rapidly. In Texas, USA, researchers found the loss of SOC from a field taken out of native grass production and tilled for 7 years the same as that from a field cultivated for 70 years (Zobeck et al., 1995). In Georgia, USA, soil organic matter decreased about 2.3 Mg ha-' within 1 yr after shallow tillage following 4 years of a no-tillage grain sorghum-crimson clover cover crop system (Bruce et al., 1995) (Fig. 6).
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Fig. 6. Four years of no-tillage sorghum with a winter cover crop of crimson clover increased SOC nearly five-fold in the top 15 mm of a degraded soil in Georgia, USA. But after one year of conventional tillage soybean, SOC had declined by half. 

The effectiveness of soil management practices (rotations, crop residue inputs, manures, conservation tillage) to sustain or increase SOC is climate dependent. Tillage-based agricultural systems occur in areas with relatively high potential evapotranspiration (PET) and moderate precipitation (sub-humid to semi-arid climates). The need for crop residue inputs and conservation tillage is reduced in cooler wetter regions and in fact this type of climate imposes constraints and special needs for handling crop residues and adopting conservation tillage practices (Carter, 1994). Conversely, the need for crop residues-manures and conservation tillage practices to sustain SOC and consequently effect changes in soil quality is greater for warmer more humid climates (Fig. 7).
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Fig 7. Influence of climate on the need for crop residues to sustain SOC and Soil Quality.

In Iowa, USA, Larson et al. (1972) reported that 6 Mg corn residue ha-1 year-1 incorporated with a moldboard plow prevented further decline of SOC from a northern prairie soil. But the determination of this rate was based on maintenance of an initial value of 1.8% SOC; thus, the 'maintenance' of SOC was based on a near equilibrium value attained after years of continuous corn cultivation and SOC decline. By comparison, SOC concentrations for similar prairie soils in Iowa maintained in native sod ranged from 3.56 to 4.61 % (Robinson et al., 1996). In a warmer more humid environment in the southern Appalachian region of Georgia, USA, 12 Mg crop residues ha-1 year-1 left to decompose on the soil surface as a result of a no-tillage cropping system were required to sustain Soil Quality (Bruce et al., 1995). Under the heavy degradative pressures for this soil, in a warm and humid climate, one cropping season with conventionally tilled soybean destroyed the benefits achieved after 4 years of the sustainable no-till cropping system (Fig. 6).
Cropping Systems, Conservation Tillage and SOC
Without significant inputs of carbon (C) from crop residues and/or manures, conservation tillage by itself can only slow the loss of SOC, not halt or reverse it. Across a wide range of climatic conditions, research has shown SOC increases with increased cropping intensities in conservation tillage systems. Conservation tillage preserves residue by preventing it’s oxidation by soil microbes, but it is cropping intensity and residue production that actually transfers carbon dioxide (CO2) from the atmosphere to SOC via plant residues. Reducing fallow frequency, inclusion of high-residue producing crops like corn and small grains, adequate fertilization (especially nitrogen), and use of cover crops are prerequisites to increasing SOC in a conservation tillage system. 
In a 13-yr study on silt loam soil in semi-arid Saskatchewan, Canada, and SOC increased with continuous spring wheat vs. the standard fallow-wheat cropping system (Campbell et al., 1995). No-tillage provided no increase in SOC in the fallow-wheat system but did result in an increase in SOC in the more intensive continuous wheat system. Results reported from a similar study after 11 years on a clay soil (Campbell et al., 1996a) were more definite; both SOC and N concentrations were increased to the 15-cm depth under no-tillage, regardless of fallow frequency. Soils managed with a minimum tillage (1-3 cultivations during summer fallow) wheat-fallow system gained no additional C during the 11-yr study. Continuous wheat (no fallow) under conventional tillage (sweep cultivator with a rod weeder) gained 2 Mg C ha-' and both wheat-fallow and continuous wheat gained 5 Mg C ha-1 under no-tillage. 
In south-central Texas, with a warm temperature regime and average annual rainfall of 978 mm, cropping intensity increased SOC under no-tillage but not under conventional tillage (Franzluebbers et al., 1994). Cropping intensity was defined as the year-fraction a crop was grown (0.5 for continuous wheat, 0.65 for wheat-soybean doublecrop, and 0.88 for a wheat-soybean-sorghum rotation). After 9 years, cropping intensity increased SOC 9%, 22%, and 30%, respectively, under no-tillage but SOC did not increase in conventional tillage, regardless of cropping intensity.
Conservation Tillage, Cropping Systems and Economic Sustainability

Sustainable soil management practices will not be adopted unless economically viable. With few exceptions, the need for crop rotation becomes more critical with conservation tillage than with conventional tillage.
In humid regions, the ability of rotation to ameliorate limitations to productivity or to increase crop yield potential in conservation tillage systems, compared to conventional tillage systems, is usually associated with reductions in disease (Reeves, 1994) or weed pressures (Buhler et al., 1994). In the Midwestern USA, the corn-soybean rotation, compared to continuous corn, has proven to ameliorate yield reductions of corn grown with no-tillage on poorly drained soils (Dick et al., 1991).

In semi-arid regions, tillage system interactions with rotations on productivity are often the result of improved harmonies or synergisms in water use efficiency. 
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Fig. 8. Influence of tillage system and cropping system on economic risk and profitability for wheat production systems in the Palouse of Washington, USA. Conservation tillage, increasing cropping intensity, and sound crop rotations are all components of sustainable production systems. 
In the Palouse region of northwestern USA, researchers evaluated the economic performance of several farming systems over a 5-year period (Young et al. 1994) (Fig. 8). Cropping systems included continuous wheat and a wheat-barley-pea rotation. Tillage systems were conventional and conservation. The conservation tillage system was a chisel plow-no-tillage rotational system. The most profit with least economic risk was obtained with the wheat-barley-pea conservation tillage system. The income-stabilization of the conservation cropping system was due to the conservation system improving yields in dry years, to reductions in cold damage to winter wheat in the conservation system, and to improved disease resistance with the wheat-barley-pea rotation in the conservation tillage system. 
In the northern plains of Texas, USA, water is the limiting factor for crop production. In a wheat-sorghum- sunflower rotation, soil water storage generally increased with decreasing tillage intensity (tillage intensity in the order: no-tillage < sweep < disk < moldboard < rotavator) (Unger, 1984). Grain sorghum yield was commensurate with stored water and inclusion of sunflower in the rotation allowed extraction of water deeper in the soil profile, increasing the total amount of water available for production in the cropping system.
In Kansas, USA, the standard wheat-fallow cropping system was compared to a wheat-sorghum-fallow rotation, continuous sorghum, and sorghum-fallow with conventional (sweep tillage and rod weeder) and no-tillage (Norwood, 1994). During the 6-year study, no-tillage increased wheat yield in 17% of the cropping seasons under wheat-fallow but 34% of the seasons with the wheat-sorghum-fallow rotation; sorghum yields in the wheat-sorghum-fallow rotation were increased 60% of the time. More efficient soil water storage, especially at deeper depths, favored the wheat-sorghum-fallow system grown with no-tillage, increasing yields and economic returns.
Productivity interactions from crop rotation-tillage systems may also result from improvements in soil physical properties. In an 8-yr study in northern Georgia, USA, soybean and sorghum were doublecropped with wheat in various sequences under no-tillage, strip-tillage (chisel 20-cm deep directly under the row with no other tillage), and conventional tillage (disk harrow) (Langdale et al., 1990). During the second 4-year cropping cycle of the rotations, sorghum yields declined with increasing tillage intensity. Soybean yield responded favorably to increasing frequency of sorghum in the rotation and rotation with sorghum was more critical to maintain soybean yield in the conservation tillage systems. For example, soybean yields declined 15% with conventional tillage, 23% with minimum tillage and 32% in no-tillage when soybean were grown continuously as compared to in rotation with sorghum. Further research (Bruce et al., 1990) found aggregate stability, air-filled pore space and bulk density were improved after two or more sequences of sorghum as compared to soybean. Infiltration was greater following 2 years sorghum in the no-tillage system, but rotation had no effect on infiltration under conventional tillage. This study illustrates the fact that tillage can negate or mask crop rotation effects on soil physical properties (Fig. 9). 
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Fig 9. Increasing cropping intensity and using sound crop rotations improves soil quality, but a single tillage event can destroy the benefits it took years to accomplish. 
Conclusions

Soil organic carbon is the most consistently reported soil attribute from long-term

Studies and is a keystone Soil Quality indicator, being inextricably linked to other physical, chemical, and biological Soil Quality indicators. Continuous cropping results in decline of SOC, although the rate and magnitude of the decline is climate and soil dependent and can be ameliorated by wise soil management practices. These include manure additions, adequate fertilization, return of crop residues to the soil, and most importantly, conservation tillage coupled with intensive cropping systems, and rotations which include cover crops, and perennial pastures. Conservation tillage can sustain or increase SOC and improve economic sustainability when coupled with intensive cropping systems. However, the need for sound rotation practices in order to maintain agronomic productivity and economic sustainability is even more critical in conservation tillage systems than conventional tillage systems. 
LITERATURE CITED
Bowman, R.A., J.D. Reeder, and R...W. Lober. 1990. Changes in soil properties in a Central Plains rangeland soil after 3, 20, and 60 years of cultivation. Soil Sci.150:851-857.
Bruce, R.R., G.W. Langdale, and A.L. Dillard. 1990. Tillage and crop rotation effect on characteristics of a sandy surface soil. Soil Sci. Soc. Am. J. 54:1744-1747.

Bruce, R.R., G.W. Langdale, L.T. West, and W.P. Miller. 1995. Surface soil degradation and soil productivity restoration and maintenance. Soil Sci. Soc. Am. J. 59:654-660.
Buhler, D., D. Stoltenberg, R. Becker, and R.J. Gunsolus. 1994. Perennial weed populations after 14 years of variable tillage and cropping practices. Weed Sci. 42, 205-209.

Campbell, C.A., B.G. McConkey, R.P. Zentner, F.B. Dyck, F. Selles, and D.Curtin. 1995. Carbon sequestration in a Brown Chernozem as affected by tillage and rotation. Can. J. Soil Sci. 75:449-458.
Campbell, C.A., B.G. McConkey, R.P. Zentner, F. Selles, and D. Curtin. 1996. Long-term effects of tillage and crop rotations on soil organic C and total N in a clay soil in southwestern Saskatchewan. Can. J. Soil Sci. 76: 395-401.
Cannell, R.Q., and J.D. Hawes.1994. Trends in tillage practices in relation to sustainable crop production with special reference to temperate climates. Soil Tillage Res. 30:245-282.

Carter, M.R., 1994. A review of conservation tillage strategies for humid temperate regions. Soil Tillage Res. 31:289-301.
Doran, J.W., and T.B. Parkin. 1994. Defining and assessing soil quality. In: Doran, J.W., Coleman, D.C., Bezdicek, D.F., Stewart, B.A. (Eds.), Defining Soil Quality for a Sustainable Environment, SSSA Special Publication No. 35. Soil Sci. Soc. Amer., Amer. Soc. Agron., Madison, WI, pp. 3-21.
FAO/AGL. 2006. National Soil Degradation Maps. http://www.fao.org/landandwater/agll/glasod/glasodmaps.jsp?country=UKR&search=Display+map+%21
Franzluebbers, A.J., F.M. Hons, and D.A. Zuberer. 1994. Long-term changes in soil carbon and nitrogen pools in wheat management systems. Soil Sci. Soc. Am. J. 58:639-1645.
Langdale, G.W., R.L.Wilson, jr., and R.R. Bruce. 1990. Cropping frequencies to sustain long-term conservation tillage systems. Soil Sci. Soc. Am. J. 54:193-198.
Larson, W.E., C.E. Clapp, W.H.Pierre, and Y.B. Morachan. 1972. Effects of increasing amounts of organic residues on continuous corn: II. Organic carbon, nitrogen, phosphorus, and sulfur. Agron. J. 64:204-208.
Norwood, C., 1994. Profile water distribution and grain yield as affected by cropping systems and tillage. Agron. J. 86:558-563.
Oldeman, L.R., 1992. The global extent of soil degradation. In: Greenland, D.J., Szabolcs, I. (Eds.), Soil Resilience and Sustainable Land Use. Proc. Symposium, Budapest, Hungary. 28 Sept.-2 Oct. 1992, CAB International, Wallingford, UK, pp. 99-118.
Reeves, D.W., 1994. Cover Crops and Rotations. In: Hatfield, J.L., Stewart, B.A. (eds.) Advances in Soil Science-Crops Residue Management, Lewis Publishers, CRC Press, Boca Raton, FL, USA, pp. 125-172.
Robinson, C.A., R.M. Cruse, and M. Ghaffarzadeh. 1996. Cropping system and nitrogen effects on Mollisol organic carbon. Soil Sci. Soc. Am. J. 60:264-269.
Sandor, J.A., and N.S. Eash. 1991. Significance of ancient agricultural soils for long-term agronomic studies and sustainable agriculture research. Agron. J. 83:29-37.
Unger, P.W. 1984. Tillage and residue effects on wheat, sorghum, and sunflower grown in rotation. Soil Sci.Soc. Am. J. 48:885-891.
Young, D.L., T.J. Kwon, and F.L. Young. 1994. Profit and risk for integrated conservation farming systems in the Palouse. J. Soil Water Conserv. 49:601-606.

Zobeck, T.M., N.A. Rolong, D.W. Fryear, J.D. Bilbro, and B.L. Allen. 1995. Properties and productivity of recently tilled grass sod and 70-year cultivated soil. J. Soil Water Conser. 50:210-215.

PAGE  
12

[image: image11.png]


[image: image12.png]Legend

None

Light
Moderate

I Severe

[ Very Severe
(] Not Classified




