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SOIL INDICATION -– SOIL MANAGEMENT DECISIONS THE BASIS FOR EROSION AND COMPACTION CONTROL 
Frielinghaus, Monika; Müller, Lothar; Klaus Seidel; Barbara Winnige
Centre for Agricultural Landscape and Landuse Research (ZALF) Müncheberg, Germany, Institute of Soil Landscape Research, e.mail: <frielinghaus@zalf.de>

INTRODUCTION

Although soil degradation is recognised as a widespread problem, the geographic distribution and the total area of affected soil regions are not well-known. Slow, insidious changes in soil quality are less dramatic than highly publicised environmental or climatic disasters and are thus seldom recognised as a truly serious issue requiring immediate attention (OECD, 1998). 

The inextricable connection of the pedosphere to the lithosphere, biosphere, atmosphere, and hydrosphere suggest an altered soil state may have noticeable long-range impacts on other systems. Measures to prevent or abate soil degradation should be developed in relation to the size of the impacted area and degree of soil damage (Frielinghaus et al., 1999). 

For the purpose of optimising soil functionality, an assessment of soil-modifying processes is needed. These processes include but are not limited to wind and water erosion, atmospheric deposition, pesticide/herbicide application and other crop management practices. Soil loss, compaction and acidification as well as a change in soil structure, organic matter and chemical content may result (Acton et al., 1993) (Figure 1)
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The DRIVING FORCES-PRESSURE-STATE-IMPACTS-RESPONSE framework (DPSIR framework) of the OECD (1994, 1998) uses recommendations for sustainable land use management as a foundation for assessing the type and extent of land use factors which influence the most important soil-modifying processes. In north-eastern Germany, soil erosion and compaction, the most significant soil degradation processes, have been linked to agricultural management practices. Controlling soil erosion and compaction requires recognising the indicators signalling soil state and degradation risks. The type of indicators relevant to the impact of agricultural production practices on soil quality are discussed in this paper.

MATERIAL AND METHODS

Different groups of indicators are necessary for assessing the impact of soil erosion and compaction on soil quality. The first group of indicators provide the basis for estimating the potential soil erosion and soil compaction risk. These processes are interconnected; decreases in infiltration capacity and soil structure stability from soil compaction lead to an increased potential water erosion risk. The second group assist in assessing the decreased soil quality state and the heightened risk of erosion or compaction over the long-term 
A third group of indicators which more directly measure the effects of land management practices with respect to erosion or compaction is needed. Proxy indicators include erosion rills or gullies and emission zones as well as real soil cover as a factor of plant or plant residues. These indicators help assess the soil state and the potential threat to an altered soil quality for the purposes of reducing the erosion and compaction risk (Table 1).
Table 1: indicator groups for the assessment of water erosion and soil compaction risks

	example water erosion

	indicator for
	parameter
	method / data base

	state of soil / 
risk for water erosion
	soil texture, 
inclination
	substrate and inclination types of the Mesoscale Agricultural Mapping (1983)

	state of soil / degradation rate
	soil horizon depth of A,B,M compared with normal profiles
	Soil Mapping Method 
KA 4 (1994)

	pressure by 
land use
	soil cover with plant or plant residues
	expert matrix (indirectly), remote sensing (indirectly), field method (directly)

	response control
	soil cover with plant or plant residues
	expert matrix (indirectly), remote sensing (indirectly), field method (directly)

	example soil compaction

	state of soil / 
risk for soil compaction
	soil texture, 
humus content, 
soil moisture
	substrate types of the Mesoscale Agricultural Mapping (1983), soil substrate definition in the KA4 (1994)

	state of soil / degradation rate
	bulk density 
	DIN method, 
penetrometer

	pressure by 
land use
	axial load, wheel contact area, contact area pressure, number of trafficked operations
	computer program for assessment of land management and machine types

	response control
	plant development, reduction of loading by technical parameters change
	remote sensing, 
change of management (computer program)


RESULTS AND DISCUSSION

1. Indication of the potential risk of water erosion and soil compaction

The relief classes and the soil substrate type classes of the MMK (Mesoscale Agricultural Soil Mapping 1:25.000) provide the basis for indicating water erosion risk in north-eastern Germany (Lieberoth et al., 1983). The five risk classes (low to very high) of this soil map are comparable with those of the USLE (Wischmeier at al., 1978) and the ABAG (Schwertman et al., 1990).

The results of a compression and shear strength test create the basis for the five compaction risk classes of different soil substrates. The classification was derived from measurements of root development. The dominating influential factor was the soil substrate, which had differing textures in the tests (Petelkau et al., 2000).

While soils with a higher clay concentration experienced little compaction, sandy soils with lower clay and silt concentrations were extremely condensed.

Different data bases and soil maps are available for the classification of the soils. The basis for the indication of potential soil compaction are the soil substrate type classes of the MMK (Mesoscale Agricultural Soil Mapping 1:25.000), such as the five classes of soil erodibility (low to very high). (Lieberoth et al., 1983)

Precise assessment of regional characteristics provides information about preferential erosion paths like ”thalwegs“. Other evaluation criteria are created by combining the erosion and compaction risks for the same region.

2. Indication of the land use influences for soil erosion 

Landscapes with an optimal soil cover, such as forested areas, may have a lower soil erosion risk than agrarian areas. The real erosion risk is a factor of the intensity of agrarian use and the type of crop production management. A closed vegetation cover protects the soil surface from raindrop splash forces. Plant roots help retain soil particles and reduce the soil transport load. The extent of soil cover material, green plant mass or crop residues can be influenced by the farmer’s management and soil tillage practices (Frielinghaus et al., 2000a). 

Degree of soil cover also lends for easy application in research analyses and receives general acceptance by land users and decision-makers as an important indicator of erosion risk. This indicator addresses the questions: 1. how much soil cover is necessary to reduce soil loss by erosion for a high-risk area or what is the ”critical value“ of minimum soil cover; 2. how much cover can be realised dependent on soil quality change by long-term erosion; 3. how much cover can be realised dependent on crop type, crop rotation, tillage and management practices in different regions. Based on this analysis, it is possible at first to analyse the rate of soil degradation by soil loss, which significantly impacts plant development (Frielinghaus et al., 1998). The next step is the analysis of land use pressure resulting from the less than minimal spatial and temporal soil cover (Frielinghaus et al., 2000 b). 

The third is the possibility to determine the success of response by appropriate measures to increase the spatial and temporal soil cover.

About 2 t.ha-1 dry matter, or more than 30 and up to 50 % plant surface cover, is effective for initial soil protection efforts. The results from 10 years of continual measurements on plots (sandy soils, plots parameters:  48 m L x 9 m W; 7 % slope) show the significant correlation between soil cover and soil loss. 

(Table 2).

The following five criteria play a decisive role in the rate of plant soil coverage: the time to establish soil cover after planting, distribution of soil cover material as a factor

Table 2:  Correlation between rate of cover, run-off and soil loss.

	Soil cover 
	Plant residues
	Run-off volume
	Soil loss

	%
	t-ha-1 dry matter
	(% of rainfall amount)
	%

	0
	0
	45
	100

	< 20
	0,5
	40
	25

	< 30
	1
	35
	8

	ca.50
	2
	< 30
	3

	ca.70 
	4
	< 30
	< 1

	> 90
	8
	< 30
	< 1


of the plant morphology and the kind of crop planted, time span of soil cover during the summer and winter, time lapse without soil cover dependent on the technical management system, type of soil tillage and seedbed preparation practices. 

Typical intensive agrarian crop production practices (conventional system) involve numerous soil till operations to remove the residues of the first harvest before seeding the second crop. 

The greatest erosion risk occurs after seedbed preparation, which is characterised by the lowest degree of soil surface roughness (Table 3). Crop selection, improved crop rotations and a change in soil tillage practices are established techniques for increasing the soil cover. 

Table 3::Soil loss and runoff dependent on soil surface cover (selected results of a long term experimental plot station) 

	
	rain
	rain intensity
	Green fallow
	Corn into wheat stubble/ zero tillage 
	Corn into frozen catch crops

(mulch seeding)
	Corn after conventional plough tillage

	soil cover
	
	
	> 80 %
	> 70 %
	>60%
	>30 bis < 60%

	date
	mm
	I30: mm h-1
	Soil loss

kg/ plot
	runoff

l/ plot.
	Soil loss

kg/ plot
	runoff

l/ plot.
	Soil loss

kg/ plot
	runoff

l/plot
	Soil loss

kg/plot
	runoff

l/plot

	03.05.1996

08.06.1996

29.06.1996

21.05.1997

12.-14.06.1997

23.06.1997

29.06.1997

17.07.1997

18.-20.07.1997

30.05.1998

06.06.1998

07.06.1998

08.06.1999

30.06.1999

06.07.1999
	24

38

39

10

25

25

7

27

61

23

16

16

11

8

11
	ca. 10

70

64

1

2

8

8

14

83

10

ca. 10

ca. 10

13

15

11


	0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
	14

9

8

2

10

5

8

44

119

97

0

22

2

10

7
	2

6

2

1

0

0

0

0

2

4

0

1

0

0

0
	93

162

146

9

16

0

0

50

141

162

43

119

25

10

10
	2

27

18

0

1

0

0

1

2

46

2

17

0

0

0
	12

155

143

5

30

25

15

82

140

162

43

119

10

8

8
	6

490

283

57

80

15

4

62

38

308

195

96

2

1

1
	70

> 162

> 162

162

162

162

46

> 250

> 250

> 162

> 162

> 162

100

100

100


An expert system may be used to evaluate each crop as well as traditional and soil-retaining crop rotations (Frielinghaus et al., 2000b)

3. Indication of the land use influences for soil compaction 

The heavy machine and transport vehicle traffic exert high specific ground pressures from high axial loads. The following traffic parameters resulted in an altered bulk density of the trafficked soils:

 wheels may produce high contact pressure per area on the soil surface, resulting in deeply routed lanes and a wide lane profile;

 high axial loads increase the compaction of the subsoil layer with top- and subsoil damage,

 high frequency traffic results in an increased soil bulk density in the lanes and intensifies the effect on the deep soil layers as well; top- and subsoil compaction increase;

 substantial soil structural damage results from wheel slip in lanes with high water content (this parameter is not quantitatively available by the indication concept). 

The specifics of an individual machine, however, do not provide sufficient information. The total pressure from the sum of the axial loads and the pressured area increase successively with higher traffic frequency. 

Three different components must be evaluated: the total axial loads, the respective contact pressures for each crop and the number of wheelings for each process (e.g. from soil tillage, planting, harvest) and the total number for crop rotation practices. 

Table 4 shows the tolerable maximum bearing capacity as determined by the measured bulk density for each compaction risk class dependent on available water content (AWC) (Petelkau et al., 2000). A higher contact pressure than the bearing capacity leads to decreased plant development and yields (Figure 2)
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Fig. 2: Correlation between the biomasses of different crops (relative) and the change of bulk densities (relative) 

The comparison of the contact pressure with the maximum bearing capacity shows the impossibility of completely avoiding the risk of soil compaction in sustainable agricultural land use production. (Table 5). However, this evaluation could provide a basis for reducing the load impact.

Table 4. Tolerable contact pressure (maximal loading capacity) for the different soil  
             compaction risk classes

	Compaction 

risk lasses
	optimal density range

Level 1
	slightly compacted range

Level 2
	moderately compacted

range

Level 3
	

	
	bulk density 

[g/cm3]
	maximum bearing capacity

[kPa]
	bulk density 

[g/cm3]
	maximum bearing capacity

[kPa]
	bulk density

[g/cm3]
	maximum bearing capacity

[kPa]
	

	                                                                     AWC 50 %

	Low
	1.32
	288
	1.37
	371
	1.42
	480
	

	Moderate
	1.44
	154
	1.49
	212
	1.44
	292
	

	ImportantSignifcant
	1.49
	100
	1.54
	153
	1.59
	233
	

	High
	1.51
	53
	1.56
	90
	1.61
	155
	

	very high
	1.51
	45
	1.56
	88
	1.61
	172
	

	                                                                     AWC 65 - 95 %

	Low
	1.32
	255
	1.37
	327
	1.42
	420
	

	Moderate
	1.44
	128
	1.49
	175
	1.44
	240
	

	SignificantImportant
	1.49
	56
	1.54
	90
	1.59
	145
	

	High
	1.51
	17
	1.56
	34
	1.61
	67
	

	very high
	1.51
	8
	1.56
	20
	1.61
	49
	


Table 5: Contact pressure represented for common production methods in Germany

	Crop system
	Machine width of the main system 

[m]
	Trafficked area (multiple wheeled)

[%]
	Portion of total area under multiple wheeled?moderate pressure 

(<150 kPa)

[%]
	Portion of total area under multiple medium pressured

(150 – 200 kPa)

[%]
	Portion of total area under multiple heavy pressure

(>200 kPa)

[%]

	
	
	
	
	
	

	Potatoes
	4.50
	98
	15
	29
	56

	Sugar beets
	2.70
	89
	0
	53
	47

	Corn/maize
	5.00
	66
	12
	22
	66

	Winter wheat
	5.00
	61
	19
	34
	47


4. Impacts on decision-making for agricultural management practices in areas with erosion and compaction risk

The results of the assessment may determine the response level required: in a balanced situation (Level 1), “Best Management Practices” may help ensure sustainability is maintained; slightly disproportional (Level 2) results suggest additional special agricultural management techniques may be needed, while significant differences (Level 3) may indicate the need for additional land use management adjustments or changes in technical management.

· Measures to realise the Best Management Practice (Level 1):

Selection of cover crops, planting of catch crops, underseeds, site-dependent soil tillage and cultivation, changing plant production management, set aside and rotation of fallows

· Conservation tillage and special tillage (Level 2)

Design of crop rotation, conservation tillage , mulch seeding without seedbed preparation, direct seeding/ zero tillage, contour farming, rough field surface strips

· Infrastructure retarding erosion by wind and water and soil compaction (Level 3)

Arrangement/ rearrangement of the lie of the land/fields, alteration of land use type, construction of farm roads and country roads, filtering edges, shelter-belts and wind-breaks amid endangered fields and at waters 

DISCUSSION

At the present, the degree of efficiency and acceptance for erosion and compaction control management is not high and therefore can not guarantee sustainable land use and soil functionality.  The best method for increasing acceptance is a regional soil indicator system combined with an environmental indicator system (McRae et al., 2000). Like the concept of “critical load inputs” for chemical pollutants, this system would make it possible to acknowledge the driving forces leading to a soil quality changes, quantify the soil state and the change of soil condition/soil quality, and assess land use practices based on soil quality  impacts. This step-by-step concept is the basis for decisions concerning the soil carrying or load capacity (Figure 3)


These results may determine the response level required: In a balanced situation, Best Management Practices may help ensure sustainability is maintained, slightly disproportional results suggest additional special agricultural management techniques may be needed, while significant differences may indicate the need for additional land use adjustments or changes in technical management. The indicator system is ideal for application in north-eastern Germany, fmoraine areas in general and areas at risk to water and wind erosion and soil compaction. Further discussions concerning the realisation of soil preservation measures may help determine the degree to which a soil indication system should be supported by the agricultural policies of the federal government or the European Community.
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Fig.3: The DPSIR Framework applied to soil
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