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7. Final report 

A. Project summary  

The ROMAPAC project addressed some basic characteristics and functions of soil that are of 
paramount importance for organic farming. The aim was to improve the understanding of the 
managed soil ecosystem, and at the same time derive results that are applicable to the practical 
development of organic farming. The project included two research topics, labelled A and B. 
Both topics were also addressed in a former DARCOF project (1996-1999) and the ROMAPAC 
project was a close follow-up on this. Research topic A focused the effects of subsoil compaction 
and loosening upon soil conditions and crop performance, while research topic B concentrated 
on the topsoil tilth. 
 The results from research topic A and previous studies have shown that subsoil compaction is 
a general and serious problem in organic (as well as conventional) farming in Denmark. However, 
our results give a solid base for the recommendation that organic (and other) farmers should 
generally not loosen their subsoils by mechanical means. We found that mechanical soil looseing 
reduced root growth and had no significant influence on crop yields. This was despite the fact 
that several measurements clearly indicated that there was a dense pan below ploughing depth 
and that this pan restricted root growth to macropores like earthworm channels. If a soil has 
been mechanically loosened below ploughing depth, care should be taken not to recompact the 
soil. Our results showed that on-land ploughing and traffic with small wheel loads (< 3 tonnes) 
and low tyre inflation pressures (< 100 kPa) was necessary to avoid recompaction. Our results 
also indicated that “biological soil loosening” may comprise a promising alternative to mechanical 
loosening. We showed a tendency of ‘biological soil loosening’ from the roots of grass and red 
clover in a two-year grass-clover that was not mechanical loosened. We conclude that subsoil 
compaction is a problem that needs to be addressed in organic farming. Further compaction 
should be avoided by the use of on-land ploughing and through reduced impact from traffic (e.g. 
low pressure tires, on-land ploughing, controlled traffic). Mechanical subsoiling should only be 
applied in severe occasions, and that there is a need in the future to focus on alternatives to me-
chanical loosening such as “biological soil loosening”. 
 The work with research topic B was an eye-opener and confirmed our hypothesis that manage-
ment matters. Our results have confirmed that diversified crop rotations and/or the application of 
organic manures ensures a friable and fertile soil that fulfils all the functions that we expect by 
agricultural use. The term self-organization has been suggested for the interaction in the soil- mi-
crobe complex. Labile fractions of organic matter produced by microorganisms and roots (quan-
tified in our work as hot-water extractable polysaccharides) serve as bonding material in the crea-
tion of stable, yet friable structures. Fungal hyphae and small roots stabilize the architecture by 
their enmeshment of aggregates (binding action). 
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 Our results demonstrated that management in terms of continuous growing of small grain ce-
reals and the exclusion of organic manures may dramatically disturb the self-organization of the 
soil-microbe complex. Our results showed clearly that for some soils, the self-organized soil-
microbe complex had been challenged to a degree that had induced other mechanisms in stabiliz-
ing the soil architecture. It appeared that for low levels of labile organic matter, soil clay occupies 
the role in stabilization of soil structure. This has, however, significant and agronomically unde-
sirable consequences. Our results showed that such soils were very unstable in wet conditions 
(may facilitate e.g. surface crusting) and very cloddy in dry conditions. The latter has severe 
implications in managing the soil. Clods that have dried up with dispersed clay in the soil water 
have very high tensile strengths. This means that such a soil is extremely difficult to till to a 
desirable seedbed. Our results showed that a soil exhausted in organic matter may improve in 
tilth after only 6-7 year by application of rather small amounts of animal manure or by 
introducing a diversified crop rotation. 
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sified crop rotation. 
 Our results also showed that it is not possible to detect any ‘universal’ critical lower level of 
soil organic matter for the shift from a healthy, friable soil to a problematic soil. It seems that the 
soil type influences the level of organic matter that is critical to the equilibrium of the soil-
microbe complex and hence to the soil tilth conditions. Our studies thus rather call for the detec-
tion of a management threshold than an indicator threshold. It is clear that all organically managed soils 
studied in our projects were well ‘above’ this threshold; all displayed a sound self-organization of 
the soil-microbe complex. However, organic farmers may start farming on soils that have been 
‘pushed’ beyond this threshold. Our investigations have shown that the carbon exhaustion of soil 
derived from years of continuous growing of cash-crops and without the application of organic 
manures may turn a healthy self-organized soil into a problematic soil with dispersed clay as the 
main agent stabilizing clods and aggregates in dry conditions. The lack of any ‘universal’ level of 
organic C as threshold between sustainable and non-sustainable conditions is an important find-
ing. This means that the farmer cannot base his/her evaluation of the soil condition from a test 
on soil C (the ‘humus’ content). He/she should rather focus the ‘history’ of the soil management 
for some decades prior to the specific date, where he/she is addressing the soil. Farmers should 
generally evaluate, whether their management is beyond a ‘management threshold’ that may take 
the soil to a non-sustainable condition. Furthermore, some (organic) farmers may perhaps be 
‘pushed’ towards this threshold if general legislation on organic manures in the future will disable 
the application of organic manures and residues to the soil. 
 Finally, our results show that strategic research may yield results of direct relevance to the de-
velopment of organic farming and at the same time give insight in basic ecosystem performance 
of high importance to future studies in sustainable agriculture. We thus find it important that 
DARCOF also in the future finances research projects that includes basic as well as applied re-
search topics. 
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Table A.1: Work package list (from application) 
 
No. Work package title Participants*  Budget 

(1.000DKr) 
Start 

 
End 

 
Deliverable 

No: 
A1 Development of tillage strategies 

including recompaction evaluation 
PS, LJM 468 04/00 12/02 D1, D2, D3 

 
A2 Above-ground crop response to 

compaction and subsoiling 
JEO, PS, LJM 777 08/00 12/04 D4, D5, D6 

 
A3 Soil effects and root response to 

compaction and subsoiling 
LJM, PS, JEO 1435 01/01 12/04 D7, D8 

B Topsoil tilth as affected by crop 
rotations, animal manure and traffic 

PS, SE, LJM 2679 04/00 12/04 D9, D10 
 

C Project co-ordination and dissemi-
nation of results 

PS, JEO, LJM, 
SE 

272 04/00 12/04 D11, D12, 
D13, D14, 
D15 

* Responsible participants are underlined  
 
B. Objectives and expected achievements  

Aims and objectives (text taken from application) 
The general objective of the ROMAPAC project was to quantify the effects of some basic man-
agement tools upon the quality of organically managed soil. In this context, the project also ad-
dressed the existing compaction of subsoil derived from the use of heavy machinery in Danish 
agriculture. In order to reach this goal and to further differentiate our understanding, we ad-
dressed the following specific objectives. 
 
• Evaluate whether the widespread occurrence of subsoil compaction in Danish agricultural land 

generally reduces the production potential and important functions of organically managed soil 
[WP A1, WP A2 and WP A3] 

• Determine whether mechanical loosening of a compacted soil layer may improve crop 
performance through better conditions for root growth and other biological processes [WP A1, 
WP A2 and WP A3] 

• Investigate whether low axle loads and tyre pressures as well as on-land ploughing will reduce 
compaction and re-compaction of mechanically loosened soil [WP A1 and WP A3] 

• Quantify the effects of crops and animal manure on abiotic and biotic mechanisms involved in 
the tilth-forming processes [WP B] 

• Reveal the relative importance of mechanical disturbance in terms of soil surface traffic on the 
crop and animal manure effects mentioned above [WP B] 

• Investigate soil behaviour in terms of strength and friability as affected by the tilth-forming 
processes and in turn the management tools involved [WP B] 

• Investigate soil porosity as related to its function as a habitat for microorganisms in the 
framework of the management tools investigated [WP B] 

• Evaluate and confirm recent findings on the correlation between descriptive/integrating field 
methods and differentiating laboratory methods for evaluation of soil tilth [WP B] 

 
Finally, the ROMAPAC project included as one of its objectives to disseminate the results to 
consultants and farmers as the practical implications of the achievements is regarded of high impor-
tance to a successful development of organic farming [WP A1, WP A2, WP A3, WP B and WP C]. 
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Expected achievements (text taken from application) 
Organic farming has to rely on an optimal function of all parts of the soil ecosystem. In order to 
achieve this, it is essential to procure a high level of understanding of soil behaviour and func-
tions. The organic farmer should base his decisions for all management strategies on this knowl-
edge. 
 Based on the studies in research topic A (WP A1-3), the ROMAPAC project will increase our 
insight in the effects of compacted subsoil on key aspects of crop growth. First of all, this will 
include the effects on the crop yields. Moreover, an increased knowledge about the effects on 
root growth and uptake of plant nutrients is believed to be valuable for development of organic 
farming. Further, knowledge about the effects of subsoiling may create the basis for general rec-
ommendations on how organic farmers should include this tillage procedure in their soil man-
agement. Finally, the results may serve as a basis for general recommendations for organic farm-
ers concerning maximum permissible axle loads and tyre pressures. 
 The studies in research topic B (WP B) are anticipated to increase our knowledge on the basic 
mechanisms in creation of a tilth optimal to soil behaviour and functions. This knowledge has 
general value in order to envisage consequences from different management strategies. It further 
quantifies the relative effects of crop rotations and amendments with organic manures. This has 
practical implications as it provides an indication of the potentials and problems in specific types 
of organic farming. 
 The high impact of intensive tillage and traffic on key topsoil tilth properties that was de-
tected in the former DARCOF-project I.3, in the present project will be studied in close connec-
tion to the effects of crops and amendments with manure. It is anticipated that this will yield the 
opportunity to more specifically interpret the relative effects of the management tools. The prac-
tical implications manifest themselves in terms of recommendations for traffic and tillage strate-
gies in organic farming. 
 
C. Progress and results 

C.1 Description (summary) of main results and conclusions 
This section is organized in three parts: i) Overview of project structure and methodology, ii) Main results 
and conclusion, and iii) Perspectives and impact. The first section is an introduction to the field trials 
used in the project and an explanation of the approach used in each workpackage. The second 
section gives the main results and conclusions, while the final section is an attempt to summarize 
the overall perspectives that can be drawn from the work in this project. It is possible to read the 
final section without scrutinizing the other two sections. And it is possible to read the section on 
main results without necessarily studying the overview of project structure. 
 
Overview of project structure and methodology
 
The project includes two research topics, labelled A and B. Both topics were also addressed in a 
former DARCOF project (project ‘I.3: Soil fertility and soil tilth as influenced by organic farming 
practices and soil tillage’, 1996-1999) and the ROMAPAC project has been a close follow-up on 
the former project. Research topic A addressed the effects of subsoil compaction and loosening 
upon soil conditions and crop performance, while research topic B focused the topsoil tilth. The 
work on research topic A was organized in three part-workpackages (A1, A2 and A3). 
 
Research ‘objects’ 
The ROMAPAC project have taken use of three existing field trials as research ‘objects’: 

1. Development of tillage strategies (DTS) 
2. Crop rotation experiment (CRE) 
3. Levels of input of animal manure (LAM) 
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The DTS and the CRE trials were initiated in 1996 as part of the initial set-up of field experi-
ments by DARCOF. The soils used for the trials were converted to organic farming at the initia-
tion of the trials, and the soils at all sites were fully adapted to the crop rotations and manage-
ment strategies imposed when we started our studies. The LAM trial was initiated in 1987 and is 
run with four different levels of organic inputs to the soil. Within the CRE trial, three crop rota-
tions were addressed and labelled CRE1-3. The characteristics of the CRE rotations are explained in 
some detail below. Figure 1 shows how ROMAPAC used the trials in relation to its research topics. 
 

DTS-trial
Rugballegård CRE-trial

Foulum and Flakkebjerg

LAM-trial
Foulum

CRE1 CRE2 CRE3

Research topic A
WP A1-A3

Research topic B
WP B

Figure 1. Project structure in terms of field trials addressed within the research topics A and B. DTS = 
Development of tillage strategies, CRE = Crop rotation experiments, LAM = Levels of input of animal 
manure. 
 
The crop rotations in the CRE trial were all four-course rotations, but they differed in their pro-
portion of nitrogen fixing crops and the use of catch crops: 
 
Rotation CRE1 [WP A2, WP A3]: 
 Spring barley undersown with a grass/clover mixture 
 Grass/clover mixture for green manure 
 Winter wheat 
 Lupin 
 
Rotation CRE2 [WP B]: 
 Spring barley undersown with a grass/clover mixture 
 Grass/clover mixture for green manure 
 Winter wheat with undersown catch crop of ryegrass 
 Lupin with undersown catch crop of ryegrass 
 
Rotation CRE3 [WP B]: 
 Spring barley 
 Spring oats 
 Winter wheat 
 Lupin 
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Content of each workpackage
 
WP A1. Development of tillage strategies including recompaction evaluation 
The primary task in WP A1 was to run the field trial with development of tillage strategies initi-
ated in 1996. The trial plots was utilised by WP A3 for evaluation of tillage effects on soil charac-
teristics and root growth. From year 2001, modifications of the trial were made in order to evalu-
ate the risk of re-compaction of loosened soil by traffic and during mouldboard ploughing. These 
treatments were investigated in a crossed split-plot design for the basic treatments with non-
inverting deep tillage. 
 
WP A2. Above-ground crop response to compaction and subsoiling 
When characterising the soils for the CRE trials, measurements of penetration resistance showed 
clear indications of compaction of the soil beneath the plough layer. The overall task in WP A2 
was therefore to evaluate the effects of the existing compacted soil and the effects of subsoil 
loosening upon crop performance. 
 For each of the years 2000 through 2003, half of the plots (two subplots) grown with the re-
cently established grass/clover crop was subjected to subsoil loosening to a depth of ~40 cm by 
means of a Howard Paraplow. The soil loosening was carried out after harvest of the cover crop 
(starting in 2000). I.e., for each location and year, four additional replicate plots were provided for 
studies of the effect of subsoil loosening (two plots without manure and two plots with manure 
application). 
 For each of the years 2001 through 2004, a number of registrations were performed at the two 
locations in plots grown with cereals and leguminosae (i.e., excluding the grass/clover ley crop). 
 
WP A3. Soil effects and root response to compaction and subsoiling 
In WP A3, the task was to evaluate the subsoiling effects on soil physical characteristics and root 
growth. The treatments in the DTS trial at Rugballegård as well as those in the CRE1 rotation at 
Foulum were included in these investigations. For the DTS trial, the subsoiled treatments were 
evaluated with traditionally ploughed soil as a reference. Further, the measurements included the 
new treatments regarding traffic and ploughing strategy (see WP A1). For all combinations of lo-
cations and treatments, the mechanical strength of the soil in the 0-60 cm layer was evaluated 
each year by cone penetration measurements. These measurements took place in the spring at 
water contents of field capacity. Root growth was studied as described later in this report. 
 
WP B. Topsoil tilth as affected by crop rotations, animal manure and traffic 
This workpackage covered all aspects in research topic B. The reason for not differentiating this 
work into several workpackages is the fact that the aspects included in the topic should be treated in 
one context all the way through the project. However, several tasks were of course included as de-
scribed below. 
 As already described, ROMAPAC benefitted from the accumulated effects of crop rotation and 
animal manure amendments found in the existing CRE and LAM field trials. Samplings and meas-
urements for this purpose took place in year 2002 and again in 2003 in a winter wheat crop. 
 At Foulum, the effects of differentiated crop rotations were studied in the CRE trial by sam-
pling in the CRE2 and CRE3 rotations. The manure effects at Foulum were studied in the LAM 
trial. 
 At Flakkebjerg, the crop rotation effects as well as the manure effects were studied in the CRE 
trial. The crop rotation effects were elucidated by addressing the CRE2 and CRE3 rotations, - 
both without application of animal manure. The organic manure effects were elucidated by ad-
dressing plots of the CRE3 rotation with and without amendments with animal manure (CRE3+ 
and CRE3-). I.e., at Flakkebjerg the CRE3- plots served as a common reference for both main ef-

 
DARCOF II I.7. Soil quality in organic farming: effects of crop rotations, animal manure and soil compaction 
 (ROMAPAC) 



 9

fects. 
 In order to enable the study of the interaction between the basic crop and manure effects and 
the mechanical disturbance by field traffic, half of the plots selected for studies of crop and ma-
nure effects were treated as follows. In the years 2000 and 2001, the soil was trafficked 'wheel by 
wheel' immediately following mouldboard ploughing prior to establishing the specific crops. The 
traffic treatment was repeated again in 2002 at the plots that were sampled in 2003. For the CRE2 
rotation the crop preceding the winter wheat was grass/clover mixture. In this case, the traffic 
took place in the crop in the spring at water contents of field capacity. 
 Field measurements and sampling for laboratory studies took place in the winter wheat crop in 
the spring at water contents of field capacity. The in situ measurements included a quantification 
of ’ease of fragmentation’ by the soil drop method. The method involved drop from a specified 
height of minimally disturbed soil cubes sampled immediately before the test. Further, for the 
LAM trial, the shear strength was measured by the shear vane method and by the torsional shear 
box method. All characteristics were measured for the 6-13 cm soil layer. 
 Soil was sampled in minimally disturbed cubes, in minimally disturbed 100 cm3 cores and also 
in remoulded form. The remoulded soil was air-dried at arrival at the laboratory while the mini-
mally disturbed samples were stored at 2oC until analyses. 
 Soil textural composition and content of C, P and K were analysed by standard methods. Air-
dried soil was fractionated to yield aggregates in the four size-classes 8-16, 4-8, 2-4 and 1-2 mm. 
Aggregate tensile strength was then measured on these aggregates. An index of soil friability was 
then estimated from the slope of an aggregate tensile strength / aggregate volume relation in a 
log-log presentation. Stability of wet aggregates that were sub-sampled from the minimally dis-
turbed cubes was measured by a wet-sieving procedure. Dispersibility of clay from bulk soil de-
rived from the same soil cubes was quantified with a turbidimetric measurement of dispersed clay 
following a mechanical shaking procedure. 
 Water retention was measured with standard technique at a number of predefined matric po-
tentials (including –10 kPa), using the 100 cm3 minimally disturbed cores. Further, bulk soil air 
diffusivity and permeability were measured when equilibrated at each of the matric potentials. 
 Extracellular polysaccharides were measured after extraction with hot water. Fungal hyphal 
lengths were determined by epifluorescent microscopy using calcofluor staining. Finally, micro-
bial biomass C was determined by the fumigation-extraction method. Soil for the methods men-
tioned here was sub-sampled from the minimally disturbed soil cubes. I.e., measurements took 
place in field-moist soil. 
 

 
WP A1. Development of tillage strategies including recompaction evaluation 
For two of the fields of the DTS trial at Rugballegaard, the ROMAPAC project in 2001-2002 
succesfully introduced new treatments on the formerly mechanically loosened soil. On-land 
ploughing was compared with traditional mouldboard ploughing with the tractor wheels in the 
furrow. In addition, the plots were traficked with reduced and high axle loads, respectively. The 
effects from these treatments on soil and crop characteristics are reported in the section below on 
WP A3. 
The work in WP A1 also included the collection and reporting of the results from the 1996-2000 
years trial (DJF rapport, Markbrug nr. 82, 2002; see section E. Project publications). As most of 
the experimental work took place in the former ‘FØJO-I.3’ project, only the main results will be 
summarized here: The tillage systems had no significant influence on crop yields. Generally (irre-
spective of tillage system), it was difficult to control weed problems in the winter wheat crop due 
to the organic farming system regulations (no use of pesticides). The shallow ploughing depth 
(10-12 cm) as well as the use of the non-inversion tillage system (with mechanical loosening to 
~35-40 cm depth) are realistic alternatives to traditional mouldboard ploughing to 20 cm depth. 
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The systems should be followed for more than one rotation for a more comprehensive evalua-
tion of their applicability. Please consult the final report for the former FØJO-I.3 project on de-
tails in these results for the 1996-1999 period. Details for all the trial period may be found in the 
DJF-report mentioned above. 
 
WP A2 and WP A3
The WP A2 (Above-ground crop response to compaction and subsoiling) has dealt with the above-ground 
crop response to subsoil loosening in the CRE trials, while the WP A3 (Soil effects and root response 
to compaction and subsoiling) focused on the effects on soil and roots at both the DTS and the CRE 
trials. The results from these two part-workpackages are presented in relation to the trials investi-
gated because above- and below-ground effects were studied in both trials. 
 
WP A2 and A3: the DTS trial 
The ROMAPAC studies in soil compaction and subsoil loosening in the DTS trial were applied 
to the plots that had been subsoiled in 1997 and again in 1998 (here labeled NINV for non-
inversion). Perennial grass/clover was grown with limited traffic intensity in 1999 and 2000. A 
recompaction experiment was then conducted in 2001 and 2002 when the soil was grown with 
oat and winter wheat, respectively. On-land ploughing was compared with traditional moldboard 
ploughing with the tractor wheels in the furrow. In addition, the loosened plots were either light-
trafficked (<6 Mg axle load and <100 kPa inflation pressure) or heavily trafficked (10-18 Mg axle 
load and ~200 kPa inflation pressure), respectively. This gave four new treatments: NINV-OL, 
NINV-OH, NINV-TL and NINV-TH for the combinations i) on-land ploughing / low traffic, 
ii) on-land ploughing / high traffic, iii) traditional ploughing / low traffic, and iv) traditional 
ploughing / high traffic, respectively. Finally, the soil loosened by non-inversion deep tillage was 
referenced with a conventional ploughing-harrowing tillage system that never received the subsoil 
treatment (CONV). The conventional treatment was also grown with the grass/clover in 1999 
and 2000. On-land ploughing and light traffic was applied in 2001 and 2002 instead of traditional 
ploughing and traffic for the conventional treatment. 
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Figure 2. The PO100 = ka100/ε100 index of pore continuity, gives the specific air permeability (ka) for air-
filled pores (ε) at a water potential of –100 hPa (~field capacity). The NINV-plots were mechanically loos-
ened in 1997. The NINV-OL and the NINV-TH plots were treated with on-land ploughing / light traffic, 
and conventional ploughing / heavy traffic, respectively. The CONV plots were never loosened. Bars in-
dicate standard error of the mean. 
 
Figure 2 shows an index of pore continuity calculated from the soil physical measurements in the 
plough pan layer (~25-30 cm depth). The PO100 is the quotient between the air permeability 
measured when the soil was drained to –100 hPa water potential (~field capacity) and the air-
filled pore space found at this specific potential. The index thus expresses the specific capacity of 
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the air-filled macropores to conduct air. A high index is indicative of a high continuity of macro-
pores. The small differences in pore continuity found between the initially loosened soil (NINV 
treatment) and the reference soil (CONV) in 1998 and 1999 were not statistically different. How-
ever, it appears that the combined effect from high loads during traffic and conventional, in-
furrow ploughing (NINV-TH) displayed a poorer continuity than the NINV-OL treatment re-
ceiving only moderate traffic loads and on-land ploughing. 
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Figure 3. Root intensity (fraction of grid fields with visible roots in the transparent tubes inserted into the 
soil) in mid-summer for winter wheat grown in differently treated plots. Please consult the Figure 1 cap-
tion for explanation of treatments. Horizontal bars indicate standard error of the mean. 
 
Figure 3 shows two years of root response to the different treatments. Unexpectedly, the highest 
root intensity was found for the CONV treatment that never received any mechanical loosening. 
The CONV soil also produced similar yield (data not shown). The deep rooting in the CONV 
soil occurred despite increased root diameters (data not shown) indicating mechanical impedance 
to root growth in the CONV plough pan layer. The deep rooting in the CONV soil may be due 
to preferential growth in biopores (earthworm and root channels). Subsoiling undoubtedly de-
stroyed the inherent system of continuous biopores in the upper subsoil although at the same 
time produced new cracks and pores. These new pores were probably not as efficient pathways 
for roots as the inherent biopores. This also means that the index of continuity estimated and 
shown in Figure 1 is probably reflecting another size of pores than those determining root 
growth. At least in 2002, the NINV-OL treatment displayed better root growth than the NINV-
TH treatment, indicating that especially the on-land ploughing is mitigating damaging recompac-
tion of mechanically loosened soil. Please consult the references given in section E for more de-
tails (e.g., Munkholm et al., 2005, Soil & Tillage Res. 80, 149-158 and 159-170). 
 We thus conclude from this experiment that on-land ploughing is an efficient means of miti-
gating recompaction of mechanically loosened subsoils. However, our results show that mechani-
cal subsoiling may create even more constraints than benefits to crop development; at least for 
the first years of crop growth following the mechanical loosening. We thus recommend that me-
chanical subsoiling should only take place in situations with severe compaction of subsoil layers. 
Our results indicate that biological amelioration induced by appropriate changes in cropping sys-
tem as well as tillage and traffic intensity comprises a favourable alternative to mechanical 
subsoiling. 
 
WP A2 and A3: the CRE trial 
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The subsoiling of selected plots of the CRE trials at Foulum and Flakkebjerg was performed in 
the autumn of 2000 to 2003. The implement used was a Howard Paraplow, which loosens the 
soil to a depth of 35-40 cm without inverting the soil. The subsoiling treatment was applied to 
the young grass/clover ley crop about one month after the harvest of the cereal crop. The grass-
clover was grown for a year as a green manure crop and followed by winter wheat, lupin:barley 
and spring barley in the following three years. On-land ploughing was used for all these crops. 
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Penetration resistance was recorded in all crops, and the results clearly showed that subsoil 
loosening had effectively reduced the plough pan and that the effect lasted at least 3.5 years (Fig-
ure 4). Measurements of root growth at Foulum in 2002/03 did not show marked effects of sub-
soil loosening on root density in the subsoil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Penetration resistance for the four treatment combinations of subsoil loosening and manure ap-
plication at Foulum. The depths intervals where significant treatment effects (P < 0.05) were observed are 
indicated. 
 
Subsoil loosening resulted in reduced growth and less biological nitrogen (N) fixation of grass-
clover crop in which the subsoil loosening was carried out. This had a consistent – although gen-
erally not significant – effect on the growth of the succeeding winter wheat. Negative effects of 
subsoil loosening on the yield of winter wheat was thus observed without manure application and 
in years with high winter rainfall, whereas small positive yield effects of subsoil loosening was ob-
served in crops with a good N supply (Table 1). There were no marked effects of subsoiling on 
yield of the spring sown crops. Subsoiling had a tendency to increase crop growth and yield of 
spring cereals and pulses during dry summers. However, averaged for the years of study and both 
locations subsoiling gave a nearly significant decrease in yield of cereal crops for unmanured 
plots. 

Summarizing the results from these investigations, the subsoiling reduced soil strength in the 
former plough pan, but the effects on grain yield were very modest under the cool and generally 
moist Danish climate. Subsoil loosening can therefore only be recommended in case of a very 
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severe subsoil compaction, and a positive effect requires a subsequent reduction in weight load of 
the soil to mitigate recompaction. 
 
Table 1. Mean dry matter grain yield (Mg ha-1) at Foulum and Flakkebjerg for treatments without (L−) and 
with (L+) subsoil loosening. None of the treatment differences were significant in individual year and loca-
tion combinations. 

  Foulum Flakkebjerg 
Crop Year L− L+ L− L+ 

Winter wheat 2002 4.25 4.01 3.98 3.68  
 2003 5.11 5.08 4.60 4.81  
 2004 4.99 4.33 4.50 4.57  
Lupin:barley 2003 2.64 2.61 2.98 3.08  
 2004 3.44 3.37 2.66 2.68  
Spring barley 2004 4.53 4.56 3.45 3.14  
 
 
 
WP B. Topsoil tilth as affected by crop rotations, animal manure and traffic 
The WP B established a conceptual approach including two different aspects of soil properties: 
tilth forming processes and tilth characteristics (Figure 5). The aim was to evaluate the effects of soil 
management on both aspects in order to better understand the mechanisms active in the creation 
of a high-quality soil. 
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Figure 5. The conceptual framework of research topic B. 
 
In the following, we will summarize the main results regarding our understanding of the mecha-
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nisms described in Figure 5 and regarding the potential to influence the mechanisms through 
management. 
 
Tilth-forming processes 
Tables 2 and 3 and Figure 6 summarize the parameters addressed regarding the tilth-forming proc-
esses. From Table 2 it appears that 16 years of annual application of animal manure in the LAM 
trial has given rise to a significantly higher level of total soil organic carbon content. Six years of 
manure application in the CRE-trial have induced a higher content of organic carbon as com-
pared to the unmanured cereal cropping system for the Foulum as well as the Flakkebjerg loca-
tion (Table 3). The forage system at Flakkebjerg induced about the same increase in organic C as 
the addition of manure (although not significant). At both locations, the six years of enhanced 
management (manure or versatile crop rotation) has increased the level of total organic C with 
~0.14% in average (Table 3). If assuming a dry soil bulk density of 1.32 g cm-3 and a ploughing 
depth of 20 cm, this corresponds to approximately 3700 kg extra organic carbon per hectare of 
the plough layer soil of the enhanced systems. Six years of manure addition or a diversified crop 
rotation have thus increased the organic matter in soil with ~6.4 tonnes per ha (assuming 58% C 
in soil organic matter). However, due to the remarkable difference in total organic C for the two 
locations, the relative increase is more than the double at Flakkebjerg than at Foulum. 
 It is remarkable that the 16 years of manure application in the LAM trial (Table 2) increased 
the level of total organic C with only 0.1%-units (from 1.6 to 1.7 g cm-3), while the six years 
treatment in the CRE trial yielded an increase of ~0.14%-units (averaged for Foulum and Flak-
kebjerg, Table 3). This can partly be explained by stochastic variability in such studies. On the 
other hand, the Danish Institute of Agricultural Sciences has recently shown that management 
systems with extra inputs of organic matter will relatively quickly rearch a high proportion of the 
increase that may be expected during a continued application for a longer period (Schjønning et 
al., 2004, Grøn Viden, Markbrug, nr. 295, Danmarks JordbrugsForskning). This is an important 
recognition for practical agriculture and further may explain that we found significant differences 
after only six years of running the field trials. 
 We measured total organic C in 1-2 mm aggregates in addition to the traditional measure in 
whole soil samples because we wanted to evaluate, whether this would give a more clear evalua-
tion of the system effects. The idea was that the aggregate samples would not include the free lit-
ter and hence would have less variability. For the LAM trial, the system difference was indeed 
more clearly revealed when looking at the results from the aggregates (the P-value decreased 
from 0.044 for whole soil samples to 0.003 for 1-2 mm aggregates, Table 2). However, this was 
not confirmed for the CRE trial, where the crop rotation induced increase at Foulum was not 
significant for the aggregates, while it was for the whole soil sample (Table 3). The fact that we 
 
Table 2. Sixteen years management effects (LAM-trial, Research Centre Foulum) on fractions of organic 
carbon extracted by different means from whole soil samples or samples of 1-2 mm aggregates. Hyphal 
length was determined by direct microscopy in soil suspensions. Average of six plots per treatment (2002 
and 2003). 
 

Management system Soil property 
- Manure + Manure 

Probability of 
significance1

Whole soil    
Total organic C (g 100g-1) 1.60 1.70 * (P=0.044) 
Hot-water extract. C (mg kg-1) 169 186 ns (P=0.07) 
Microbial biomass C (mg kg-1) 205 223 ns (P=0.17) 
1-2 mm aggregates    
Total organic C (g 100g-1) 1.71 1.87 ** (P=0.003) 
Hot-water extract. C (mg kg-1) 164 178 *** (P=0.001) 
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Hyphal length (m g-1) 12.1 10.5 ns 
1ns = not significant at the P=0.05 level; the value of P is given in paranthesis if less than 0.20 
 
generally measured a higher total organic C content in the aggregates than in whole soil samples 
may probably be explained by a different amount of free sand particles in whole soil and aggre-
gates. 
 The hot-water extractable C is generally regarded as a labile fraction of C that is more active in 
tilth formation than total organic C. At both locations and both trials, the relative increase in hot-
water extractable C is about the same as found for total organic C (Tables 2 and 3). Again, for the 
LAM trial the system difference is more pronounced (in terms of statistical significance) for the 
1-2 mm aggregates than for the whole soil samples (Table 3). However, this was not found for 
the CRE trial at both Foulum and Flakkebjerg. From our measurements, we conclude that total 
organic C seems to be as sensitive an indicator of management effects as the labile, hot-water ex-
tractable C fraction. This does not mean that the general hypothesis that it is the labile fraction 
that is active in tilth formation is not correct. Our results clearly show that the enhanced systems 
exhibit more labile C than the reference systems. It may, however, be relevant to state that for 
future studies the – less expensive – measurement of total organic C seems to give an impression 
of the trends in soil quality. 
 The structural binding mechanism delivered by the fungal hyphae seems to be active primarily 
in systems with a versatile crop rotation. No significant effect of the manure addition was found 
in neither the LAM nor the CRE trial (Tables 2 and 3). In contrast, the increase in length of fun-
gal hyphae was considerable and significant for the diversified crop rotation at Foulum as well as 
Flakkebjerg (Table 3). This means that the physical enmeshment mechanism in tilth formation 
delivered by the hyphae is to be expected in systems with diversified crop rotations. 
 
Table 3. Management effects (CRE-trial, 6-7 years accumulated effect) on fractions of organic carbon ex-
tracted by different means from whole soil samples or samples of 1-2 mm aggregates. CEREAL (=CRE3-) 
is the reference treatment for the two other systems, the CEREAL+MANURE (=CRE3+) having the 
same crop rotation but receiving animal manure and the CEREAL+GRASS (=CRE2) having a diversified 
crop rotation without application of manure. Average of four plots per treatment (2002 and 2003). 
 

 

Foulum Flakkebjerg 
Soil property 

CEREAL 
CEREAL
+GRASS 

CEREAL CEREAL+ 
MANURE 

CEREAL
+GRASS 

Whole soil:      
Total organic C (g 100g-1) 2.01a +0.13b 0.91a +0.15b +0.13ab

Hot-water extract. C (mg kg-1) 192a +10a 101a +6a +8a

Microbial biomass C (mg kg-1) 230a -5a 193a +11a +95a

1-2 mm aggregates:      
Total organic C (g 100g-1) 2.21a +0.19a 0.96a +0.14b +0.21b

Hot-water extract. C (mg kg-1) 140a +18a 89a +20a +16a

Hyphal length (m g-1) 17.0a +3.8b 6.6a +2.3a +6.1b

Figure 6 shows the results of the tests of clay dispersibility for the CRE trial. Although significant 
only at Foulum, the reference CRE3- system has the highest amount of dispersible clay at both 
locations. From our studies in the former FØJO-I.3 project, we had very clear indications that 
the dispersible clay will increase in systems with low inputs of organic matter (manure or crop 
rotation derived). The results in Figure 6 thus correspond to the results in Table 3: only six years 
of differentiated management has influenced the stability of soil clay. We know from the former 
FØJO-I.3 studies that the self-organizing soil-microbe system (Young and Crawford, 2004, Sci-
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ence 304, 1634-1637) normally securing a well-functioning soil may be dramatically disturbed 
when a soil is exhausted in organic matter. In such systems, clay takes over the bonding function 
delivered by soil biota in a healthy soil (consult the A-papers listed in section E). As will be de-
scribed later in this section, the CRE Flakkebjerg soil with its very low level of organic matter was 
generally problematic to manage and we ascribe this to a high content of readily dispersible clay 
(Figure 6). 
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Figure 6. Readily dispersible clay as influenced by the cropping systems in the CRE trial. CEREAL=CRE3-
, CEREAL+MANURE=CRE3+, and CEREAL+GRASS=CRE2. Data labeled with the same letter within 
each location are not significantly different (P=0.05). Consult text for details. 
 
 
Tilth characteristics 
The measurements discussed above showed that the Foulum soil used for the CRE trial had about 
twice as much total soil organic C (~2 % w/w) as the Flakkebjerg soil (~1 % w/w). In combination 
with the lower content of clay at Foulum (~9 % w/w) than at Flakkebjerg (~14 % w/w) this had 
rather dramatic effects on soil tilth at the two experimental sites. While the Foulum soil was easily 
tilled and crumbled to an ideal seedbed, the Flakkebjerg soil was generally very difficult to manage. 
The water content for optimum fragmentation in tillage was very narrow (as judged from practical 
experience in the field) and even when tilled at this optimum, the soil broke up in large clods. A 
seedbed could only be created by use of a powered rotary harrow. 
 We evaluated structural strength and friability from measurements of wet aggregate stability, ten-
sile strength of dry aggregates, and a drop-shatter fragmentation method in the field. In 2002 the soil 
at Flakkebjerg was simply too coherent (non-friable) to perform the drop-shatter test (no fragmenta-
tion at all of the dropped cube of soil although tested at field capacity). This supports that the Flak-
kebjerg soil had a poor tilth. Another indicator of this was tensile strength values higher than ever 
recorded in any study at our laboratory. 
 In 2003 a tendency was found of an enhanced drop-shatter test fragmentation for the 
CEREAL+MANURE and the CEREAL+GRASS systems compared to the reference system (Table 
4), and this trend for increased friability was supported by the results from the tensile strength meas-
urements on dry 8-16 mm aggregates (data not shown). However, the trends were not statistically 
significant. Apparently, this is an indication that an amelioration of the tilth conditions requires more 
than the 6-7 years considered here. However, we also judge this as being due to the complex interac-
tions between the binding and bonding mechanisms active in structural stabilization (Figure 5). An 
increase in the total soil organic C content, the content of hot-water extractable C, and the length of 
fungal hyphae is expected to increase structural strength. On the other hand, the concurrent decrease 
in dispersibility of soil clay may be anticipated to cause less cementation of aggregates by suspended 
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clay in dry conditions. Thus, the net result may turn out to be a blurred response in the tilth tests per-
formed. 
 
Table 4. Mean weight diameter (geometric mean) of aggregates/clods following energy application to a 
cube of soil in the soil drop test. CEREAL=CRE3-, CEREAL+MANURE=CRE3+, and 
CEREAL+GRASS=CRE2. Figures marked with the same letter are not significantly different (P=0.05). 
No significant interaction effects could be determined. 
 

Mean weight diameter (mm) Effect Treatment 
Foulum1 Flakkebjerg2

CEREAL 10.5a 23.8a

CEREAL+MANURE n.d. 17.8aCropping system 
CEREAL+GRASS 12.5a 18.7a

Uncompacted 10.4a 13.4aCompaction 
Compacted 12.7a 29.6b

1Average for 2002 and 2003 
2Data only for 2003; the soil was not friable enough to perform the test in 2002 
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The results in Table 4 also show that at Flakkebjerg, there was a highly significant effect of soil 
compaction. The mean weight diameter of the fragments following the drop test more than dou-
bled for soil that had been compacted in the autumn prior to the test in the spring. The compac-
tion was also reflected in the stability of wet >250 μm aggregates (Figure 7). For the CEREAL and 
CEREAL+MANURE systems at Foulum as well as Flakkebjerg, we measured a higher stability in 
compacted soil (although only significant for the CEREAL+MANURE system at Flakkebjerg). In-
terestingly, we observed significant interaction between cropping system and compaction at Flak-
kebjerg (Figure 7). It implies that compaction increases the stability of aggregates for the CEREAL 
and CEREAL+MANURE systems but decreases it for the CEREAL+GRASS system. Although the 
compaction effect per se within the CEREAL+GRASS was not statistical significant, the interaction 
was highly significant (P=0.018). In addition, the same trend in interaction was found for Foulum, 
and at Flakkebjerg the tensile strength of 8-16 mm aggregates displayed the same pattern though not 
statistically significant. Regarding the Flakkebjerg soil, high stabilities and strengths are unfavourable 
as they generally express cementation of previously dispersed clay (cf. the discussion above). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Percentage of aggregates >250 μm resisting a 2 minutes sieving test in water. The results were 
averaged for 2002 and 2003. CEREAL=CRE3-, CEREAL+MANURE=CRE3+, and 
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CEREAL+GRASS=CRE2. At Flakkebjerg, the interaction between cropping system and compaction 
treatment was significant (P=0.018). Bars indicate standard error of estimate. 
 
Apparently, the increase in biotic binding and bonding mechanisms that has been triggered in the 
CEREAL+GRASS system has altered the soil reaction to compaction. At Flakkebjerg, soil compac-
tion significantly increased soil microbial biomass C for all cropping systems but especially the 
CEREAL+GRASS system (data not shown). The higher friability of the compacted 
CEREAL+GRASS aggregates may be related to the increased biomass but our studies do not lend 
support for causal explanations of the phenomenon. 
 The measurements of soil pore characteristics at Flakkebjerg averaged for 2002 and 2003 indi-
cated that the CEREAL+GRASS rotation significantly increased the volume of soil macropores 
>30 μm (Table 5). This in turn gave rise to higher relative gas diffusivity and air permeability for 
this treatment, though significant only for the latter parameter (Table 5). 
 
Table 5. Soil pore characteristics as influenced by cropping system and compaction treatment at the Flak-
kebjerg location. CEREAL=CRE3-, CEREAL+MANURE=CRE3+, and CEREAL+GRASS=CRE2. The com-
paction effect is shown for each year because a highly significant interaction between compaction and year 
of sampling was found for nearly all parameters. Figures marked with the same letter within each time pe-
riod are not significantly different. No significant interactions were found between cropping system and 
compaction treatment. 
 

Soil pore volume 
m3m-3

1Air per-
meability2

Year Cropping system /  
Compaction treatment 

<30 μm >30 μm Total 

1Relative 
gas diffu-

sivity 
*10-3 μm2

CEREAL 0.268a 0.094a 0.364a 6.0a 2.30b

CEREAL+MANURE 0.278a 0.090a 0.368a 5.1a 1.03a
Average 
2002-03 

CEREAL+GRASS 0.271a 0.120b 0.392b 7.7a 4.12c

Uncompacted 0.280a 0.082a 0.362b 8.3a 3.37a2002 
Compacted 0.278a 0.067a 0.344a 4.5a 0.91a

Uncompacted 0.254a 0.173b 0.430b 10.3b 8.80b2003 
Compacted 0.277b 0.084a 0.363a 2.0a 0.77a

Uncompacted 0.267a 0.127a 0.396a 9.3a 5.45aAverage 
2002-03 Compacted 0.278a 0.075a 0.354a 3.2a 0.84a

1Measured at a matric potential of -100 hPa 
2Geometric mean 
 
The compaction effect on pore characteristics was quite different for the two years of study. Al-
though both years indicated a trend for decrease in soil (macro)porosity of the compacted soil, 
this effect was much more pronounced in 2003 than in 2002 (Table 5). The compaction effect on 
gas diffusivity and air permeability was generally pronounced although only significant in 2003. 
The difference between years in the compaction effect may partly be described by the fact that 
the plots examined in 2003 had received the compaction treatment one more year than those 
studied in 2002. In addition, the seedbed for winter wheat was created under very wet conditions 
in the autumn of 2001, and this had induced a very dense soil in the spring of 2002. 

Detailed investigations of soil pore tortuosity through the measurements of gas exchange by 
diffusion and convection were carried out at the Flakkebjerg location in 2003 (data not shown; 
consult section E: Schjønning et al., 2006 [two preprints]). The results indicated that for the soil 
managed by the CEREAL system, larger volumes of soil could be regarded as ‘isolated islands’ 
between the continuous macropores active in air transport. The chance that a given point within 
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such an ‘island’ is aerated is small compared to the chance in a sponge-like matrix like the 
CEREAL+MANURE and in particular the CEREAL+GRASS systems. 

Soil organic C is generally regarded beneficial in reducing soil resistance to compactibility per 
se, i.e., the increase in soil mass per soil volume. In our study, we found no interaction between 
cropping system (with differences in soil organic C and hot-water extractable C content) and soil 
compaction when speaking of the soil pore volumes (Table 5). However, the gas diffusivity and 
air permeability measurements pointed out the CEREAL system to have a poorer resistance to 
compaction. When uncompacted, the CEREAL system had the highest capacity to conduct air, 
while it had the lowest when compacted. 

Summarizing, our results on tilth characteristics show that only 6-7 years addition of animal 
manure or the introduction of a diversified crop rotation resulted in an improved soil tilth as 
compared to a continued use of a small grain cereal cropping system. Addition of organic manure 
as well as the diversified crop rotation tended to make the soil more friable. These treatments 
also created a more sponge-like pore system on the poorly aerated Flakkebjerg soil. This ramifica-
tion of pores in the soil matrix is considered beneficial to aeration of the soil. The results on pore 
characteristics show that the diversified crop rotation yielded a higher resistance to compaction. 
This system had more macropores and a better capacity to conduct air when compacted. Our 
study implies that a threshold of soil organic C for sustainable tilth conditions may exist for each 
individual soil. The Foulum soil was well above its limit, while the Flakkebjerg soil exhibited a 
soil organic C level that created critical tilth conditions for arable farming. A poor fragmentation 
in the soil drop test, a high tensile strength of dry aggregates and poor aeration for the Flak-
kebjerg soil confirmed the agronomically experienced tilth problems with this soil. 
 
WP C. Project co-ordination and dissemination of results 
The activities in this Workpackage have included editorial work with an international book on 
Soil Quality (Schjønning et al., 2004, CAB International Publishing, see section E). Although not 
directly related to the results in the ROMAPAC project, this book is to a large extent based on 
the concepts also launched for the ROMAPAC. A conceptual paper on soil quality and its poten-
tial role for promoting sustainability considerations in agricultural science was presented at the 4th 
International Conference of the European Society for Soil Conservation (ESSC) in Budapest, 
Hungary, May 2004. The project results were also presented at international conferences in 2003 
(the 16th International Conference of the Soil Tillage Research Organization, Brisbane, Australia) 
and in 2004 (the 2nd EUROSOIL Conference, Freiburg, Germany),- see section E. The work 
with the ROMAPAC project has also included inputs to the recent EU task force on a thematic 
strategy for soil protection. The experience gathered in the project and through the work with the 
abovementioned book on soil quality also led to presentations for the Danish Committee for 
Coordination of Research (Regeringens ‘Koordinationsudvalget for Forskning’) and the Advisory 
Committee for Research in the Ministry of Food, Fisheries and Agriculture (‘Det Rådgivende 
Forskningsudvalg’). Further, dissemination of specific results from the project has included lec-
tures and reports aimed at organic farmers and consultants (please consult section E of this re-
port). 
 
 
Perspectives and impact
 
The ROMAPAC project has addressed a range of issues from practical problems in soil tillage 
and compaction to the interaction between soil microbes and soil mineral particles. The work 
with the project was an interesting ‘journey’ towards answers to the questions we raised in our 
project description. The main results with conclusions have already been described above. In this 
section, we will concentrate on the impact our results may have on the practical development of 
organic farming as well as to future research in the area. 
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Research topic A 
The mechanical loosening in the field trials was performed to 35-40 cm depth with the use of two 
different implements. Both were very effective in breaking up the compact pan below normal 
ploughing depth. It was beyond the scope of the ROMAPAC project to compare these imple-
ments with other machinery for mechanical loosening of subsoils. However, it may be relevant to 
mention that our results support other investigations that subsoiling to ~40 cm depth is possible 
with most implements designed for the purpose and that the risk of compaction around the tines 
is normally not a problem even when performing the loosening at rather high water contents. If 
loosening to greater depths, it is important to take notice of the ‘critical’ depth of loosening as 
soil layers above the tines may receive compaction rather than loosening. In such cases it is also 
very important to perform the mechanical loosening at rather dry soil conditions. 
 Our investigations showed that soil is very susceptible to recompaction following mechanical 
loosening of soil layers below normal ploughing depth. If a soil is mechanically loosened, it 
should only be trafficked with low-pressure tyres (< 100 kPa) and with modest wheel loads (< 3 
tonnes). This result was expected from general knowledge on the compaction of soils. More 
striking was the severe recompaction from traditional ploughing with the tractor wheel in the fur-
row. Our results clearly showed that on-land ploughing – i.e. having all tractor wheels on the un-
ploughed soil – significantly reduced soil recompaction. Traditional ploughing with the heavy 
tractors used today may also increase the existing compaction of a soil that has not been sub-
soiled. We therefore urge organic farmers (and farmers in general) to introduce on-land plough-
ing. 
 The results from root studies in the DTS-trial interestingly showed that mechanical loosening 
seems to reduce root growth. This was despite the fact that several measurements clearly indi-
cated that there was a dense pan below ploughing depth and that this pan restricted root growth 
to macropores like earthworm channels. We interprete the reduced root growth in mechanically 
loosened soil as a lack of continuous macropores derived from the growth of previous crops. 
These were destroyed when the mechanical implement tilled the subsoil. I.e., even if a soil dis-
plays compact layers, where roots may not proliferate the bulk soil but rather pass the horizon as 
‘bundles’ through persistent earthworm channels, a mechanical break-up of the pan may create a 
‘virgin’ soil, where the roots of following crops will have growth difficulties. In consequence, the 
effect of soil loosening on crop growth and yield was generally negative for both the DTS- and 
the CRE-trial. Our results give a solid base for the recommendation that organic (and other) 
farmers should generally not loose their subsoils by mechanical means. Only in the case of really 
severe compaction that hampers root growth completely and/or create problems with drainage 
of the soil should subsoiling be taken into consideration. An additional argument for this conclu-
sion is the fact that our results showed a tendency of ‘biological soil loosening’ from the roots of 
grass and red clover in a two-year grass-clover that was not trafficked. This is promising and the 
phenomenon should be studied in more detail. 
 The recommendations that mechanical subsoiling should generally not be used do not imply 
that soil compaction is not a problem in (organic) farming. A range of studies have shown that 
subsoil compaction reduces the quality of the soil in terms of soil productivity as well as regard-
ing the influence of farming on the environment. Our studies were not able to tell how crop 
growth and yield would have been in soil that had not received compaction. The results were 
consistent, however, regarding our statements on the benefits from mechanical loosening. 
 The results from our tillage experiment at Rugballegaard documented that no-plough tillage 
may be performed also in organic farming. This may induce additional / modified strategies for 
controlling weeds and that topic should be further studied. However, it is an important finding 
that non-inverting tillage may in fact be taken as a realistic alternative to annual ploughing of the 
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soil. The tillage trials also revealed that the mechanical loosening of a compact pan below plough-
ing depth did in fact enhance biological activity in this layer,- as exemplified through an improved 
growth of rhizobium nodules on leguminosae. The trials also showed that shallow ploughing to 
depths of only 10-12 cm is realistic. 
 
Research topic B 
The results from the ROMAPAC project together with the achievements in the former project 
on soil fertility (FØJO I, 1996-1999) have provided an important understanding of the soil-
microbial interaction in managed soil. This work has been an eye-opener with important ‘spin-
off’ knowledge. The results further confirmed our hypothesis that management matters. It is promis-
ing that even a few years of management after organic principles may significantly increase the 
quality of a soil exhausted in organic matter. These results are not just ‘academic’ because an or-
ganic farmer may start on organic principles for soils that have been exhausted in organic matter. 
In addition, future general legislation on handling of organic manures in agriculture may intro-
duce a situation where the organic farmer has very limited possibilities of importing organic ma-
nures to his/her soils. Our results give a good basis for discussing ‘management thresholds’, i.e. 
management procedures securing sustainable conditions. In the following paragraphs, we will ex-
plain our achievements in general terms. 
 Recently, Young and Crawford (2004, Science 304, 1634-1637) suggested the term self-
organization for the interaction in the soil-microbe complex. Our results have confirmed that for 
soil managed with diversified crop rotations and/or the application of organic manures, this self-
organization ensures a friable and fertile soil that fulfils all the functions that we expect by agri-
cultural use. Labile fractions of organic matter (quantified in our work in terms of hot-water ex-
tractable polysaccharides) serve as bonding material in the creation of stable, yet friable struc-
tures. Fungal hyphae and small roots stabilize the architecture by their enmeshment of small ag-
gregates (binding action). 
 Our studies thus support the generally accepted mechanisms in the construction and stabiliza-
tion of soil structure. At the same time, our results have challenged a paradigm intensely dis-
cussed in the soil science literature. In short, our results showed that the bonding and binding 
mechanisms were equally active in micro- (<250 μm) as well as macro-aggregates. This indicates 
that soil aggregates should rather be regarded random fragments of the bulk soil than hierarchical 
building stones created from the ‘bottom’ (please consult the section E for details, e.g. Elmholt et 
al., 2006 [preprint]). This may seem of marginal importance to the development of organic farm-
ing. However, it should be mentioned here as an important spin-off from our studies. 
 Our results demonstrated that management in terms of continuous growing of small grain ce-
reals and the exclusion of organic manures may dramatically disturb the self-organization of the 
soil-microbe complex. Any (soil) ecosystem may be provoked by disturbance (management). The 
ability to resist change from the equilibrium condition and the resilience (the ability to shift back) 
determines the vulnerability of the system. Our results showed clearly that for some soils, the 
self-organized soil-microbe complex had been challenged to a degree that had induced other 
mechanisms in stabilizing the soil architecture. It appeared that for low levels of labile organic 
matter, soil clay occupies the role in stabilization of soil structure. This has, however, significant 
and agronomically undesirable consequences. Our results showed that such soils were very un-
stable in wet conditions (may facilitate e.g. surface crusting) and very cloddy in dry conditions. 
The latter has severe implications in managing the soil. Clods that have dried up with dispersed 
clay in the soil water have very high tensile strengths. In addition, the friability (the degree to 
which soil fragmentation results in medium-sized aggregates or in ‘powder’) becomes very low. 
This means that such a soil is extremely difficult to till to a desirable seedbed. 
 The investigations in management effects on the soil pore system also gave very interesting 
results. Soils managed with diversified crop rotations and/or the application of sufficient organic 
residues appeared ‘sponge’-like. I.e., the soil pore system was tortuous, which is considered bene-
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ficial to aeration of microspots in the soil matrix. In contrast, soils that had been ‘pushed’ to a 
condition with clay acting as the stabilizer of soil structure had ‘drain-pipe’-like pores. Linking to 
the mechanical appearance of these soils, the management-induced change may be labelled a shift 
from crispy sponges to rigid pipes! 
 Summarizing the results from our case-studies in the previous FØJO-I (1996-99) project as 
well as our investigations in controlled field trials (primarily the ROMAPAC project), it is not 
possible to detect any ‘universal’ critical lower level of soil organic matter for this shift from a 
healthy, friable soil to a problematic soil. It seems that the soil type influences the level of organic 
matter that is critical to the equilibrium of the soil-microbe complex and hence to the soil tilth 
conditions. Our studies thus rather call for the detection of a management threshold than an indicator 
threshold. It is clear that all organically managed soils studied in our projects were well ‘above’ this 
threshold; all displayed the sound self-organization of the soil-microbe complex. The studies in 
the CRE trial at Flakkebjerg showed clearly that this soil had shifted from a healthy to a problem-
atic soil before the start of the organic CRE trials in 1996. The results also showed that the appli-
cation of rather small amounts of animal manure to a cereal-dominated crop rotation improved 
soil conditions after only 6-7 year. Similarly, a diversified crop rotation yielded a similar or even 
more pronounced improvement compared to the cereal system without manure. We therefore 
can conclude that management matters! 
 The results have important consequences for organic farmers. Our investigations have shown 
that the carbon exhaustion of soil derived from years of continuous growing of cash-crops and 
without the application of organic manures may turn a healthy self-organized soil into a problem-
atic soil with dispersed clay as the main agent stabilizing clods and aggregates in dry conditions. 
The lack of any ‘universal’ level of organic C as threshold between sustainable and non-
sustainable conditions is an important finding. This means that the farmer cannot base his/her 
evaluation of the soil condition from a test on soil C (the ‘humus’ content). He/she should rather 
focus the ‘history’ of the soil management for some decades prior to the specific date, where 
he/she is addressing the soil. Farmers should generally evaluate, whether their management is 
beyond a ‘management threshold’ that may take the soil to a non-sustainable condition. Some 
(organic) farmers may perhaps be ‘pushed’ towards this threshold if the rules for organic farming 
in the future will disable or reduce the import of conventionally grown organic manures and resi-
dues to the soil. 
 Our results finally indicate that the use of powered tillage implements (e.g. rotary harrows) 
may introduce a ‘vicous circle’ accelerating the slide from a sustainable, microbially facilitated 
self-organized condition to a clay-stabilized, unsustainable condition. A high input of mechanical 
energy to the soil during tillage may increase clay dispersion and hence accelerate the undesirable 
trend away from the self-organized tilth condition. These results urge (organic) farmers to use 
powered tillage implements with care, especially if their soil is evaluated not to be self-organized 
but rather clay-stabilized. 
 
 
 
C.2 Fulfilment of deliverables and milestones   
 
WP A1: Development of tillage strategies including re-
compaction evaluation 

Time schedule according 
to application 

Deviations, if 
any* 

   
Deliverables   
D1 Research objects for DARCOF project IV.3 04/2000 Delivered 
D2 Research objects for WP A3 04/2001 Delivered 
D3 DARCOF-report on 1997-2000 years trial results 03/2002 Delivered 
   
Milestones   
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1 Trial performed by old plan 10/2000 Fulfilled 
2 On-land plough has been procured and used first time 04/2000 Fulfilled 
3 The controlled traffic strategy has been implemented 06/2000 Fulfilled 
4. A DARCOF-report on tillage strategies has been publ. 03/2002 Fulfilled 
WP A2: Above-ground crop response to compaction and 
subsoiling 

Time schedule according 
to application 

Deviations, if 
any* 

   
Deliverables   
D4 Demonstration of effects for farmers (field-days) 06/2002-2004 Delivered 
D5 Research objects for WP A3 04/2002 Delivered 
D6 International scientific paper 10/2004 Delivered 
   
Milestones   
1 All subsoiling performed 08/2003 Fulfilled 
2 All measurements performed  10/2004 Fulfilled 
3 International paper submitted 12/2004 Fulfilled 
 
WP A3: Soil effects and root response to compaction and 
subsoiling 

Time schedule according 
to application 

Deviations, if 
any* 

   
Deliverables   
D7 Presentation of results at international Conference 06/2003 Delivered 

D8 International scientific paper 11/2004 Delivered 

   
Milestones   
1 Rhizotron studies of roots have been implemented 04/2001 Fulfilled 
2 Core sampling completed at Rugballegård, field B3 06/2001 See D 
3 Measurements and samplings completed at Rugb. B4 06/2002 Fulfilled 
4 Measurements and samplings compl. Foulum and Fl. 06/2003 See D 
5 Presentation of results at ISTRO Conference 06/2003 Fulfilled 
6 International scientific paper(s) submitted 12/2004 Fulfilled 
 
WP B: Topsoil tilth as affected by crop rotations, animal 
manure and traffic 

Time schedule according 
to application 

Deviations, if 
any* 

   
Deliverables   
D9. Presentation of results at international Conference 06/2003 Delivered 
D10. International scientific paper(s) 11/2004 Delivered 
   
Milestones   
1 Compaction treatments in sub-plots completed 10/2001 and 10/2002 Fulfilled 
2 Field measurements and samplings 2002 completed 05/2002 Fulfilled 
3 Laboratory measurements for 2002 samplings compl.  01/2003 Fulfilled 
4 Field measurements and samplings 2003 completed 05/2003 Fulfilled 
5 Presentation of results at ISTRO Conference 06/2003 Fulfilled 
6 International scientific paper(s) submitted 12/2004 Fulfilled 
 
WP C: Project coordination and dissemination of results Time schedule according 

to application 
Deviations, if 

any* 
   
Deliverables   
D11 Project manual 09/2000 Delivered 
D12 1. 2. 3. 4. Annual status report 11/2001 – 11/2004 Delivered 
D13 Papers in farmers’ magazines no specific date Delivered 
D14 Oral presentations at seminars and meetings no specific date Delivered 
D15 Final status report 10/2004 Delivered 
   
Milestones   
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1 Project manual completed 10/2000 Fulfilled 
2 Annual status reports completed 11/2000 – 11/2004 Fulfilled 
3 Final status report completed 10/2004 Fulfilled 
* Deviations are to be further discussed in D  
 
D.  Description of deviations and subsequent adjustments of plans 

Workpackage A2. Above-ground crop response to compaction and subsoiling
According to the original plan, the subsoil loosening should have taken place in the lupin crop. 
However, in order to reduce risk of recompaction from tractors and tillage implements in the 
treated plots, it was decided to apply the treatments to the young grass/clover ley crop about one 
month after the harvest of the cover crop. Because of this the measuring programme on above-
ground crop response was delayed one year (the grass/clover ley is not included in this measuring 
programme). This was the main reason for postponing the conclusion of the project from ultimo 
2004 to ultimo 2005. 
 
Workpackage A3. Soil effects and root response to compaction and subsoiling
In 2001 the minirhizotron technique was not supplemented by root studies on core samples as 
originally planned. The soil was simply too dry for core sampling at the time of sampling (middle 
of July). 
 The washing of roots found in soil cores has proved to be a very labour-demanding proce-
dure. Hence, we decided to concentrate the 2003 studies solely on the CRE Foulum trial. In the 
original plan, we aimed at a sampling also at the Flakkebjerg location. 
 The apparatus for measuring penetration resistance in the CRE trial plots broke down during 
the measurements in the spring 2004. The Department of Agroecology built a new apparatus (for 
use in a range of projects and not payed for by the ROMAPAC project) and the measurements 
were concluded as planned. This delay was one more reason for applying for carry-over of some 
funding from 2004 to 2005. 
 
Workpackage B. Topsoil tilth as affected by crop rotations, animal manure and traffic
In the project description, we planned to have only one sampling in the LAM-trial at Foulum (in 
spring 2002). However, in order to increase the basis on which we base our conclusions, it was 
decided to sample also in this trial in 2003. The sampling and measuring programme was hence 
identical both sampling years (2002 and 2003). 
 The measurements on the pore characteristics were not concluded until mid 2004. This is yet 
an additional reason that the conclusion of the project was postponed to ultimo 2005. Another 
reason was the ROMAPAC link to the DARCOF project ØKOVAND regarding some measur-
ments in the crop rotation experiments at Research Centre Foulum. 
 Specific comments on ‘Deliverables’: Due to illness, the intended presentation of preliminary 
Workpackage B results at the 2003 ISTRO Conference was not delivered. In stead the project 
results were displayed at the EUROSOIL 2004 Conference in Germany in September 2004. 
 
 
E. Project publications and other products  

 
1. Products from Organic Eprints archive 
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Germany, 6-10. September 2004.

 
Dansk - Danish 
Elmholt, S. (2005) Sådan får man en god jordstruktur [Obtaining a proper soil structure]. In Økologisk 

Jordbrug, Volume 25, No 340, page 6.
Elmholt, S. and Holmstrup, M. (2003) Livet i jorden, in Holmstrup, M., Eds. Økologisk landbrug og 

naturen - gør økologisk landbrug en forskel for natur og miljø?, chapter 2, page pp. 21-31. 
Miljøbiblioteket 1. Gads Forlag.

Elmholt, S., Schjønning, P. and Munkholm, L.J. (2005) Er der krummer i din jord – eller er det bare 
knolde [Does your soil form crumbs or clods?]. FØJOenyt. Nyhedsbrev fra Forskningscenter for 
Økologisk Jordbrug og Fødevaresystemer(3). Online at 
<http://www.foejo.dk/enyt2/enyt/jun05/struktur.html>*

Munkholm, L.J. (2001) Jordens smuldreevne har stor betydning [Soil friability]. In Økologisk Jordbrug, 
No 244, page 8.**

Munkholm, L.J. (2002) Sådan sikres en bekvem jord [Soil Thith]. In Landsbladet, 6. December, page 
32. Landsbladet.

Munkholm, L.J. (2003) Genpakning af jord efter dybdeløsning [Recompaction of mechanically 
loosened subsoil]. In Økologisk Jordbrug, No 291, page 6.

Munkholm, L.J. (2004) Jordløsning [Subsoil loosening]. Paper presented at Planteproduktion 2004, 
Herning, 13-14 januar 2004; Published in Planteproduktion 2004, Herning Kongrescenter 13-14 
January 2004., page 81. Dansk Landbrugsrådgivning og Danmarks JordbrugsForskning.

Munkholm, L.J. (2005) Jordløsning i sædskifteforsøg [Subsoil loosening in an organic crop rotation 
rotation expriment]. In Økologisk Jordbrug, Volume 309, page 6. Økologisk Jordbrug.

Munkholm, L.J. and Andersen, M.N. (2006) Effekt af tekstur og struktur på roddybden [Effect of soil 
texture and structure on deep rooting]. Paper presented at Plantekongres 2006, Herning, 10-11 ja-
nuar; Published in Dansk Landbrugsrådgivning og Danmarks JordbrugsForskning.*

Munkholm, L.J. and Olesen, J.E. (2004) Mekanisk jordløsning fjernede pløjesål men gav varierende 
effekt på udbyttet [Subsoil loosening eliminated plough pan but had variable effect on crop yield]. 
FØJOenyt. Online at <http://www.foejo.dk/enyt2/enyt/dec04/mekanisk.html>

Munkholm, L.J.; Schjønning, P.; Heckrath, G. and Jørgensen, M.H. (2000) Pløjefri dyrkning: effekter 
på jordens frugtbarhed [Ploughless tillage: impact on soil quality]. Paper presented at Landhus-
holdningsselskabets Efterårsseminar 2000, Forskningscenter Foulum, November 2000; Tidsskrift
for Landøkonomi

 
 4, page pp. 306-309. Landhusholdningsselskabet.**

Schjønning, P. (2000) Jordens frugtbarhed og kvalitet [Soil quality and soil fertility]. Paper presented 
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Schjønning, P.; Iversen, B.V. and Jacobsen, O.H. (2004) Driftsformen har begrænset effekt på jordens 
evne til at holde på vandet. FØJOenyt(5). Online at 
<http://www.foejo.dk/enyt2/enyt/okt04/vand.html>

Schjønning, P. and Munkholm, L.J. (2004) Organisk stof i jord - hvor meget er nok og hvor lidt er kri-
tisk?. Online at <http://www.foejo.dk/enyt2/enyt/april04/ostof.html>. Accessed 22. September 200
FOEJO Website 

4; 

Schjønning, P.; Munkholm, L.J. and Elmholt, S. (2003) Jordkvalitet og dyrkningsmetoder [Soil quality 
and management], in Holmstrup, M., Eds. Økologisk landbrug og naturen - gør økologisk landbrug 
en forskel for natur og miljø?, chapter 1, page pp. 9-19. Miljøbiblioteket 1. Gads Forlag.

Schjønning, P.; Munkholm, L.J.; Elmholt, S.; Debosz, K.; Mikkelsen, G.H. and Trautner, A. (2000) Den 
danske dyrkningsjords tilstand og kvalitet - konsekvenser af trafik og jordbearbejdning [The quality 
of Danish agricultural soils - impact of traffic and tillage]. Paper presented at Landhusholdnings-
selskabets Efterårsseminar 2000, Forskningscenter Foulum, November 2000; Tidsskrift for Landø
konomi

-

lum”. 
Elmholt, S. 2000. The importance of soil biology to plant health and disease suppression. Teaching 4. 

Elm ality and 

Elmholt, S. 2000. Biotic and abiotic binding and bonding mechanisms in soils. Oral presentation 10. 

Elmholt, S. 2000. Biotic and abiotic binding and bonding mechanisms in soils. Oral presentation 26. 

Elm soil tillage to soil biology and vice versa. Teach-
”. 

Elm ching 
 at the KVL course “Ecological Agriculture 1 - Socrates European Curriculum”.  

h-
”. 

brugs-

Munkholm, L.J. 2000. Oral presentation and field demonstration of the Spade analysis, Kursus for 

Mu echanical behaviour. Oral presentation 

gården Åbenrå February 7., 2001. 

Mu bejdning. Contribution at course for organic farmers held by 

Mu eld day 

Mu y held at Foulumgård June 

Mu ution at a course for lecturers held at  Hovborg 

 4, page pp. 293-300. Landhusholdningsselskabet.
 
2. Other products (oral presentations, public meetings, field days, etc.) 

 
The topic and the results of the ROMAPAC project have been presented for farmers and agricul-
tural consultants at quite a number of occasions. The list below serves primarily as a documenta-
tion of these activities. However, please also note dissemination of results to decision makers at a 
higher level. We apologize for the title of most presentations being in Danish. The list also in-
cludes some other tasks in relation to the ROMAPAC project. 
 
Elmholt, S. 2000. The importance of soil structure and soil tillage to soil biology and vice versa. Teach-

ing 4. April 2000 at the KVL course “Ecological Agriculture 1 - Socrates European Curricu

April at the KVL course “Ecological Agriculture 1 - Socrates European Curriculum”.  
holt, S. 2000. Member of the planning board for NJF Seminar 310: Soil Stresses, Qu

Care, 10-12 April 2000, Ås.  

April 2000 at the NJF Seminar 310 Ås, Norway. 

May 2000 at Department of Agroecology, Foulum. 
holt, S. 2001. The importance of soil structure and 

ing 10. April 2001 at the KVL course “Ecological Agriculture 1 - Socrates European Curriculum
holt, S. 2001. The importance of soil biology to plant health and disease suppression. Tea

10. April 2001
Elmholt, S. 2002. The importance of soil structure and soil tillage to soil biology and vice versa. Teac

ing 16. April 2002 at the KVL course “Ecological Agriculture 1 - Socrates European Curriculum
Munkholm, L.J. 2000. Field demonstration of the Spade analysis. LØJ-seminar, Bygholm Land

skole/Rugballegård, Horsens, 19 September 2000. 

økologisk planteavlskonsulenter  Koldkærgård, 5. October 2000. 
nkholm, L.J. Non-inverting tillage: Early-stage effects on soil m
at the 15th International Conference of the International Soil Tillage Research Organization, Texas, 
USA. 

Munkholm, L.J. 2001. Jordbehandling med omtanke - Hvordan undgås tryk- og strukturskader? 
Contribution at the course ”Jordbehandling med omtanke”. A course for organic farmers held at 
Landbo

Munkholm, L.J. 2001. Ødelægges jordens struktur ved intensiv jordbehandling og trafik? Contribution at 
course for conventional and organic farmers held by Samsø Landboforening March 15., 2001. 

nkholm, L.J. 2001. Spadeprøve og jordbear
Landbogården Åbenrå at Rugballegaard Research Station June 6., 2001. 

nkholm, L.J. 2001. Jordløsning på grovsandet jord. Contribution at “Regions-markvandring” a fi
held for crop advisors in Ribe County June 12., 2001. 

nkholm, L.J. 2001. Spadeprøven. Contribution at ”Markvandring” a field da
14., 2001. 

nkholm, L.J. 2001. Jordpakning og jordstruktur. Contrib
Kro June 19., 2001. 
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Munkholm, L.J. 2001. Spadeprøve og jordbearbejdning. Contribution at field day for advisors and lectures 

Munkholm, L.J. 2001. Jordbearbejdning og trafik – effekter på jordstruktur og funktion. Oral presentation at 

Munkholm, L.J. 2002. ”Skadelig pakning og rodvækst”. Contribution at field trip held by Landbrugsrådgiv-

Munkholm, L.J. 2002. Soil structure dynamics: Effects of management and water content. Oral presenta-

kærgaard, 21. February, 2003. 

Mu arkvandring” a field day held at Foulumgård 

Munkholm, L.J. 2003. Hvordan finder man ud af om jorden skal løsnes? Contribution at a field demonstra-
 

Centre at Rugballegaard September 10, 2003. 
and 

ge 12 

Mu n at a Farm4U day at Agrobusiness Park Foulum for 

Munkholm, L.J. 2005. “Jordtekstur og jordstruktur – jordens egenskaber som vækstlag”. Contribution 

Schjønning, P. 2000. Jordstruktur og jordfrugtbarhed. Konsekvenser af almindelig markpraksis i dag. Oral 
rsens, 19. 

Schjønning, P. 2000. Jordstruktur og mekaniske egenskaber i økologisk jordbrug. Oral presentation at visit 

Sch tunge maskiner kan vi bruge. Oral presenta-

Sch relt og med henblik på pløjefri 

Sch tidens jordbrug. Oral presentation at a 

Schjønning, P. 2001. Ødelægges også sandjordens struktur af færdsel med tunge maskiner i et vådt ef-

held by The Danish Agricultural Advisory Centre June 26, 2001. 

the seminar ”Planteavls-efterårskonferencen” held by The Danish Agricultural Advisory Centre Octo-
ber 2nd. 2001. 

Munkholm, L.J. 2002. ”Skadelig pakning”. Contribution at ”Markvandring” a field day held at Foulumgård 
June 13th, 2002. 

ning Nord for organic farmers, Ålegårds Mark, June 24th., 2002. 

tion at the international workshop Advances in Soil Structure Research, Prince Edward Island, Can-
ada, July 7-9, 2002. 

Munkholm, L.J. 2003. Metoder til diagnosticering af jordpakning. Oral presentation at a workshop on soil 
compaction problems organized by the Danish Agricultural Advisory Service, Koldkærgaard, 20. Feb-
ruary, 2003. 

Munkholm, L.J. 2003. Forebyggelse af jordpakning – viden om driftsmæssige løsningsmuligheder. Oral 
presentation at a workshop on soil compaction problems organized by the Danish Agricultural Advi-
sory Service, Kold

Munkholm, L.J. 2003. Jordbearbejdning og såteknik. Contribution at course for onion growers, Middelfart, 
February 24., 2003. 

nkholm, L.J. 2003. Skadelig pakning. Contribution at ”M
June 12., 2003. 

tion organized by The Danish Institute of Agricultural Sciences and The Danish Agricultural Advisory

Munkholm, L.J. 2003. Mechanical subsoiling: Mitigation of recompaction by light traffic and on-l
ploughing. Oral presentation at the 16th Int. Conference of the International Soil Tillage Research Or-
ganization, Brisbane, Australia, July 2003. 

Munkholm, L.J. 2004. “Jordens frugtbarhed”. Contribution at the course Guldkorn 9. Agrogården, Rin
January 2004.  

nkholm, L.J. 2004. “Spadeprøve”. Contributio
students at Næsgaard agricultural college. 22 January 2004. 

at “Temadag om plænegræs” held by Skov & Landskab at Dalum Landbrugsskole, Odense 10 
March 2005. 

Schjønning, P. 2000. Multi-level assessment of soil quality - linking reductionist and holistic method-
ologies. Oral presentation 10. April 2000 at the NJF Seminar 310 Ås, Norway. 

presentation at a seminar organized by LØJ, Bygholm Landbrugsskole/Rugballegård, Ho
September 2000. 

Schjønning, P. 2000. Jordstruktur, jordbehandling og udbyttevariation. Oral presentation at a course for 
agricultural advisors, Koldkærgård, 20. September 2000. 

from the Royal Veterinary and Agricultural University, 4. October 2000. 
jønning, P. 2000. Jordpakning i økologisk jordbrug – hvor 
tion at Økokongres 2000, Hotel Pejsegården, Brædstrup, 1. November 2000. 
jønning, P. 2000. Skadelig jordpakning og jordens frugtbarhed – gene
dyrkning. Oral presentation at a course organized by the Organization for Reduced Tillage in Denmark 
(FRDK), Scanticon-Comwell, Middelfart, 14. November 2000. 

Schjønning, P. 2001. Jordpakning og jordløsning. Status på forskning og udvikling. Oral presentation at a 
workshop organized by the The Danish Agricultural Advisory Centre, Skejby, 9. February 2001. 
jønning, P. 2001. Bæredygtig jordbearbejdning og trafik i frem
workshop organized by the Dep. Agricultural Engineering, DIAS, Snaptun Færgegaard, 22. August 
2001. 

Schjønning, P. 2001. Jordpakning, jordbearbejdning og jordfrugtbarhed. Oral presentation at visit from the 
Royal Veterinary and Agricultural University, 3. October 2001. 

terår. Temamøde for kartoffelavlere, Midtjysk Landboforening, Grindsted, Hotel Lyngheden, Grindsted, 
december 2001. 

Schjønning, P. 2002. Jordpakning og jordfrugtbarhed. Oral presentation at a workshop for potato growers. 
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Langholt, January 2002. 
Schjønning, P. 2002. Reduceret jordbearbejdning og jordens frugtbarhed. Oral presentation at a course 

Schjønning, P. 2003. Jordpakning – et dansk perspektiv. Oral presentation at a workshop on soil compac-

Schjønning, P., 2004. The soil quality concept as a tool for exposing values in science and promoting 

y, Budapest, Hungary. 

Sch ve den til at gøre. Oral presentation 

Sch å en pro-

Sch resentation during visit by ‘Reger-

Sch during visit by 

 

. M h.D. study ‘Soil fragmentation and friability’ in 2001. This work 
 a er DARCOF project ‘Soil fertility and soil tilth as influenced by 

rn

for agricultural advisors, Koldkærgård, February 2002. 

tion problems organized by the Danish Agricultural Advisory Service, Koldkærgaard, 20. February, 
2003. 

Schjønning, P. 2004. Sandjord kan også pakke. Oral presentation at a workshop for organic farmers. He-
dens AgroRådgivning, January 2004. 

sustainability considerations. Oral presentation at the 4. International Congress of the European 
Society for Soil Conservation, 25-28 Ma

Schjønning, P. 2004. Jordkvalitet er hvor godt en jord gør det, som vi ønsker den skal gøre. Oral presenta-
tion at project meeting for the ’SOUND’ project, Kursuscenter Rørvig, 19. maj 2004. 
jønning, P. 2004. Jordkvalitet er hvor godt en jord gør det, vi vil ha
at Department of Ecology, Research Centre Foulum, 11. June 2004. 
jønning, P. 2004. Jordkvalitet, jordbrug of EU-planlægning af jordbeskyttelse – et eksempel p
ces med dansk indflydelse. Presentation of poster at a workshop organized by ’Dansk Industri’, Dan-
mark i Verden, Research Centre Foulum, 29. November 2004. 

Schjønning, P. 2004. Participation in EU-workshop Vital Soil: the next step towards a European Soil 
Strategy organized by the Dutch Government, The Hague, 17-19. November 2004. 
jønning, P. 2005. The role of soil science in a network society. Oral p
ingens Koordinationsudvalg for Forskning’, Research Centre Foulum, 25. February 2005. 
jønning, P. 2005. The role of soil science in a network society. Oral presentation 
‘Fødevareministeriets Rådgivende Forskningsudvalg’, Research Centre Foulum, 19. May 2005. 

* 25-75% financed by DARCOF 
5-25% financed by DARCOF ** 

 
 

. Scientific education  F

L.J unkholm concluded his P
was n integrated part of a form
organic farming practices and soil tillage’ (1996-1999). The conclusion of the Ph.D. work has fur-
ther strengthened and contributed to the work in the ROMAPAC project. 
 The project leader has served as an assistant supervisor for the M.Sc. student Thomas Larsen 
in his work on the effects of soil structure on soil mesofauna. This work was reported in a refe-
reed paper in Applied Soil Ecology (see section E). 
 Project participant S. Elmholt served as a member of the evaluation committee at a ph.d. de-
fense (Janne Lagers: Soil-borne Clover Diseases in Intensive Legume Cropping) at SLU Depart-

thment of Plant Pathology and Biocontrol Unit, 15  November 2002. 
 
G. National and international cooperation 

Inte ational 
L.J. Munkholm has continued the activities in the above mentioned subject in a Research Council 

ect ‘Soil fragmentation in tillage – understanding and prediction’. In this context he – funded proj
was a guest researcher at the University of Tennessee (Ass. Professor Ed Perfect) for the period 
April-July 2004. These post-doc training activities strengthened the ROMAPAC project in terms 
of an improved interpretation of the tilth characteristics observed in the field plots studied. 
 Lars J. Munkholm has been active in the ISTRO Working group on Visual Soil Examination 
and Evaluation. The working group held a workshop in 2005 in Estreés-Mons, France, where 
iffd erent methods was presented and evaluated. Lars has been working together with Bruce Ball, 

Scottish Agricultural College (SAC) and Tom Batey, University of Aberdeen on an improved 
method for visual soil examination in the topsoil. 
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 P. Schjønning has – together with colleagues Susanne Elmholt and Bent T. Christensen –
ited an international book on soil quality as related

 ed-
 to the major challenges in modern agriculture. 

is context, a visit of the Nor-

re-

In this context there was contact to the senior authors of 16 chapters addressing most soil quality 
indicators of relevance for sustainable agriculture. A general scope of the book project was to 
identify ‘management thresholds’ rather than solely ‘soil indicator thresholds’ for sustainable 
management. The contributors are experts in their field and selected from all over the world. The 
book was published by CABI Publishing in early 2004. 
 P. Schjønning serves as a consultant for a Norwegian project on organic farming at the Nor-
wegian Crop Research Institute (contact person: Hugh Riley). In th
wegian group has been planned to take place at Research Centre Foulum in August 2005. 
 P. Schjønning has taken part in the work on ‘EU Soil Thematic Strategy’ and in that context 
used the experience and knowledge gathered in the ROMAPAC project. He made input to 
ports addressing the threats to soils in the modern society and further participated in a workshop 
organized by the Dutch Government during the Dutch EU Chairmanship (The Hague, The 
Netherlands, November 2004). 
 
National
During the project, we have collaborated with Jørgen A. Axelsen at the National Environmental 

Institute in terms of a mutual coordination of a M.Sc. study. We have had a very fruitful 

APAC project. Hugo Fjelsted 

. Critical reflection on the project  

he ed with the research strategy that we launched in 
the project description. As mentioned elsewhere in this Report, the ROMAPAC project was 

ll reflect the soil behaviour in the field. This finding was a great support for 

Research 
cooperation with the group at the Danish Institute of Agricultural Sciences, Research Centre 
Aarslev (K. Thorup-Kristensen and co-workers) on root studies. 
 The abovementioned work with an international book on soil quality and sustainability has 
also increased the national cooperation of relevance to the ROM
Alrøe (HFA) at DARCOF has contributed to our understanding of the terminology used in sys-
tems theory and to our growing awareness of the role of values in science. A number of Danish 
scientists have contributed to the book Chapters. Whether their role has been as authors or as 
referees, we have benefitted by this interaction. The expertise contributed is to a large extent re-
lated to work carried out in the context of DARCOF and the cooperation has thus clearly 
strengthened the interaction among participants in DARCOF. 
 
 
H

In t  project group, we have been very pleas

based on a previous project in the context of DARCOF. The former project followed the case-
study approach. I.e., we addressed a number of farmers’ fields and monitored a range of soil 
quality indicators for interpretation in relation to the management at the specific fields. We 
learned a lot from this. Specifically, it appeared that traffic in the field had a major influence on 
soil functions and interfered the long-term positive effects of diversified crop rotations and ap-
plication of organic manures. Hence, we included this interaction for quantification in the 
ROMAPAC project. 
 More generally, the work in the former project revealed that reductionistic methods applied in 
the laboratory may we
our research in the ROMAPAC project. Nevertheless, to confirm our earlier findings, we also 
included field as well as lab methods in our research in the ROMAPAC project. Another lesson 
learned in the former project was the need to increase our understanding of the dynamics in the 
system. The case study approach did not allow a differentiation of the relative importance of the 
crop rotation effect and the effect of organic manures. In this section, we discuss our considera-
tions on these and related topics. 
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Vertical and horizontal interdisciplinarity
Much concern has been addressed to the use of reductionistic methods when addressing systems 

d applied to a soil system will simplify the system be-like organic farms and fields. Any metho
cause the output and results will be interpreted in a framework reflecting the observer’s concep-
tion of a soil. This is particularly true when ’reducing’ the system. In the context of the 
ROMAPAC project, an air-dried soil aggregate (aggregates are used for several lab methods) is 
indeed a reduced soil system. On the other hand, science has to do with quantification of the ob-
ject studied. Hence, what is important is to keep a high awareness of the pitfalls when applying a 
specific (reductionistic) methodology. In our former DARCOF project, this was done by secur-
ing a ’horizontal’ as well as a ’vertical’ interdisciplinarity in our studies. Figure 8 illustrates the 
concept. 
 The ’traditional’ interdisciplinarity includes a combination of different disciplines, Figure 8. 
This is important to allow a general understanding of the system and the interaction between 

xt of the former DARCOF 

 

search on soil tilth. 

mergent properties and development of organic farming systems

properties and functions addressed by the different disciplines. We secured that in the former 
project and continued the approach also in the ROMAPAC project. 
 The ’vertical’ interdisciplinarity has to do with evaluation of soil behaviour, properties and 
functions at different levels of investigation, Figure 8. In the conte
project and again in the ROMAPAC project, we evaluate the soil behaviour by holistic methods 
in the field as well as by reductionistic methods in the laboratory. The former DARCOF project 
gave a clear indication that the ’classical’ scientific methods relevant in this context (soil tilth) 
gave reliable estimates of soil behaviour and function in the field. The results of the former 
DARCOF project was thus a good basis for concluding on the results obtained in the 
ROMAPAC project. 

Figure 8. The approach applied for minimizing pitfalls from application of reductionistic methods in our 
re
 
 
E
Some scientists involved with research in organic farming claim the need to address only the 
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whole system. The reason is a high awareness of ’emergent’ prop
interaction of system components that are not observable from those smaller units of organization characteristic of 
reductionist approaches’ (Carter et al., 2004). A case-study approach necessarily will include such 
emergent properties. However, in order to increase our understanding of the system function, it 
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may be necessary to differentiate the management options included in the system. Our approach 
in the ROMAPAC project is a good example of this. 
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Figure 9. Different research approaches depicted as related to the degree of  ’reduction’ (abscisse) and the 

pe of knowledge gained (ordinate). The arrows indicate what happens when indexing the information 

) versus reduction-
tic research (factorial field trials). Holistic research involves per definition a low degree of 

portant management tool inducing a 

ty
gained as is often done in soil quality studies (adopted from Schjønning et al., 2004). 
 
Figure 9 illustrates the benefits and drawbacks of holistic (case study approach
is
reduction of the system. However, the knowledge gained may be rather empirical. In contrast, the 
discipline-oriented, reductionistic approach may reduce the complexity of the system, however, 
may provide understanding of mechanistic system dynamics of importance for further develop-
ment of the system towards a sustainable function. 
 The former DARCOF project was not able to identify whether a diversified crop rotation 
rather than application of organic manures was the more im
healthy soil of the organically managed fields. The field trials investigated in the ROMAPAC pro-
ject provided an opportunity to differentiate the relative effects of these management options 
available to the organic farmer. Hence, in order to provide the basis for improving the manage-
ment in organic farming systems, the ROMAPAC project addressed these two important man-
agement tools separately. This was a deliberate action and we are well aware that some emergent 
properties of a ’full’ organic system may not have been elucidated in our project. However – at 
least for Danish conditions – organic systems exist that base a continued soil health on crop rota-
tions without applying animal manure. For a future evaluation of the sustainability and improve-
ment of such systems, it is important to provide quantitative knowledge on the relative effects of 
the management options considered. Our results indicate that a versatile crop rotation and the 
application of manure have about equal influence on a number of tilth characteristics. However, 
the diversified crop rotation clearly enhanced the fungal part of the soil microbial community 
more than did manure. This was also reflected in some tilth characteristics. We conclude that our 
approach with studies in controlled field experiments was correct and have provided useful 
knowledge for the further development of organic farming. 
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Future DARCOF projects
The work with the ROMAPAC project has been an eye-opener to us as scientists and hence very 

ategy for future studies. The studies have taken our research group to 

water, L.E. 2004. Systems Approaches for Improving Soil Quality. In: Schjønning, P., Elm-
naging Soil Quality – Challenges in Modern Agriculture. CAB International, Wallingford, UK. 

beneficial regarding our str
a leading international level. We have recently submitted a proposal for a Research Centre within 
the Danish National Research Foundation (Grundforskningsfonden) in which we use the 
ROMAPAC results as a starting point. We would like to emphasize that the basic research topics 
carried forward to the potential Research Centre within the National Research Foundation came 
along as a spin-off when we performed strategic research with the aim also to develop organic 
farming. We find it important that DARCOF also in the future finances research projects that 
includes basic as well as applied research topics. 
 
Literature cited in Section H: 
 
Carter, M.R., Andrews, S.S. & Drink
holt, S. & Christensen, B.T. (eds.) Ma

Schjønning, P. Elmholt, S. & Christensen, B.T. 2004. Soil Quality Management – Concepts and Terms. In: Schjønning, P., Elm-
holt, S. & Christensen, B.T. (eds.) Managing Soil Quality – Challenges in Modern Agriculture. CAB International, Wallingford, UK.
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8. Budget 

 

A. Account for any change in budgets 

 
 
B. Budget for the whole project (1.000 DKK) 

 
 

Year: Original 
budget 

Consumption 
Before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Man-months      

Scientific personnel 61,75 35,75 11,5 15 62,25 

Technical personnel 45,5 46,75 1,5 2,5 50,75 

 
 

Year: Original 
budget 

Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Salaries      

Scientific personnel 2.644 1.548 499 655 2.702 

Technical personnel 1.118 1.153 38 66 1.257 

Other operational costs 894 617 82 38 737 

Equipment       

Others (please specify)  45    0 

Direct costs  4.701 3.318 619 759 4.696 

Indirect costs  
(20% of direct costs) 930 655 124 152 931 

Total 5.631 3.973 743 911 5.627 

 
 
Comments: 
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9. Signatures and stamps 

 
Name Institute Date Signature 
Head of project 
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Appendix I. Detailed budget  
 
A.  Budget for each participating institute (1.000 DKr) 

Name of Institute: DIAS 
 
Year: Original 

budget 
Consumption 
Before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Man-months      

Scientific personnel 61,75 35,75 11,5 15 62,25 

Technical personnel 45,5 46,75 1,5 2,5 50,75 

 
 

Year: Original 
budget 

Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Salaries      

Scientific personnel 2.644 1.548 499 655 2.702 

Technical personnel 1.118 1.153 38 66 1.257 

Other operational costs 894 617 82 38 737 

Equipment       

Others (please specify)  45    0 

Direct costs  4.701 3.318 619 759 4.696 

Indirect costs  
(20% of direct costs) 930 655 124 152 931 

Total 5.631 3.973 743 911 5.627 
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B. Budget for each participating department (1.000 DKK)  

 
 
Name of Institute and department: DIAS, JPM 
 
Year: Original 

budget 
Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Man-months      

Scientific personnel 61,25 34,75 11,5 15 61,25 

Technical personnel 37 39,25 1,5 2,5 43,25 

 
 

Year: Original 
budget 

Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Salaries      

Scientific personnel 2.625 1.512 499 655 2.666 

Technical personnel 921 977 38 66 1.081 

Other operational costs 867 589 82 38 709 

Equipment       

Others (please specify)  45     

Direct costs  4.458 3.078 619 759 4.456 

Indirect costs  
(20% of direct costs) 882 607 124 152 883 

Total 5.340 3.685 743 911 5.339 

 
 
Comments: 
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B. Budget for each participating department (1.000 DKK)  

 
 
Name of Institute and department: DIAS, JBT 
 
Year: Original 

budget 
Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Man-months      

Scientific personnel 0,5 1,0   1,0 

Technical personnel 8,5 7,5   7,5 

 
 

Year: Original 
budget 

Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Salaries      

Scientific personnel 19 36   36 

Technical personnel 197 176   176 

Other operational costs 27 28   28 

Equipment       

Others (please specify)       

Direct costs  243 240   240 

Indirect costs  
(20% of direct costs) 48 48   48 

Total 291 288   288 

 
 
Comments: 
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C.  Budget for co-financing from each participating institute (1.000 DKK)  

 
 
Name of Institute:  
 
Year: Original 

budget 
Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Man-months      

Scientific personnel      

Technical personnel      

 
 

Year: Original 
budget 

Consumption 
before 2004 

Consumption 
2004 

Consumption 
2005 

Total 

Salaries      

Scientific personnel      

Technical personnel      

Other operational costs      

Equipment       

Others (please specify)       

Direct costs       

Indirect costs  
(20% of direct costs)      

Total      

 
 
Comments: 
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