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Abstract A change from cultivated land to grass-

land generally increases soil organic matter (SOM)

content and is a potential option to mitigate green-

house gas emissions. We investigated the effects of

two-year perennial grass and mixed grass/legume

leys in a six-year crop rotation on topsoil (0–0.25 m

depth) carbon content and on grain yields of winter

wheat over a period of 31 years. Different nitrogen

fertilisation regimes were included and no manure

was added to the experimental plots. We used data

from long-term crop rotation experiments at three

sites in southern Sweden: Säby (59�490 N/17�420 E),

Lanna (58�200 N/13�070 E) and Stenstugu (57�360

N/18�260 E). At Säby, the reduction in topsoil carbon

content was smaller in the ley crop rotations than in

the crop rotation with only annual crops. There were

no statistically significant effects of crop rotation on

topsoil carbon at the other two sites. At Lanna, the

grain yield increase in winter wheat over time was

higher in the mixed legume/grass ley crop rotation

than in the other two rotations. Together, these effects

of ley on topsoil carbon and winter wheat yield

suggest that replacing annual crops with leys in the

crop rotation could reduce losses of soil carbon

without decreasing total yield of annual crops on a

regional scale. We also applied the Introductory

Carbon Balance Model (ICBM) to simulate topsoil

carbon content at the three sites. Based on the results,

measures to improve the model predictability are

proposed.
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Introduction

A number of empirical investigations (Cuvardic et al.

2004; Singh et al. 1998) and modelling approaches

(Andrén and Kätterer 1997; Hyvönen et al. 1996;

Powlson et al. 1996) have shown that land use and

management practices affect soil organic carbon

content. The possibility of using soil carbon seques-

tration to decrease atmospheric carbon dioxide has

been extensively investigated (Bruce et al. 1999;

Conant et al. 2001; Lal et al. 1999; Sperow et al.

2003). This can be achieved by e.g. reduced tillage, a

decrease in fallow harrowing operations and

increased use of cover crops in annual cropping
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(Sperow et al. 2003). Conversion from cultivated

land to perennial grassland has also been shown to

increase soil carbon stocks (Conant et al. 2001),

whereas cultivation of native soils normally results in

a decline in soil carbon content (Paustian et al. 1997).

The inclusion of perennial leys in crop rotations

is regarded as an important tool to increase soil

fertility due to the positive effect of leys on soil

organic matter (SOM) (Paustian et al. 1997). A

positive effect of rotational leys on yield quantity

and quality of subsequent annual crops has also

been found in experiments where high doses of

mineral N fertilisers were applied (Uhlen et al.

1994). The positive effects of leys on SOM relative

to continuous annual cropping is mainly due to the

associated reduction in tillage and the change in the

amount and distribution of carbon input to soils

(Paustian et al. 1997). However, in many studies

demonstrating that perennial grasslands (Conant

et al. 2001) and rotational leys (Paustian et al.

1997) have an absolute or relative positive effect

on soil carbon content compared with continuous

annual cropping, more manure had been applied to

the grassland system than to the control system.

This coincidence of grassland or ley cultivation and

manure application in field experiments is due to the

fact that in practical farming, grasslands and leys are

normally associated with dairy, beef cattle or sheep

rearing, which produces manure (Conant et al.

2001). Since manure itself has a positive impact

on SOM (Jenkinson and Johnston 1977; Persson and

Kirchmann 1994), it is difficult to distinguish the

direct effects on soil carbon content of changing

from annual to perennial crops from the effects of

manure application. It is largely unknown whether

short rotational leys per se can turn arable land into

a carbon sink, or whether their positive effects on

soil carbon balances are due to the associated

application of manure or other organic amendments.

Quantification of the direct long-term effects of

perennial leys receiving no or only negligible

amounts of manure on SOM is therefore essential

in evaluating the use of arable land as a carbon sink

to mitigate greenhouse gas emissions. In addition,

investigating the effects of perennial leys on the

yield of annual crops would provide information

about the scope of replacing annual crops with

perennial crops within a region, without decreasing

the total overall crop yield. Higher yields of annual

crops would mean that the need for arable land

assigned to growing these crops could decrease,

given constant demand over time. Thus, relative

positive effects on soil carbon compared with the

effects of crop rotations without perennial crops and

positive effects on yields of subsequent annual grain

crops would have a synergetic effect on the potential

to reduce emissions of carbon dioxide by crop

rotation planning.

The objectives of this study were (i) to quantify the

long-term effects of leys within arable crop rotations

on the topsoil carbon balance, (ii) to test whether a

simple soil carbon model previously calibrated for a

Swedish long-term field experiment [Introductory

Carbon Balance model (ICBM); (Andrén and Kätterer

1997)] could describe the effects of crop rotations

and N fertiliser on long-term topsoil carbon content

on a regional scale and (iii) to determine whether

two-year ley periods within crop rotations have a

positive long-term effect on grain yields of winter

wheat.

Materials and methods

Experimental description

Soil and crop data from three long-term crop

rotation experiments in southern Sweden: Säby

(59�490 N/17�420 E), Lanna (58�200 N/13�070 E)

and Stenstugu (57�360 N/18�260 E) were used in

the analyses. Mean air temperature, annual precip-

itation and soil texture classes are presented in

Table 1. The experiments at Lanna, Stenstugu and

Säby were started in 1965, 1968 and 1969, respec-

tively. The original objective of the experiments was

to study the effects of two-year leys on yields of

crops in the rotations under different nitrogen

fertilisation regimes (Wallgren and Rådberg 1989).

The experiment has a split-plot design at Säby and

Lanna, with crop rotation as main plots and N doses

as sub-plots. At Stenstugu, the experiment is

arranged as a strip-plot with crop rotation in

columns and N doses in rows (Gomez and Gomez

1984). All crops are included each year in adjacent

blocks. Thus, there are as many replicates as there

are crops in the rotation. However comparisons can

only be made over time, since each block is in a

different position in the rotation.
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Crop data

Three crop rotations (A–C) that differ in 2 years out

of six are being compared in the experiments

(Table 2). The oilseed crops were initially winter

turnip rape at Säby and winter oilseed rape at the

other sites, but due to problems with winter survival

of rape, spring oilseed rape has been grown at Lanna

and Säby in latter years. In the occasional years with

poor winter survival of wheat, the plots are spring

harrowed and sown with spring wheat. The long-term

effect of different crop rotations on grain yield of

winter wheat was analysed in the present study. The

winter wheat crop was used for these yield compar-

isons because it had the same preceding crop and was

equally fertilised in all rotations and because there

were few wheat crop failures.

Four levels of mineral nitrogen fertiliser (N0, N1,

N2 and N3) are included in sub-plots at Säby and

Lanna and as a row factor at Stenstugu (Table 2). No

manure has been applied since 1970. During a crop

rotation, phosphorous (72 kg ha–1) and potassium

(137 kg ha–1) are added to the oilseed crops and the

undersown barley in rotations A and B (78 kg P ha–1;

278 kg K ha–1) and to the barley in rotation C

(72 kg P ha–1; 137 kg K ha–1). In the first year of

the experiments, cereal and oilseed straw was

removed after harvest. Since 1971, straw is only

removed in the barley crops with undersown leys in

crop rotations A and B. The straw is ploughed under

after all other annual crops (Wallgren and Rådberg

1989). The choice of cultivar is conservative, i.e.

changes are made only when a cultivar is no longer in

use in practical farming. Pesticides are applied

according to recommendations for practical farming

and according to the occurrence of pests and weeds

(Wallgren and Rådberg 1989).

Soil data and calculations

The soil texture at the experimental sites is loam, silt

loam or silty clay loam (Table 1). Topsoil (0–0.25 m

depth) samples were analysed for carbon after oats in

Table 1 Thirty-year (1961–1990) annual mean temperature

and precipitation at the nearest weather station with available

30-year means, soil texture and soil organic matter content

(SOM) at the experimental sites

Säby Lanna Stenstugu

Temperature (�C) 5.3a 6.0b 6.6c

Precipitation (mm) 565a 558b 513c

Texture classd Silt loam Silty clay loam Loam

Clay (%) 23.0 35.0 21.0

Silt (%) 53.0 49.0 31.0

Sand (%) 20.0 11.8 45.2

SOM (%) 4.0 4.2 2.8

a Ultuna, Swedish University of Agricultural Sciences (SLU)
b Lanna, SLU
c Visby, Swedish Meteorological and Hydrological Institute

(SMHI)
d Classification of soil particle size according to the

International Society of Soil Science

Table 2 Crop rotations and nitrogen fertilisation treatments

Year Crop rotation A Crop rotation B Crop rotation C

Crop N-fertilisation

(kg ha–1)a
Crop N-fertilisation

(kg ha–1)

Crop N-fertilisation

(kg ha–1)

1 Oilseed crop N0 = 0; N1 = 60;

N2 = 120; N3 = 180

Oilseed crop 0; 60; 120; 180 Oilseed crop 0; 60; 120; 180

2 Winter wheat 0; 45; 90; 135 Winter wheat 0; 45; 90; 135 Winter wheat 0; 45; 90; 135

3 Spring oats 0; 40; 80; 120 Spring oats 0; 40; 80; 120 Spring oats 0; 40; 80; 120

4 Spring barley,

undersown ley

0; 60; 60; 60 Spring barley;

undersown ley

0; 60; 60; 60 Spring barley 0; 40; 80; 120

5 Red clover/grass ley 0; 0–80; 0–160; 0–240b Grass ley 0; 45 + 35;

90 + 70; 135 + 105

Spring wheat 0; 60; 120; 180

6 Red clover/grass ley 0; 0–45; 0–90; 0–135b Grass ley 0; 45; 90; 135 Black fallow No fertilisation

a The N0 treatment was fertilised with 30 kg ha–1 before sowing of grass leys and oilseeds to facilitate the establishment of these crops
b The N fertilisation was based on the percentage of legume crops; the higher the percentage of legumes, the lower the N fertilisation
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the high-N (N3) and low-N (N1) treatments. Since

1975, total carbon has been analysed according to the

LECO method (Anonymous 1997). In this study,

carbon concentrations were converted to carbon mass

per unit area by assuming a soil bulk density of

1,300 kg m–3, which is a normal value for mineral

soil in Sweden (Kirchmann et al. 1994). We used the

same bulk density for all three crop rotations based

on results from an experiment at Ultuna, close to

Säby, where the bulk density was not significantly

lower after almost 50 years with an eight-year

rotation that included a two-year ley and animal

manure than after a rotation with only annual crops

(Bergkvist unpublished). The topsoil layer was set to

0.25 m, which corresponds approximately to the

depth of ploughing and sampling.

Statistical analysis of soil carbon and grain yields

of winter wheat

Soil carbon data for the years after 1975 were

analysed separately for each site. Plot was included in

the model as a normal distributed random variable

and year as a continuous variable in the MIXED

procedure of SAS (Littell et al. 1996). The model

included crop rotation, N-level, year and all interac-

tions. The purpose of the model was to determine

whether there were significant differences in the rate

of change of soil carbon content over the years

depending on crop rotation and/or nitrogen applica-

tion. Such interactions were considered to motivate

the use of the experimental data to calibrate param-

eters in the ICBM for the variables investigated. Data

from almost all experimental years between 1975 and

2005 (some data were missing) were used to analyse

the effect of crop rotation level of nitrogen fertilisa-

tion on the rate of change in carbon input over time

using the same procedure in SAS. Mean carbon

inputs were compared using LSMEANS. All avail-

able data from the start of the experiments until 2005

were used to analyse the rate of change of winter

wheat grain yields over time.

Description of the carbon model

The Introductory Carbon Balance model (ICBM)

(Andrén and Kätterer 1997) has previously been

applied to describe management effects on soil

carbon stocks in different agricultural soils in north-

ern Europe (Kätterer and Andrén 1999). ICBM is a

minimum soil carbon model where the soil carbon is

divided into the two pools Young (Y; kg m–2) and

Old (O; kg m–2). The model is described in the

following two analytically solvable equations:

dY=dt ¼ i� kYreY ð1Þ

and

dO=dt ¼ hkYreY� kOreO ð2Þ

where i (kg m–2) is the carbon input to the soil,

kY (yr–1) and kO (yr–1) are rate constants determining

decomposition of Y and O carbon pools respectively,

h is a humification coefficient determining the

fraction of Y that becomes stabilised and enters O

and re is a rate modifier describing other environ-

mental effects on kY and kO (Andrén and Kätterer

1997; Kätterer and Andrén 1999).

Estimation of carbon input

Both above- and below-ground sources of carbon

input were considered. The carbon concentration was

assumed to be 450 mg g–1 dry matter in all material,

in accordance with Kätterer and Andrén (1999). The

carbon input from bare fallow was set to 0, which due

to weed occurrence during periods between weed

treatments was a slight underestimation. However, no

data were available on weed biomass in the fallows.

Straw biomass was measured in most, but not all,

years during the experimental period. Harvest index

was calculated by regressing straw mass on grain

yield. We subsequently used the regression to calcu-

late the above-ground input from cereals and oilseed

rape for all years. In the plots where straw was

exported, input, representing stubble, weeds and

spillage from harvest, was set to 35% of the

calculated straw mass (Pettersson 1989).

The above-ground carbon input from first-year

mixed legume/grass leys and grass leys was assumed

to be 30% of estimated total above-ground produc-

tion. This fraction represents a non-harvested stubble

fraction and biomass re-growth between the second

harvest and the end of the growing season. The

carbon input during the second year of ley cultivation

was assumed to be 30% of the yield at the first
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harvest plus a fraction corresponding to the ratio

between the first and second harvest in year 1. The

latter fraction is based on the assumption that the

growth from first harvest until ploughing of the ley

was the same as between first and second harvest in

year 1.

No observations on below-ground biomass were

available. Instead, the below-ground fraction for

annual crops was set at 0.17 of total biomass as

reported for spring barley (Paustian et al. 1990) under

similar environmental and nutritional conditions.

Thus, possible differences in shoot/root ratios among

annual crops in the crop rotations were not accounted

for. Below-ground input from timothy and meadow

fescue was set to 31% of ley production according to

field investigations of the latter species in central

Sweden (Hansson and Andrén 1986) and to 36% for

legume crops as determined for lucerne (Pettersson

et al. 1986). The estimated below-ground input in

rotation A varied between 0.31 and 0.36 due to

variations in the legume fraction (unpublished data).

It was assumed that nitrogen fertilisation did not

change the shoot/root ratio. Only a few grain and ley

yield measurements were missing in the data set. In

these cases, input was set as the mean of the

calculated inputs from 1975 to 2006 for each crop

and nitrogen fertilisation treatment.

Model parameterisation

Differences in climate and soil type between the three

experimental sites were accounted for according to

the concept proposed by Andrén et al. (2004). We

used daily weather data for the period 1970–2006

from nearby meteorological stations and soil type to

calculate mean annual re-values for each site. The

re-values were adjusted for cereal crops according to

Bolinder et al. (2007).

Total initial topsoil carbon was set according to the

earliest measurement in each plot from 1975. The

initial size of the young pool (Y0) was set to 0.3 kg m–

2 at all sites according to previous studies (Andrén and

Kätterer 1997; Kätterer and Andrén 1999) and that of

the old C pool (O0) was set as the difference between

total C and Y0. The other parameters (Table 3) were

set according to the original calibration of the model

to a long-term spring cereal field experiment in

Sweden (Andrén and Kätterer 1997).

Results

Grain yields of winter wheat

The effect of N fertiliser on the grain yield of winter

wheat increased significantly over time (p \ 0.0001)

at both Lanna and Stenstugu (Fig. 1a, c), but not at

Säby (data not shown). There was practically no yield

change with N0 at any of the sites. The increase in

yields was larger (p \ 0.03) in the A rotation at

Lanna than in the other rotations (Fig. 1b). However,

no effect of the crop rotation on the rate of yield

increase over time could be found at Stenstugu

(Fig. 1d) and Säby (data not shown).

Carbon input

The carbon input did not change differently over time

depending on crop rotation or N fertiliser dose at any

of the sites. The calculated annual input of carbon in

the C rotation at the three sites was only about half

that in the A and B rotations. The carbon input was

up to 50% larger for the N3 treatment than the N1

treatment and the relative differences in carbon input

between N treatments were larger in the B and C

rotations than in the A rotation (Table 4).

Table 3 Parameters in the

Introductory Carbon

Balance Model (ICBM)

a (1) Kätterer and Andrén

(1999); (2) Andrén and

Kätterer (1997); (3) Andrén

et al. (2004)

Parameter name Symbol Value Unit Sourcea

Initial young C pool Y0 0.3 kg m–2 1

Initial old C pool O0 Varying kg m–2 Measured C—Y0

Humification coefficient h 0.125 – 2

Decomposition rate young pool kY 0.8 yr–1 2

Decomposition rate old pool kO 0.006 yr–1 2

External response factor re Site-specific – 3
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Soil carbon

The carbon content in the soil at Säby gradually

decreased in all treatments between 1975 and 2006

(Fig. 2). The rate of decline was lowest in the

rotations with leys and differed significantly between

treatments. There was also a significant (p = 0.0003)

interaction between crop rotation and year. However,

the amount of N applied did not significantly affect

the rate of change. At Lanna and Stenstugu, there was

only one observation available after 1992 (2006),

which makes the analyses weak, and no statistical

differences were found in the rate of change in soil

carbon content between treatments at these two sites.

Model application

The re-value, which includes the effects of climate,

soil texture and crop, was 1.07 at Säby, 1.08 at

Stenstugu and 0.97 at Lanna. During the study period,

a ± 0.1 change in re resulted in changes in simulated

topsoil carbon of 0.07–0.15 kg m–2. Using the cal-

culated re-values, the model resulted in both

Fig. 1 Dry matter grain yields of winter wheat at Lanna (a, b) and Stenstugu (c, d) as affected by N dose (a, c) and crop rotation

(b, d). Abbreviations are explained in Table 2

Table 4 Mean total carbon input (kg C m–2 yr–1) (±standard error of the mean) 1975–2006

Crop rotation Säby Lanna Stenstugu

N1 N3 N1 N3 N1 N3

A 0.34 (0.022) 0.37 (0.024) 0.34 (0.023) 0.36 (0.022) 0.36 (0.025) 0.42 (0.029)

B 0.34 (0.024) 0.42 (0.030) 0.30 (0.022) 0.44 (0.031) 0.32 (0.023) 0.43 (0.029)

C 0.16 (0.0068) 0.21 (0.0090) 0.14 (0.0058) 0.20 (0.0085) 0.16 (0.0068) 0.22 (0.0092)
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decreases and increases in topsoil carbon depending

on initial topsoil carbon and carbon input. The

simulated topsoil carbon represented a general under-

estimation of the topsoil carbon decrease at all three

sites. The model also underestimated topsoil carbon

decrease across all crop rotations and both nitrogen

fertilisation levels (N1 and N3). The model prediction

(R2) tended to be higher in the Lanna simulation than

in the other two simulations across crop rotations and

nitrogen fertilisation levels. Crop rotation did not

have any clear effect on the model prediction at any

of the simulated sites or nitrogen fertilisation levels.

However, the fit between simulated and observed

topsoil carbon was better in the N1 treatments than in

the N3 treatments (Fig. 3a–f).

Discussion

The higher increase rate in winter wheat yields in crop

rotation A than in the other two crop rotations at

Lanna illustrates how the planning of crop rotations

can be used to increase grain yields of annual crops in

the long term. At Säby, winter wheat yields were

negatively affected by higher water tables during the

1990s, which might explain why there were no

statistically significant differences in grain yield

increase over time between nitrogen fertilisation level

and crop rotation at this site. The general increase in

wheat yield observed in all fertilised treatments is in

line with the general trend in grain yield increases

during the period, which has often been regarded as

being the result of crop breeding (Foulkes et al. 2007)

and better farm management practices.

The lower content of soil carbon in the crop

rotations without ley at Säby compared with those

with ley could be expected from previous studies, in

which cultivation of perennial grasslands and leys

resulted in higher soil carbon content than in crop

rotations only including annual crops (Paustian et al.

1997; Uhlen et al. 1994). The higher topsoil carbon

mass in crop rotations that include perennial leys is

probably a result of larger carbon input and decreased

tillage, which promote the accumulation of soil

carbon (Paustian et al. 1997). Our results show that

two-year leys can have a positive effect on soil

carbon content, even though, unlike in most previous

experiments (Conant et al. 2001; Paustian et al.

1997), these leys were not accompanied by manure

applications. The decrease in topsoil carbon at Säby

also corresponds well with the calculated carbon

inputs, which were lowest in the C rotation. However,

unlike the results of Clement and Williams (1964), in

which an absolute increase in soil carbon due to four

years of pasture was reported, the carbon content in

the soils included in our study also decreased in the

crop rotation that included a perennial ley. These

contrasting results could be at least partly due to the

lack of manure application. However, other factors

may also explain why the ley rotation could not

contribute to increasing soil carbon content, but only

slow the decrease, at Säby. First, a higher proportion

of leys in the rotation would probably have resulted

in higher soil carbon content. Second, farm history

may have influenced the effects of crop rotations on

soil carbon content. Kätterer and Andrén (1999)

found that the initial topsoil carbon pool as a result of

farm history in terms of e.g. frequency of perennials

and manure applications has a great effect on the

change in soil carbon content after farm practices

have changed. Unfortunately there are no details

available about crop rotations in the fields included in

our study before the 1960s. However, it is probable

that the crop rotations at the experimental sites, like

virtually all fields in Sweden during the first half of

the 20th century, included perennial leys and also

manure applications, which would have been bene-

ficial to the soil carbon content. Long-term effects of

leys on carbon content may be different in soils that

have a long history of only annual cropping and no

manure application.

The lack of statistically significant differences

among crop rotations with and without leys at two of

Fig. 2 Topsoil carbon at Säby. Changes over years for each

rotation
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the sites and between nitrogen fertilisation levels

despite the higher carbon input to the crop rotations

with leys and in the N3 treatment could have several

possible explanations. The relatively few points of

measurement during latter years is a likely explana-

tion for the lack of detectable ley effects on soil

Fig. 3 Simulated versus observed topsoil (0–0.25 m) carbon at Säby (a, b), Lanna (c–d) and Stenstugu (e–f)

200 Nutr Cycl Agroecosyst (2008) 81:193–202

123



carbon at Lanna and Stenstugu. In previous studies

showing changes in soil carbon due to different crop

and fertilisation strategies (Cuvardic et al. 2004;

Jenkinson and Johnston 1977; Kirchmann et al.

1994), the periods studied were also often much

longer than 31 years.

Another possible explanation for the lack of effect

of leys on soil carbon content is that the carbon

concentration was analysed only in the upper 25 cm of

the soil profile. Significant amounts of soil carbon

from crop residues may be stored in deeper soil layers

(Gerzabek et al. 2005). In crop rotation A in particular,

which includes legumes with a deep root system

(Hansson and Andrén 1987), considerable amounts of

carbon could have been translocated to deeper soil

layers. It is also likely that the fraction of carbon in

deeper layers could be higher in the N1 treated plots,

since lack of soil nitrogen may stimulate root growth

(Lawlor et al. 2001). Consequently, the difference

between total soil carbon input between N1 and N3

treatments may have been smaller than the calculated

value. There are also several sources of error in the

calculations of soil carbon input. Errors in the

estimations of ley carbon input due to lack of

measurements between harvest and end of the growing

period might have produced an incorrect relationship

between calculated biomass in crop rotations A and B

on the one hand and rotation C on the other hand. The

fact that we did not allow nitrogen fertilisation to affect

shoot/root ratio in the calculation of root biomass

might have caused incorrect estimations of relative

root biomass between the two nitrogen fertilisation

levels. Changes in ploughing depth or soil bulk density

over the experimental period might also have inter-

fered with the topsoil carbon measurements and

calculations. To better estimate the complete effects

of the different crop rotations on soil carbon, exper-

imental practices should include more frequent

measurements of soil carbon than was the case

between 1993 and 2005. Measurements from deeper

layers in the soil profile and measurements of above-

and below-ground plant tissues would also help make a

soil carbon content analysis that takes into account in

the whole soil profile.

The underestimation of soil carbon reduction by

the ICBM simulation might reflect errors and uncer-

tainties in the measurements of soil carbon over the

study period. Possible incorrect estimates of soil

carbon input, changes in ploughing depth and soil

bulk density would of course also have affected the

results of the model simulation. A few changes in soil

sampling practices could increase the possibility of

accurately predicting soil carbon in future model

applications. Such changes should include an exten-

sion of the period of measurement and changes in

crop and soil carbon measurements as discussed

above. Once calibrated against more detailed mea-

surements and against a longer experimental period,

comparisons of model predictability and environ-

mental differences between the sites could give more

information on how the model should be modified to

also take into account crop rotational effects on soil

carbon content. For such a model application, mea-

sured data on below-ground plant tissue would be

useful in order to determine an appropriate value for

the humification factor in the ICBM, which may

differ considerably among crops (Rasse et al. 2005)

and thus account for differences among crop

rotations.

Conclusions

The decline in topsoil carbon content at Säby was

relatively slower in plots subject to crop rotations

including a two-year ley in a six-year crop rotation

than in plots where no perennial crops had been

grown. Thus, perennial leys in crop rotations could, at

least under certain environmental conditions, be used

as a tool to reduce losses of carbon in the topsoil. The

positive effects of perennial mixed legume/grass leys

on winter wheat yield at one site suggest that the land

area needed to grow annual crops would decrease

with the inclusion of perennial leys, given a constant

demand for the annual crops over time. Together,

these results show that planning of crop rotations

could, in combination with other measures, be a

useful tool to mitigate emissions of carbon dioxide.

However, since no effect on soil carbon content could

be assessed at two sites out of three, it is difficult to

estimate how general the crop rotational effects are

over climate and soil conditions. Reasons for the lack

of effects might have been the rather short duration of

the study period and the low number of carbon

observations in the last years of the study period. The

experiments need to continue with annual measure-

ments of soil carbon content to satisfactorily quantify

the ability of two-year leys in six-year rotations to
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sequester carbon. Such changes in experimental

practices could also be useful in further applications

of the ICBM to predict crop rotational effects on soil

carbon.
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Hyvönen R, Ågren GI, Andrén O (1996) Modelling long-term

carbon and nitrogen dynamics in an arable soil receiving

organic matter. Ecol Appl 6:1345–1354

Jenkinson DS, Johnston AE (1977) Soil organic matter in the

Hoosfield continuous barley experiment. Report, Ro-

thamsted experimental station for 1976, Part 2, pp 87–101

Kätterer T, Andrén O (1999) Long-term agricultural field

experiments in Northern Europe: analysis of the influence

of management on soil carbon stocks using the ICBM

model. Agric Ecosyst Environ 72:165–179

Kirchmann H, Persson J, Carlgren K (1994) The Ultuna long-

term soil organic matter experiment, 1956–1991.

Department of Soil Sciences, Swedish University of

Agricultural Sciences, Uppsala

Lal R, Follett RF, Kimble JM, Cole CV (1999) Managing U.S.

cropland to sequester carbon in soil. J Soil Water Conserv

54:374–381

Lawlor DW, Lemaire G, Gastal F (2001) Nitrogen, plant

growth and crop yield. In: Morot J-F (ed) Plant nitrogen.

Springer-Verlag, Berlin, pp 343–367

Littell RC, Milliken GA, Stroup WW, Wolfinger RD (1996)

SAS1 system for mixed models. SAS Institute Inc., Cary

Paustian K, Collins HP, Paul EA (1997) Management controls

on soil carbon. In: Paul EA, Elliot ET, Paustian K, Cole

CV (eds) Soil organic matter in temperate agroecosys-

tems. Long-term experiments in North America. CRC

Press, Boca Raton, pp 15–49

Paustian K, Andrén O, Clarholm M, Hansson AC, Johansson

G, Lagerlof J, Lindberg T, Petterson R, Sohlenius B

(1990) Carbon and nitrogen budgets of four agro-

ecosystems with annual and perennial crops, with and

without N fertilization. J Appl Ecol 27:60–84

Persson J, Kirchmann H (1994) Carbon and nitrogen in arable

soils as affected by supply of N fertilizers and organic

manures. Agric Ecosyst Environ 51:249–255

Pettersson R (1989) Above-ground growth dynamics and net

production of spring barley in relation to nitrogen fertil-

ization. Swedish J Agric Res 19:135–145

Pettersson R, Hansson A, Andrén O, Steen E (1986) Above- and

below-ground production and nitrogen uptake in lucerne

(Medicago sativa). Swedish J Agric Res 16:167–177

Powlson DS, Smith P, Smith JU (1996) Evaluation of soil

organic matter models, NATO ASI Series. Springer,

Heidelberg

Rasse DP, Rumpel C, Dignac MF (2005) Is soil carbon mostly

root carbon? Mechanisms for a specific stabilisation. Plant

Soil 269:341–356

Singh BR, Borresen T, Uhlen G, Ekeberg E (1998) Long term

effects of crop rotation, cultivation practices, and fertil-

izers on carbon sequestration in soils of Norway. In:

Lal JM, Follett RF, Stewart BA (eds) Management of

carbon sequestration in soil. CRC Press Inc., Boca Raton,

pp 195–208

Sperow M, Eve M, Paustian K (2003) Potential soil C

sequestration on U.S. agricultural soils. Clim Change

57:319–339

Uhlen G, Kolnes AG, Thorbjornsen B (1994) Effects of long-

term crop rotations, fertilizer, farm manure and straw on soil

productivity. I. Experimental design and yields of grain, hay

and row crops. Norwegian J Agric Sci 8:243–258
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