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Abstract

In order to assess long-term effects on productivity, environmental impacts and soil fertility of contrasting farming practices, six cropping

systems, ranging from conventional arable without livestock to organic mixed dairy farming with few arable crops, have been compared since

1989 on a loam soil. A decline in soil structure quality was found in a conventional arable system with annual ploughing with no rotational

grass. This system had higher bulk density and mean aggregate size than other systems, and lower levels of plant available water and aggregate

stability. Opposite trends were related to the proportion of grass leys in the other systems and to their levels of soil organic matter. The latter

declined markedly over 15 years in the conventional arable system, and there were smaller declines in most other systems. In an arable system

without ploughing, but with rotary tillage in spring, organic matter was maintained and high structural stability was found. This system had

high bulk density, but the proportion of small aggregates equalled that found in systems with ley. There were overall increases in earthworm

density (84%), earthworm biomass (80%) and the density of earthworm channels (132%) in the topsoil between 1994 and 2004. Most of these

increases were found in systems with 1–3 years of ley in the 4-year rotation. Low values of all earthworm parameters, and only minor changes

over the period studied, were found in two non-organic arable systems without ley, indicating high pressure on soil fauna. Lower earthworm

activity was found in the non-organic arable system with reduced tillage as compared to the non-organic arable system with annual ploughing.

Thus, 50% leys in the rotation appeared desirable for the maintenance of satisfactory soil structure and earthworm activity. Though the

deterioration of soil structure in the conventional arable system was not extreme, as the soil was well structured initially, the results may have

implications for the sustainability of stockless arable systems on soils with a less favourable initial structure.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The role of crop rotations in determining soil structure

and crop growth conditions has been recognised as being of

prime importance for sustainable crop production (Ball

et al., 2005). In organic cropping, the management of grass

swards is of particular interest for the maintenance of soil

structure (Ball et al., 2007). The objective of the present

study was to study the long-term effects of a gradient of

cropping systems (CS) on soil structure, soil organic matter

and earthworm activity. The cropping systems ranged from

conventional arable without livestock, to organic mixed

dairy farming dominated by leys. The study shows the

combined effects of crop rotation, tillage regime, pesticide

use, fertilization intensity and manure use in a long-term

field experiment established in 1989 at Apelsvoll in SE

Norway (Eltun, 1994) on a loam soil with a high initial soil

organic matter (SOM) level. Arable-ley rotations had been

followed previously at the site for many years.
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Several studies in Scandinavia have confirmed that SOM

levels decline after the transition from cropping systems

with a high proportion of leys to arable systems with annual

ploughing (Christensen, 1990; Uhlen, 1991; Kirchmann

et al., 1994; Cuvardic et al., 2004). Rather rapid changes are

often seen initially, but it is often considered that new

equilibrium levels will be reached over time. The switch to

dominantly arable rotations occurred in Norway up to 40–50

years ago. Nevertheless, a recent survey of SOM in this

region (Riley and Bakkegard, 2006) has suggested that

levels are still declining quite markedly, at a rate similar to

that found recently in England and Wales (Webb et al.,

2001). The long-term consequences of declining SOM for

the quality of soil structure are matters of both concern and

debate.

Organic matter content is generally regarded as one of the

key indicators of soil quality (Gregorich et al., 1994;

Schjønning et al., 2004), but the existence of a critical

threshold has been questioned (Carter, 2002; Loveland and

Webb, 2003). Many features of favourable soil structure,

such as stability, friability and moisture retention, may be

affected by SOM, but the influence of other processes such

as compaction by traffic, tillage, the use of manure and the

type of rotation and crop residue management are also

important.

Another key indicator of soil quality is earthworm activity,

which is important for improving and maintaining soil

fertility, soil structure and aggregate stability (Edwards and

Lofty, 1977; Clements et al., 1991; Marinissen, 1994). The

experimentally induced absence of earthworms in a grass

sward was found to increase soil bulk density and shear

strength and to greatly reduce soil organic matter, soil

moisture and infiltration rate (Clements et al., 1991). Systems

with grass and clover in the rotation often host higher biomass

and numbers of earthworms compared with all-arable systems

(Edwards and Lofty, 1977; Schmidt et al., 2003). Organic

cropping systems have shown higher earthworm biomass and

density than conventional systems (Mäder et al., 2002), but

this is not always so (Scullion et al., 2002). Animal manure

provides food and increases the biomass of earthworms

(Andersen, 1979), but slurry may be toxic in the short term

(Curry, 1976). Similarly, ammonium-based inorganic ferti-

lizers may also be harmful to earthworms, especially in sandy

soils (Lofs-Holmin, 1983; Hansen and Engelstad, 1999).

Mineral fertilizers may have positive effect on earthworms by

increasing the amount of plant biomass, thereby increasing

their food supply (Edwards and Lofty, 1982), but pH must be

regulated to avoid negative effects of acidifying fertilizers

(Ma et al., 1990).

Ploughing of established grassland increases earthworm

populations, but continuous cultivation usually lowers them

(Lee, 1985). Positive effects on earthworms are often found

under reduced tillage systems (Zicsi, 1969; Lee, 1985;

Ekeberg, 1992). The choice of tillage method affects the

relative abundance of earthworm species. No tillage/direct

drilling favours night crawlers (Lumbricus terrestris), whilst

ploughing favours field worms (Aporrectodea caliginosa)

(Chan, 2001). Field worms and pink worms (Aporrectodea

rosea) are endogeic species, living mainly in the topsoil,

eating soil and comminuted organic matter within the soil.

They construct many temporary channels. Night crawlers

are large, aneic species, living for years in the same

permanent vertical burrows (0–200 cm depth), eating

organic matter found either on the surface or in the soil.

Earthworm channels in the deeper soil layers (>25 cm) are

less disrupted by ploughing and thus indicate a more

permanent effect of the cropping system, than do the density

and biomass of earthworms found in the topsoil.

Pesticides used in conventional arable and fodder

production may have negative effects on, for example,

reproduction or growth, that affect earthworm populations in

the long term. Most fungicides have low direct effects, with

the exceptions of the carbamate-based fungicides, which all

are very toxic to earthworms, as are also insecticides such as

the organophospates and most of the carbamate-based

compounds (Edwards and Bohlen, 1992). Although all

pesticides are tested for their environmental impact before

approval, acute terrestrial toxicity tests are conducted solely

on compost earthworms (Eisenia fetida) with low sensitivity.

The most dominant earthworm in agricultural soil, the field

worm (Aporrectodea caliginosa), is known to be more

sensitive towards chemicals than the compost worm (E.

fetida) (Spurgeon et al., 2000; Frampton et al., 2006). Long-

term effects are much less documented. Cold climatic

conditions prolong the persistence of pesticides in countries

like Norway, whilst freezing and thawing events make the

leaching and biodegradation of the pesticides much more

unpredictable than in more stable climates (Rotich et al.,

2004; Stenrød et al., 2005, 2007). This may result in effects

on earthworm populations that are not considered in the

pesticide approval procedure.

2. Materials and methods

2.1. Site description and cropping systems

The cropping systems experiment was established in

1989 and is located on Apelsvoll farm of the Norwegian

Institute for Agricultural and Environmental Research,

Arable Crops Division, 608420N, 108510E, altitude 250 m.

The region has a humid continental climate, with mean

annual precipitation of 600 mm and mean annual tempera-

ture of 3.6 and 12 8C in the growing season. The experiment

covers an area of ca. 3 ha, on loam soil with imperfect or

poor natural drainage. The respective major soil groups are

classified as Aquic Fragiudept and Typic Epiaquept (Soil

Survey Staff, 1998), Endostagnic Cambisol and Haplic

Stagnosol (FAO, 1998) and Gleyed Melanic Brunisol and

Orthic humic gleysol (CSSC, 1998). Topsoil texture is

morainic loam (47 � 4% sand, 35 � 2% silt, 18 � 2% clay),

with some gravel and frequent stones. At the start of the trial
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in 1989, topsoil organic matter was 4.5 � 0.7%. Details on

the variability of soil physical and chemical properties at the

site may be found in Riley and Eltun (1994).

The experimental area is divided into twelve

30 m � 60 m blocks (model farms), two of which are used

for each of three arable cropping systems and two for each of

three mixed dairy systems (Fig. 1). Each block comprises

four 15 m � 30 m plots, individually drained at 1 m depth

with 7.5 m drain spacing, on which all of the arable and/or

fodder crops in the rotation of each cropping system are

grown each year. The blocks are separated by 7.5 m grass

borders. The arable crops include spring cereals (wheat

Triticum aestivum L., barley Hordeum vulgare L., oats

Avena sativa L.) and potatoes (Solanum tuberosum) and oats

with peas (Pisum sativum L.). Fodder crops include grass–

clover leys (timothy Phleum pratense L. and meadow fescue

Festuca pratensis Huds. grasses with red clover Trifolium

pratense L.) and, until 1999, swedes (Brassica napus L.).

Catch crops of Italian ryegrass (Lolium multiflorum Lam.)

are grown as appropriate in all but the reference conven-

tional arable system (1).

The management of the six cropping systems is

summarized in Fig. 1. Some changes in the crops included

in the rotations were made after the first 10 years (Korsæth

et al., 2001), as were some minor changes in tillage and

fertilizer levels. The main features, such as manure use and

the incidence of leys, have nevertheless been almost

unaltered since 1990. Cropping systems CS1–CS3 represent

arable production that is typical for this region of Norway,

whilst CS4–CS6 represent fodder production typical of

mixed dairy farming, with 2–3 ley years (grass–clover mix)

in the rotation. In CS1, which is considered as a reference

system that reflects arable practices that are common when

little attention is paid to non-point source losses of nutrients

from agriculture, the soil is ploughed annually, usually in

autumn, though spring ploughing was practiced from 1995

to 1999. CS2 incorporates perceived system improvements

related to the risk of nutrient loss. In this system, ploughing

is replaced by rotor harrowing in spring and ryegrass catch

crops are grown each year. In the remainder, the soil is

ploughed in spring in all but the ley years.

All systems have a 4-year crop rotation, with each crop

present every year. Besides leys, the crops grown are mainly

spring cereals, but with 25% potatoes in CS1 and CS2. Leys

are undersown in cereals. Animal manure (cattle slurry) is

used in CS4, CS5 and CS6. Mineral fertilizers (N in

NH4NO3) are applied in CS1, CS2 and CS4. Less mineral

fertilizer and pesticides are used in CS2 than in CS1. No

mineral fertilizer or pesticides are used in the organic

systems (CS3, CS5 and CS6). Soil acidity has been buffered

with lime when necessary. More details on crop rotation and

management are given in Korsaeth and Eltun (2000),

Korsæth et al. (2001) and Eltun et al. (2002).

2.2. Sampling and methods of analysis

2.2.1. Soil structure

Analyses of bulk density, air-filled porosity, air perme-

ability and moisture retention were made on samples taken

to 75 cm depth from four soil profiles per system in autumn

1988 (Riley and Eltun, 1994). The 24 profiles were

distributed in a 30 m � 35 m grid. In autumn 2003, the

topsoil of these profiles was re-sampled by taking three

undisturbed 100 cm3 soil cores at depths of both 5–9 and 19–

23 cm, and analysed as in 1988. Air filled porosity and water

retention were measured using Soil Moisture ceramic plate

and membrane equipment at matric potentials of 10, 100 and

150 kPa. Equivalent pore sizes at these potentials were

assumed to be 30, 3 and 0.2 mm2, respectively. Air

permeability was measured at 10 kPa matric potential using
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Fig. 1. Internal distribution in field and description of six contrasting cropping systems (CS1–CS6) on twelve 60 � 30 blocks (two replicate blocks per system).

The four crops grown in each system every year since 1999 are shown in the upper row (a four-year crop rotation). Management features related to slurry use and

ploughing are shown in the lower row. Slurry = wet-composted cattle slurry, 6.4% DM, with 26, 20 and 28 Mg ha�1 year�1 in systems 4, 5 and 6 for the period

2000–2003 and 9, 36, 23 and 28 Mg ha�1 year�1 for 1990–1999. *Earthworms were sampled under these crops in 1999 and 2004.
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the method of Green and Fordham (1975). Bulk density was

measured after drying samples at 105 8C. SOM was

measured by ignition-loss at 550 8C, with the use of the

following site-specific correction for clay content (Riley and

Eltun, 1994):

SOM ¼ 0:81 � ignition-lossð%Þ � 0:038 � clayð%Þ � 0:7

ðR2 ¼ 0:97; n ¼ 240Þ (1)

The relative degree of compactness was calculated by

dividing field measured bulk density by the standard bulk

density that may be attained under a static pressure of 200 Pa

(Håkansson and Lipiec, 2000). In the present case, the

standard bulk density (SBD) was predicted from the

following relationship, found for Norwegian soils by Riley

(1988):

SBD ¼ 1:751� 0:032 � ignition-lossð%Þ � 0:0032�
siltð%Þ þ 0:0065 � gravelð%Þ þ 0:0029 � clayð%Þ
ðR2 ¼ 0:79; n ¼ 29Þ (2)

For the above variables, the 2003 results were assessed

both directly as measured values, and indirectly as the

changes that had taken place since 1988. In addition, 24

loose samples were taken by spade in 2003 from the top

15 cm of soil, for measurements of aggregate size by sieving

of air-dried samples over meshes of 2, 6, 10 and 20 mm and

of the stability of 2–6 mm aggregates by simulated rainfall at

1 bar pressure on a 2 mm sieve, using the simulated rainfall

method of Njøs (1967). The mean weight diameter of

aggregates was calculated as described by van Bavel (1949),

assuming a maximum aggregate size of 35 mm, in order to

provide a simple index of the aggregate size distribution.

Statistical analyses (ANOVA and t-tests) were performed

with MSTAT and Minitab. Error bars in figures are based on

four observations, comprising two replicate blocks and two

parareplicates within blocks. The latter were spaced 35 m

apart, equal to the distance between the mid-point of

different blocks, and thus considered therefore as indepen-

dent observations from a soil variability point of view.

2.2.2. Earthworm activity

Earthworm data were sampled in each cropping system

block (two replicates) in autumn 1994 and autumn 2004.

Samples were taken from plots (within the blocks) with

spring wheat in all cases except system CS6 in 2004, in

which the crop was third year ley (see Fig. 1). Worms were

hand-sorted from three soil cubes (50 cm � 50 cm � 25 cm

depth) at each plot, and the density of juvenile and adult

worms (ED) and the dead, fresh biomass (EB) were

recorded. The density of earthworm channels (CHAN) was

recorded in the horizontal plane at 25 cm depth under each

soil cube. The species were identified according to Sims and

Gerard (1999). Error bars in figures are based on six

observations, comprising two replicate blocks and three

parareplicates within blocks. Unless otherwise noted, the

results presented are from the 2004 data set.

The effects of systems on earthworm biomass, earthworm

density and channel density were tested with ANOVA and

the Ryan’s test using the general linear model procedure in

SAS (SAS Institute Inc., 1987). Contrasts were used to

compare the systems with and without cattle manure and the

systems with and without grass–clover ley. t-Tests were used

to compare the mean values for 2004 and 1994.

3. Results

3.1. Soil structure

3.1.1. Bulk density, porosity and organic matter content

The differences between depth horizons in these

parameters were mostly small and non-significant. For the

sake of clarity, only mean topsoil results are presented here

(Table 1).

Mean bulk density was highest in 2003, and had

increased significantly since 1988, under the intensive

arable management system (CS1). It was lowest in 2003 in

the system with most leys (CS6). Total porosity had

decreased significantly between 1988 and 2004 in CS1.

There were also smaller, but non-significant, declines in

porosity in the other two arable systems.

SOM was lowest, and had declined most in CS1, while it

was highest, and had remained unchanged since 1988, in the

system with reduced tillage (CS2). Small declines in SOM

had taken place in the other systems, despite the presence of

leys.

The difference in total porosity, from the system with the

highest to that with the lowest values, was about 4%. By

comparison with the effects often found in compaction

studies, this represents a considerable range. The ranking of

systems with respect to porosity showed a positive

relationship with the incidence of leys within the rotation,

although there was rather high variability in some systems

(Fig. 2). The amount of readily available plant moisture

(pore size 3–30 mm) had declined significantly ( p = 0.008)

more in CS1 than in all other systems, and both this and to

some extent more strongly bound available moisture (pore

size 0.2–3 mm), showed positive relationships with SOM

(Fig. 3). The volume of air-filled pores, on the other hand,

correlated poorly with SOM, though the absolute values

were greatest in the system with most leys (CS6). Air

permeability was in all cases higher in 2003 than that

measured in 1988 (data not shown). In most cases it was

more than 10 mm2, which is well above the level that may be

considered critically low (Riley, 1988).

The optimal value for crop growth of the relative degree

of compactness has been found to lie within the range of 85–

87%, depending on weather conditions (Håkansson and

Lipiec, 2000). Soil that is too compact impedes root growth

and may have aeration problems, whilst soil that is too loose

H. Riley et al. / Agriculture, Ecosystems and Environment 124 (2008) 275–284278
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impedes water and nutrient uptake by plants. Fig. 4 shows

that the soil tended towards over-compactness in all three

arable systems (CS1–CS3), whereas it was in the optimum

range in systems with a high proportion of leys and slurry

application (CS4–CS6). Despite high variability in this

parameter, particularly in CS3, the differences between

systems were close to significance ( p = 0.06).

3.1.2. Aggregate size and stability

There was a marked shift in aggregate size distribution

towards more cloddy soil with decreasing incidence of leys

in the cropping system (Fig. 5). The mean aggregate weight

diameter ranged from 10 mm in CS6 (75% ley) to 18 mm in

CS1 (0% ley). This trend showed low significance ( p = 0.1),

due to high variability in the three larger size classes.

Statistically significant differences ( p < 0.05) were, how-

ever, found between systems in the two smaller classes. The

proportion of aggregates in these two classes increased

roughly in relation to the incidence of leys in the rotation,

except in the case of the arable system with reduced tillage

(CS2). In the latter case, the amount of small aggregates was

equally as high as in the rotations with at least 50% leys. This

suggests that it is possible to obtain a satisfactory seedbed

without ploughing.

Aggregate stability, measured for the class size 2–6 mm

which normally dominates in the seedbed in spring, showed

very low variability within systems, and highly significant

differences ( p < 0.001) between the systems could there-

fore be seen (Fig. 6). For this parameter also, it was the

arable system with annual ploughing (CS1) that differed

most from the others, with more than 25% reduction in

stability in relation to those that were most stable. The

systems with the highest aggregate stability (almost 90%)

were that with 75% ley (CS6) and the arable system with

H. Riley et al. / Agriculture, Ecosystems and Environment 124 (2008) 275–284 279

Fig. 2. Pore size distribution measured in 2003 in the topsoil of six cropping

systems (error bars are�standard errors of the total porosity). Description of

cropping systems: CS1, reference arable system with 0% leys in the crop

rotation; CS2, optimal arable system with 0% leys in the crop rotation; CS3,

organic arable system with 25% leys in the crop rotation; CS4, optimal

mixed dairy system with 50% leys in the crop rotation; CS5, organic mixed

dairy system with 50% leys in the crop rotation; CS6, organic mixed dairy

system with 75% leys in the crop rotation.

Fig. 3. Relationships between soil organic matter and the retention of

capacities for readily available water (3–30 mm) and more strongly held

available water (0.2–3 mm).

Table 1

Topsoil (0–30 cm) means (�S.E.) of soil bulk density, total porosity and soil organic matter measured in 1988 and 2003 and the changes, with paired t-tests, that

had occurred in these parameters

System

CS1 CS2 CS3 CS4 CS5 CS6

Bulk density (Mg m�3) 1988 1.29 � 0.03 1.37 � 0.05 1.33 � 0.03 1.37 � 0.05 1.34 � 0.04 1.31 � 0.02

2003 1.43 � 0.04 1.40 � 0.02 1.38 � 0.04 1.34 � 0.01 1.36 � 0.02 1.29 � 0.02

Change +0.14 +0.03 +0.05 �0.03 +0.02 �0.02

t-Test p = 0.005 n.s. n.s. n.s. n.s. n.s.

Porosity (%) 1988 49.1 � 1.1 46.7 � 1.9 49.0 � 0.5 45.8 � 1.4 48.4 � 1.2 48.7 � 0.5

2003 44.8�1.3 45.0 � 0.8 46.8 � 1.3 47.0 � 0.4 47.5 � 0.7 48.9 � 0.5

Change �4.3 �1.7 �2.2 +1.2 �0.9 +0.2

t-Test p = 0.003 n.s. n.s. n.s. n.s. n.s.

SOM (%) 1988 4.62 � 0.39 4.13 � 0.55 4.52 � 0.21 4.11 � 0.35 4.67 � 0.28 4.55 � 0.17

2003 3.06 � 0.39 4.12 � 0.14 3.87 � 0.31 4.02 � 0.11 3.83 � 0.25 3.90 � 0.13

Change �1.56 �0.01 �0.65 �0.09 �0.84 �0.65

t-Test p < 0.001 n.s. p = 0.057 n.s. p < 0.001 p = 0.016

Description of cropping systems (see also Fig. 1 for further details): CS1, reference arable system with 0% leys in the crop rotation; CS2, optimal arable system

with 0% leys in the crop rotation; CS3, organic arable system with 25% leys in the crop rotation; CS4, optimal mixed dairy system with 50% leys in the crop

rotation; CS5, organic mixed dairy system with 50% leys in the crop rotation; CS6, organic mixed dairy system with 75% leys in the crop rotation.
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reduced tillage (CS2). In the latter system, straw residues

have been retained in the soil since 1993. The stability in the

organic system with 25% ley (CS3) was as high as in the

system with 50% ley (CS4), while the organic system with

50% ley (CS5) had higher stability than the latter.

3.2. Earthworm activity

Earthworm density (ED), pooled over all six cropping

systems, had increased by 84% from 1994 to 2004, but the

increases were only significant in the organic CS3 and CS5

(Fig. 7). The optimal mixed dairy system with 50% ley (CS4)

had the highest earthworm density in 2004 (275 worms m�2),

but this was not significantly higher than that in the organic

arable system with only 25% ley (CS3). The two non-organic

arable systems (CS1 and CS2) had the lowest densities, 66 and

27 worms m�2, respectively, and the level was almost

unaltered between 1994 and 2004.

Earthworm biomass (EB), pooled over all six systems,

had increased by 80% from 1994 to 2004. Significant

increases in biomass since 1994 were seen in the system with

organic arable cropping (CS3), and in the optimal (CS4) and

organic mixed dairy (CS5) systems (Fig. 8), and these had

the highest levels in 2004 (mean 108 g m�2). Lowest

earthworm biomass in 2004 (mean 33 g m�2), with only

minor changes since 1994, was found in the two non-organic

arable systems (CS1 and CS2).

The density of earthworm channels, pooled over all six

systems, had increased by 132% from 1994 to 2004. The

increases were significant in all of the systems with ley

(CS3–CS6, Fig. 9). It was significantly higher in 2004 in the

organic mixed dairy system (CS6) with 75% leys

(92 channels m�2) and in the optimal mixed dairy system

(CS4) with 50% ley (85 channels m�2) than in the other

systems. As for other earthworm variables, the lowest

channel densities in 2004 were found in the non-organic

arable systems (CS1 and CS2), with only 21 and

31 channels m�2, respectively.

H. Riley et al. / Agriculture, Ecosystems and Environment 124 (2008) 275–284280

Fig. 6. Stability of 2–6 mm aggregates against simulated rainfall,

�standard errors. Description of cropping systems as given in Figs. 1

and 2.

Fig. 7. Earthworm density (ED) in contrasting cropping systems. Descrip-

tion of cropping systems as in Figs. 1 and 2. Different capital letters above

the bars indicate significant differences among 1994 values, and different

small letters indicate differences among 2004 values. The symbols under the

bars indicate significance levels of the changes between 1994 and 2004. The

error bars are�standard errors.

Fig. 4. Relative degree of compactness (BD as % of standard compaction at

200 kPa) measured in the topsoil of six cropping systems (error bars

are�standard errors). Description of cropping systems as in Figs. 1 and 2.

Fig. 5. Percentage distribution of aggregates in various size classes (mm) in the topsoil. Description of cropping systems as in Figs. 1 and 2.
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Field worms (Aporrectodea caliginosa), pink worms

(Aporrectodea rosea) and night crawlers (L. terrestris), were

the dominant species in all six cropping systems, with some

differences among systems in their relative abundance

(Fig. 10). The conventional arable (CS1) and optimal mixed

dairy (CS4) systems had higher proportions of pink worms

than the other systems. The arable system with reduced

tillage (CS2) had the highest ratio of night crawlers, but the

lowest overall number of worms. The number of juvenile

earthworms was highest in CS3 and CS4 (data not shown),

with noticeably more juvenile pink and field worms in the

system with optimal mixed dairy farming (CS4) than in the

other mixed dairy systems.

4. Discussion

4.1. Soil structure and organic matter

Annual ploughing of arable land in the cropping system

without either leys or slurry use had negative effects on soil

bulk density, the amount of plant available water, aggregate

size distribution and aggregate stability. Most of these

effects may be associated with the decline in SOM that was

measured in this system. These parameters were influenced

positively by the inclusion of leys in the rotation, even

though slight declines in SOM were found there also,

relative to 1988. The rate of SOM decline in the arable

system with annual ploughing was about 2% per year,

relative to the initial level, which is somewhat greater than

that measured in a recent survey of SOM declines on arable

land in Norway (Riley and Bakkegard, 2006). The

possibility of some SOM dilution by deeper ploughing

cannot be ruled out, but plough depth was not thought to

have increased during this period. Korsaeth and Eltun (in

press), who presented nutrient flows for the initial 10-year

period of the cropping systems, found that CS1 also had the

greatest decline in total soil N.

Replacement of annual ploughing by spring harrowing

(CS2) appeared to have a positive effect on SOM and on

aggregate stability, but soil porosity nevertheless declined

somewhat. Many previous studies in Scandinavia (e.g.

Rasmussen, 1999; Riley et al., 1994) have shown that bulk

density increases under ploughless tillage soil. This may

lead to the impedance of root growth in some cases,

particularly on sandy soils (Riley et al., 2005). In the case of

the present loam soil, however, the relatively high proportion

of large pores (>30 mm) suggests that aeration problems are

unlikely to arise as a result of this tillage practice.

An incidence of about 50% leys appears to be sufficient to

maintain good soil structure. A tendency was also observed

for organic systems to have slightly better structure than

non-organic systems with similar amounts of leys. The

reason for this is unclear, but it may be that the greater

amount of clover present in the organic leys is important, as

clover taproots create large biopores and their nutrient-rich

leaves stimulate earthworm activity. During the first period

of the experiment, the clover content in the conventional

(CS4) and the organic (CS5) leys were 12–24% and 16–

63%, respectively (Korsaeth and Eltun, 2000). Favourable

effects on soil structure have been reported for several

legumes grown together with maize (Latif et al., 1992). On

the other hand, Breland (1995) found that ryegrass sown as a

catch crop had a better effect on soil structure than did white

clover, probably because its roots bound the soil well and

provided carbon-rich material that stimulates microbial
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Fig. 8. Biomass of earthworms (EB) in contrasting cropping systems.

Description of cropping systems as in Figs. 1 and 2, legends as in Fig. 7.

Fig. 9. Numbers of earthworm channels (CHAN) in a horizontal plane, in

contrasting cropping systems. Description of cropping systems as given in

Figs. 1 and 2, legends as in Fig. 7.

Fig. 10. The relative abundance of earthworm species in each cropping

system, 2004. Numbers within columns indicate the density of each species.

Description of cropping systems as in Figs. 1 and 2.
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activity. The structure of the soil studied here, a morainic

loam, was considered to be good at the start of the

experiment. The negative developments observed under

conventional arable cropping probably do not represent a

major threat to the productivity of this soil. On soils with a

less favourable initial structure, such as poorly drained silty

clays, such developments might have more serious

consequences, both for farmers and for the environment.

4.2. Earthworm activity

In accordance with Edwards and Lofty (1977), our results

show that leys in the crop rotation increase earthworm

density, biomass and the density of channels. Compared to

cereals and potatoes, perennial grass and clover produce

more organic matter, through decaying roots, foliage and

root exudates, that is accessible to the soil fauna. In addition,

leys increase soil porosity, as seen in the present

investigation, and thus improve earthworm habitats. Leys

also increased the activity of worms in deeper soil layers.

Both the incorporation of large amounts of organic matter

(CS4) and a longer ley period (CS6) may explain the high

density of earthworm channels in these systems. Sveistrup

et al. (1997) found that both night crawlers and field worms,

both present in these systems, create medium and coarse

channels in deeper soil layers.

Earthworm biomass and density were in 2004 higher in

the organic arable CS3 than in the other arable systems, in

agreement with Scullion et al. (2002). More food was

available for earthworms in CS3 than in CS1 and CS2, as

large amounts of grass–clover leys were ploughed down at

frequent intervals. Until 2000, this system also received

some cattle slurry. The inclusion of potatoes in CS1 and CS2

may also have had a negative effect on earthworms. Curry

et al. (2002) found that soil cultivation in potato production

and potato harvesting reduced earthworm populations to

undetectable levels. Furthermore, the long-term use of

pesticides in CS1 and CS2 may have influenced the

earthworm population negatively. For instance the insecti-

cide alph-cypermethrin (Fastac, used in cereals in CS1, CS2

and CS4), despite its low acute toxicity, has recently shown a

high chronic, long-term toxicity to earthworms (Hartnik

et al., in press).

It was interesting that the number and activity of

earthworms increased noticeably in the organic arable

system, CS3, even thought this cereal rotation included just

1 year with grass–clover ley, mown several times. Schmidt

et al. (2003) found that the combination of direct drilling and

clover understory in cereal systems, increased the earth-

worm population greatly (50%). This was primarily because

of a favourable input of organic matter in terms of quantity,

quality and continuity of food supply throughout the year.

Thus, it may be suggested that both clover ley and clover

undercrop and 1 year without ploughing in system CS3

benefited earthworms. In the mixed dairy systems (CS4–

CS6), although herbage was removed, appreciable amounts

of organic matter became available to earthworms when the

leys were ploughed. In CS6, earthworm sampling was

performed in third ley year, so that less organic matter may

have been available.

Among the mixed dairy systems, there was a significantly

higher density of earthworms in the non-organic system

(CS4) than under organic management (CS5 and CS6), but

no differences in biomass. These three systems differ less in

management and cropping than do the three arable systems.

Hence, less difference was to be expected between them in

earthworm properties, in accordance with the findings of

Scullion et al. (2002). The high number of juveniles in CS4

cannot be fully explained in terms of the amount of cattle

slurry used or the larger yields obtained. Far fewer juveniles

were found in the most comparable organic fodder system

(CS5), despite similar biomass. Pesticide use in CS4 may

have altered the food supply for the species involved and/or

synchronised reproduction, resulting in a peak of juvenile

pink and grey worms in this system.

From past experience (e.g. Ekeberg, 1992; Chan, 2001),

increased earthworm populations might have been expected

in the arable system with reduced tillage (CS2) compared to

that with annual ploughing (CS1). On the contrary, however,

we observed a tendency for even lower earthworm density

and biomass in the system with only harrowing. Chan (2001)

also noted that the density of endogeic species increased

with ploughing, whereas the density of night crawlers is

often higher without ploughing or harrowing. Although low

numbers of night crawlers were found in the two non-

organic arable systems, a higher number was found in CS2

than in CS1, indicating some positive effects of reduced soil

tillage on this species. A tendency for more deep-burrowing

worms in the absence of ploughing was noted by Riley et al.

(2005).

5. Conclusions

Soil porosity and humus have decreased since 1988 with

declining use of leys, with the most marked reductions in an

arable system with annual ploughing. The amount of air-

filled pores at field capacity has increased, and the amount of

water-filled pores has declined. Annual ploughing has

significantly reduced the amount of readily available water.

Aggregate size distribution showed a clear trend towards

coarser soil structure with a declining proportion of leys in

the rotation. An arable system with reduced tillage had a

greater proportion of small aggregates than an arable system

with annual ploughing.

Aggregate stability showed clear, significant differences

between cropping systems. The system with conventional

arable practices had lower stability than all the others, whilst

the system with 75% ley in its rotation and that with reduced

tillage had the highest stability.

The presence of grass–clover leys increased earthworm

density, biomass and channel density, both in organic and in
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conventional systems. Among the arable systems, the

organic system had a higher density and biomass of

earthworms as compared to the conventional systems.

Among the mixed dairy systems, the optimal non-organic

system had the highest density of earthworms in 2004, but

there were no differences between these systems in

earthworm biomass or density of earthworm channels.

Lower earthworm activity was found in the all-arable system

with annual rotory harrowing as compared to the system

with annual ploughing.
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