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Preface

The Askov Long-Term Experiments on Animal Manure and Mineral Fertilizers were 
established in 1894 and are among the very few agricultural experiments worldwide that have 
been maintained for more than a century (Steiner & Herdt, 1995). Being the only field 
experiments that encompass replicated plots receiving graduated and equivalent inputs of N, 
P, and K in animal manure and mineral fertilizers (Edmeades, 2003), these experiments
represent a truly unique facility for comparative studies of the long-term effects of nutrient 
management on soil properties and plant nutrition. 

The significance of long-term agro-ecosystem experiments expands beyond national interests 
and such experiments should be considered as part of a global research facility (Rasmussen et 
al., 1998). The Askov experiments were included in the Soil Organic Matter Network 
(SOMNET) when this was established as an activity of the international Global Change and 
Terrestrial Ecosystems (GCTE) programme (Smith et al., 1996). Recently, the experiments
have been included in The Long-Term Soil Experiments Global Inventory, operated by Duke 
University (USA).

In this report we present basic soil and crop data from the Lermarken site of the Askov long-
term experiments. Crop yields have been recorded right from the start of the experiments in 
1894 while systematic soil sampling at 4 years intervals began in 1923. Since 1949, crop 
samples have regularly been analysed for content of the main plant nutrients, and occasionally 
also for micronutrients and heavy metals.

Long-term experiments inevitably call for lengthy sections on acknowledgements. The 
longevity of the experiments represents the most rewarding acknowledgement, and those who 
have contributed to their maintenance and topicality, e.g. by demonstrating their potential in 
research, are all to be gratefully acknowledged. For those of us who presently are trusted the 
legacy of the Askov long-term experiments, it remains a privilege and a commitment to 
maintain and develop the research potential of the experiments without compromising the 110 
years of treatment continuity.

Bent T. Christensen, Jens Petersen & Ulla M. Trentemøller
April 2006 
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Introduction

Government Advisor Fredrik Hansen initiated in 1894 a suite of field experiments on animal
manure and mineral fertilizers at Askov Experimental Station. The experiments were 
established to test the nutritive value to crops of farmyard manure and to compare the effect 
of the manure with that obtained after addition of similar amounts of N, P, and K in mineral
fertilizers. Unmanured plots were included to serve as reference treatments. The effect of 
individual nutrients was studied in separate plots dressed with N, P, and K containing salts 
added individually or in combinations of two or three. Together these experiments were later 
to be known as The Askov Long-Term Experiments on Animal Manure and Mineral 
Fertilizers.

In the early years, emphasis was on crop responses in terms of harvest yields and economic
returns, and on demonstrating to farmers and advisors the beneficial effects of nutrient 
management in crop production. At that time, a general change in agricultural production 
towards animal husbandry increased the volume of animal manure available on many farms
and an increasing number of pigs and cattle required a larger and more reliable production of 
forage and grain. From this development emerged a need to establish more precisely the value
of animal manure given to various crop rotations. At the same time, there was a growing 
interest in the use of mineral salts (“artificial manures”) as a source of plant nutrients. 
Scientists had already recognized the potential of mineral fertilizers but the use of mineral
fertilizers in crop production was insignificant and many practical issues remained unsolved. 
One major concern was the consequences for soil fertility when animal manures were 
completely substituted by inorganic salts. The traditional farmyard manure rich in bedding
material contributed to the maintenance of soil organic matter levels. Although it soon 
became clear that crops grew well following adequate and balanced additions of mineral
fertilizers, their longer-term effects on soil fertility remained of great concern. This concern 
widened the scope of the experiments, and since 1923 soil has been sampled systematically at 
4 to 5 years intervals and analysed for chemical properties, including total-C and total-N.
Systematic analyses of crops for nutrient content were not introduced until 1949. 

The celebration of 100 years of continuous research in Askov took place in September 1994. 
A report providing details on the layout of the experiments, on changes introduced into the 
experimental plan during 1894-1994, and including a selection of yield results, nutrient off-
takes by crops, and of previous publications was presented at the celebration event (Christen-
sen et al., 1994). The contributions to the 100th Anniversary Workshop were published 
subsequently along with workshop syntheses and recommendations (Christensen & Trente-
møller, 1995). Later, a collection of results related to soil organic matter and soil quality was 
included in a book chapter presenting some of the lessons learned from long-term
experiments at Askov and Rothamsted (Christensen & Johnston, 1997). 
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This report provides a description of the current experimental layout, including the 
adjustments introduced since 1994 and presents results on crop yields and soil analyses 
obtained during the past 110 years at the Lermarken site. It also includes a brief technical 
outline of the data storage system (Appendix C).

The adjustments of the experimental layout have been made in accordance with 
recommendations presented at the Anniversary Workshop. The two major changes concern 
the B4-field at the Lermarken site and the Sandmarken site. At the Lermarken site, the 
experimental plan of the B4-field was changed in 1996. One main objective was to allow for a 
comparison of equivalent amounts of nutrients given either in cattle slurry or in cattle 
farmyard manure plus liquid manure. The change in the experimental layout of the B4-field is 
presented in detail, but results obtained since the change in 1996 are not reported. In 1997, the 
Sandmarken site was converted into permanent grassland. The nutrient additions were 
stopped and the site was sown to grass in March 1997. The grass is cut once or twice each 
year, the cut grass being left on the plots. Soil samples are taken from each of the previous 
treatments every 4th year. However, this report does not include results obtained at the 
Sandmarken site. Readers are referred to the previous report by Christensen et al. (1994). 
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Experimental layout 

The Lermarken site
Askov Experimental Station is located in the South of Jutland (55°28’N, 09°07’E; elevation: 
63 meters above sea level). The station was established in 1885 as one of the two first 
agricultural experimental stations in Denmark and is now part of the Danish Institute of 
Agricultural Sciences (DIAS), a research institute under the Ministry of Food, Agriculture and 
Fisheries. Figure 1 presents the general climatic conditions, compiled from recordings at the 
Askov weather station. Mean annual precipitation and temperature is 862 mm and 7.7°C, 
respectively. The wet deposition of sulphate, nitrate and ammonium at Askov has been 
determined periodically since 1921 (Table 1). 

Table 1. Sulphate, nitrate and ammonium deposited in precipitation at Askov Experimental Station. 
Data extracted from Grundahl & Hansen (1990).

kg ha-1yr-1

Period
Precipitation

(mm yr-1) SO4-S NO3-N NH4-N
1921 - 1927 756 - 2.6 5.2
1955 - 1961 673 12.5 2.5 5.0
1970 - 1977 744 19.5 5.9 9.3
1987 - 1989 1033 12.7 6.4 9.7

The Lermarken experimental site is flat (gradient <2%) and well sheltered against the 
prevailing westerly winds by hedgerows and scattered woodlands. According to Nielsen & 
Møberg (1984), the geomorphology classifies as terminal morainal deposits from the 
Weichselian glacial stage, while Sundberg et al. (1999) ascribe the morainal deposits to the 
earlier Saalean glaciation. The textural composition is shown in Table 2. Soil colour varies 
from light brown to dark brown/dark grey. The upper soil layers qualify as coarse sandy loam,
while the soil below 40-50 cm is enriched in clay and classifies as a coarse sandy clay loam.
Under natural conditions, the subsoil is imperfectly drained, with occasional pseudo-gleyish 
characteristics. The soil acidifies with depth in the profile and is free of natural carbonates
(Table 3). The pH of the Ap horizon is kept at 5.5 to 6.5 by liming every 4 to 5 years. 

With reference to the USDA Soil Taxonomy, Nielsen & Møberg (1984) classifies the soil as a 
Typical Hapludalf, coarse loamy to fine loamy, mixed mesic, while Sundberg et al. (1999) 
range the soil as an Argiudoll. In the Danish texture classification the soil is a JB5. The 
dominating mineralogical constituents of the clay fraction are illite (40%), smectite (15-20%),
kaolinite (10-20%), quartz (10-15%), and vermiculite (5-10%) (Møberg & Nielsen, 1986). 
The silt size fraction is dominated by quartz (40-50%), Ca-Na and K-feldspars (40%), mica
(5-10%), and chlorite/kaolinite (5%). The sand-sized material is quartz (60-70%) and 
feldspars (30-40%). Table 3 presents some additional soil characteristics. The amount of plant 
available water in the rooting zone (0-100 cm) was estimated to 164 mm by Hansen (1976) 

9



and to 208 mm by Sundberg et al. (1999). The soil density is relatively high and increases 
down the profile. 

The Lermarken site was first brought into cultivation around year 1800. According to Land 
Register maps dated 1793, the site was at that time covered in open, mixed heath- and 
grassland with scattered deciduous scrubs. Most likely, the area was used for occasional
haymaking and light grazing. 

igure 1. Selected climatic characteristics at Askov Experimental Station (55°28’N; 09°07’E; 63 m
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Table 2. Textural composition for the Lermarken site (% of soil dry weight). Data from Nielsen & 

Fine sand Coarse sand 
Møberg (1984). 

Horizon
th Clay Silt

μm 20-50μm 5 100-200μm

Dep
(cm) < 2μm 2-20 0-100μm 200-2000μm

Ap 0-20 11 13 6 6 31 35
E 20-35 11 12 7 7 26 37
Bt1 35-60 21 13 6 10 20 31
Bt2 60-120 22 14 3 8 24 29
C 120- 22 15 5 10 18 31

Table 3. General soil properties of the Lermarken site. Data extracted from Hansen (1976), Nielsen & 

% Water-filled soil pore space 
Møberg (1984) and Sundberg et al. (1999).

Soil depth pH
(C )

%C
Base

sa n
Soil

density
pF 1.0 pF 2.0 pF 3.0 pF 4.2 

Plant
available

(cm) aCl2
turatio
(%) (g cm-3)

water
(mm)

0-20 5.6 1.3 70 1.50 40 32 25 10 50
20-50 5.7 0.8 55 1.55 40 31 21 10 60
50-100 4.0 0.2 30 1.60 38 30 27 18 80
100- 4.1 0.1 40 1.70 34 25 20 8 -

he experimental design
s of four fields (blocks), designated B2-, B3-, B4- and B5-field 

re

able 4 shows the size of plots embedded in the four fields. When the plots were established 

e net

f
f

T
The Lermarken site consist
(Figure 2). The B2-field has historically been divided into a West (B2w) and an East (B2e)
section. The B4- and B5-fields are situated next to each other, while the B2- and B3-fields a
placed a few hundred meters to the West of the B4- and B5-fields. Christensen et al. (1994) 
provide an account of the history of the experimental design, including historical changes in 
agronomy and treatments during the period 1894-1994. 

T
in 1893, the metric system was not yet in use, and plots were dimensioned in feet. The net 
plot is the area within the treated (gross) plot that is harvested experimentally for yield 
determinations and crop analyses. Most of the soil sampling has also occurred within th
plot. The net plot now accounts for about one-third of the treated plot, while the remaining
area serves as buffer strips that alleviate effects of tillage induced transfer of soil and 
substances across plot borders. No rigid statistically design applies to the distribution o
treatments in the fields. Not all treatments are present in all four fields, and the number o
replicates varies among fields (see Table 9). 
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B2w B2e

B3

B4
B5

N

Figure 2. The position of fields (shown by grids) on the Lermarken site. Since 1996 the plots in B4 
are separated by semi-permanent grass strips (see Figure 8). 

Table 4. Size of individual plots in the four fields on the Lermarken site. 

Treated plot Net plot since 1970*)

Field Dimension
(m)

Area
m2

Dimension
(m)

Area
m2

B2 (B2e, B2w)  7.33  9.40  69 5.00  4.83 24
B3 11.68  9.40 110 7.28  5.00 36
B4 11.68  9.40 110 7.28  5.00 36
B5 11.68  9.40 110 7.28  5.00 36
*) Net plots were larger before 1970 

The crop rotation 
The Lermarken site grows a classical four-course crop rotation of winter cereals, root crops, 
spring cereals and grass-clover mixture. Until 1906, one more field (B1) was included in the 
experiments, allowing a second year grass-clover crop to be a fifth crop in the rotation. Table 
5 presents the crops grown in the various periods. The winter cereal rye (Secale cereale L.) 
was replaced by wheat (Tritium aestivum L.) in 1932. During 1894-1922 and 1944-1947, 
plots with root crops were subdivided, allowing two root crops to be grown simultaneously on 
individual parts of the plot. During 1948-1991 turnips/swedes (Brassica napus L.) and 
mangolds/beet roots (Beta vulgaris L.) were grown on the entire plot in alternating rotations. 
During 1992-2004 beet roots have been grown in every rotation. From 2005, silage maize
(Zea maize) has replaced beet roots in the rotation. During 1894-1931 oats (Avena sativa L.) 
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was used as spring-sown cereal. This crop was replaced by spring barley (Hordeum vulgare
L.) in 1932. 

Table 5. Crops included in the four-course rotation on Lermarken during 1894-2004. The use of four 
fields (blocks) allows all rotation elements to be grown every year.

Rotation element Period Crop
Winter cereals 1894-1931 Rye

1932-2004 Wheat

Root crops 1894-1922 Mangolds and potatoes a)

1923-1943 Mangolds
1944-1947 Mangolds and turnips a)

1948-1991 Beet roots or turnips/swedes b)

1992-2004 Beet roots

Spring cereals 1894-1931 Oats
1932-2004 Barley

Grass-clover 1894-2004 Grass-clover mixture c)

a) Plots divided into two subplots growing both crops simultaneously.
b) Turnips/swedes grown in every second rotation 
c) The composition of the grass-clover mixture has changed through time (see also Table 6) 

The grass-clover mixture is established by under-sowing in the spring cereals. No cuts are 
taken in the year of establishment. A kidney vetch (Anthyllis vulneraria, L.) based mixture
was adopted in 1902-1905 and 1911-1914. During 1919-1922, an oats/common vetch (Vicia
sativa L.) mixture replaced the grass-clover. Except for these periods, the grass-clover was 
based on red clover (Trifolium pratense L.) until 1935. From 1936 to 1948, red clover and 
lucerne (Medicago sativa L.) were both used in the grass-clover mixture.

Table 6. The botanical composition of the clover/grass mixture and seeding rates used on Lermarken 
since 1949. 

Botanical component Latin name
Seeding rate 

(kg ha-1)
Lucerne (alfalfa) Medicago sativa L. 10
Alsike clover Trifolium hybridum L. 3
Birdsfoot trefoil Lotus corniculatus L. 3
Ryegrass Lolium perenne L. 5
Fescue Festuca pratensis Huds. 5
Timothy Phleum pretense L. 2
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The botanical composition and seeding rate of the grass-clover mixture adopted in 1949 
appears from Table 6. The mixture contains three leguminous plant species (lucerne, alsike 
clover and birdsfoot trefoil) and three grasses (ryegrass, fescue and timothy). Hay was 
produced until 1948 thereafter the grass-clover has been removed from the plots as green
forage.

Manure and fertilizer treatments 
Various levels (0, ½, 1, 1½, 2) of nitrogen, phosphorus and potassium applied in animal
manure (AM) and in mineral fertilizer (NPK) are tested in the experiment. Table 7 shows the 
amounts of nitrogen, phosphorus and potassium given in the 1 AM and the 1 NPK treatments
and the distribution of these nutrients between individual crops in the rotation. The rates and 
distribution of nutrients have been adjusted in 1907, 1923, 1949 and 1973, but within each 
period almost similar amounts of nitrogen, phosphorus and potassium have been applied to 
the rotation in corresponding AM and NPK treatments. The period 1949-1972 deviates from
this pattern in that cereals grown in the AM treatments were being amended with N in 
calcium nitrate. 

Until 1973, the distribution of the animal manure between crops differed from that of mineral
fertilizers. During 1894-1906 all crops received equal amounts of N, P and K in mineral
fertilizers, while animal manure was applied with 2/5 to winter rye and 3/5 to root crops. In 
the following period (1907-1922), all crops received equal amounts of P and K in mineral
fertilizer while the distribution of N favoured root crops. Animal manure was given only to 
root crops and spring-sown oats. From 1923, addition of mineral fertilizer N to the grass-
clover crop ceased, while P was added until 1949 and K until 1973. Since then mineral
fertilizers have not been applied to the grass-clover crop. 

The rates of nitrogen, phosphorus and potassium given in AM were raised in 1923 when 
farmyard manure was supplemented with liquid manure. To maintain comparability between 
rotations given animal manure and mineral fertilizers, the NPK treatments were adjusted
according to the rates given in AM. For NPK the rates and the distribution pattern 
implemented in 1923 were maintained until 1972, while for the AM, all animal manure was 
given to the root crops and the cereals received N in mineral fertilizer during 1949-1972. 
Since 1973, the rates of nitrogen, phosphorus and potassium and their distribution between 
the crops in the rotation have been similar for corresponding AM and NPK treatments.

Table 8 presents the average annual amounts of animal manure given to the 1 AM treatment
during each period. Farmyard manure (FYM) was used in the AM treatments during 1894-
1972. During 1923-1972, the FYM additions were supplemented with liquid manure (LM). In 
1973, the FYM + LM was replaced by cattle slurry (SLU), and this source of AM has been 
used since then. On average, 60% of the total-N in the SLU is on ammoniacal form.

14



Table 7. Amounts (kg ha-1) of nitrogen, phosphorus and potassium added in 1 NPK (mineral fertilizer)
and 1 AM (animal manure). Dressings and distributions were adjusted in 1907, 1923, 1949 and 1973.

1 AM 1 NPK 
Period Rotation element

Total-N P K N P K

1894-1906a) Rye 81.0 25.2 58.3 38.8 12.4 28.1
Root crop 121.5 37.7 87.4 38.8 12.4 28.1
Oats 0 0 0 38.8 12.4 28.1
1st year grass-clover 0 0 0 38.8 12.4 28.1
2nd year grass-clover 0 0 0 38.8 12.4 28.1

Annual mean 40.5 12.6 29.1 38.8 12.4 28.1

1907-1922a) Rye 0 0 0 37.2 13.3 31.9
Root crop 126.9 37.7 98.6 67.6 13.3 31.9
Oats 42.3 12.6 32.9 40.6 13.3 31.9
Grass-clover 0 0 0 20.4 13.3 31.9

Annual mean 42.3 12.6 32.9 41.4 13.3 31.9

1923-1948b) Winter cereals 0 0 0 68.2 14.4 57.4
Root crops 213.2 42.2 207.3 160.3 25.3 108.1
Spring cereals 74.0 21.6 52.6 50.2 14.5 57.8
Grass-clover 0 0 0 0 14.5 57.8

Annual mean 71.8 15.9 65.0 69.7 17.0 69.8

1949-1972b) Winter wheat 60.0 c) 0 0 70.0 16.0 66.0
Root crops 280.0 76.9 231.4 160.0 38.0 100.0
Spring barley 30.0 c) 0 0 50.0 16.0 33.0
Grass-clover 0 0 0 0 0 66.0

Annual mean 92.5 19.2 57.9 70.0 17.5 66.3

1973-2004d) e) Winter wheat 95.8 19.7 91.7 100.0 19.0 87.6
Root crops 211.3 44.9 201.3 225.0 44.2 195.6
Spring barley 72.2 14.5 65.3 75.0 14.2 64.5
Grass-clover 0 0 0 0 0 0

Annual mean 95.0 19.7 89.6 100.0 19.3 86.9
a) Animal manure was farmyard manure (FYM)
b) Animal manure was FYM supplemented with liquid manure (LM) to root crops
c) Nitrogen to cereals given in calcium nitrate 
d) Since 1973 animal manure is given in cattle slurry (SLU) having 60% of the total-N in ammoniacal

form
e) See separate section Changes implemented in the B4-field in 1996
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Table 8. The wet weight of animal manure applied in 1 AM. Annual mean of periods. 

Farmyard manure 
(FYM)

Liquid manure
(LM)

Cattle slurry
(SLU)Period

kg wet weight ha-1 yr-1

1894-1906 9000
1907-1922 9000
1923-1948 10000 4000
1949-1972 10000 4000
1973-2004 25000

Before 1923, mineral fertilizer K was added in kainite (c. 9% K) or similar low K containing 
fertilizer. Since then potassium chloride (KCl) has been used. During the whole period 
mineral fertilizer P has been super-phosphate (Ca(H2PO4)2 + 2CaSO4; c. 8% P and 12% S). 
From 1894-1939, fertilizer N was applied in Chilean nitrate (NaNO3, c. 16% N). Calcium
nitrate (Ca(NO3)2; c. 16% N) was adopted subsequently (1940-1972) followed by calcium
ammonium nitrate (NH4NO3 + CaCO3; c. 26% N) in 1973. 

During 1973-1988 the cattle slurry was surface applied and the soil ploughed in the autumn
before sowing of winter wheat. Since 1989 cattle slurry has been applied in the spring by 
surface application in the growing winter wheat. For root crops and spring-sown cereals, the
time of application and incorporation of cattle slurry was changed in 1989 from late autumn
(November/December) to early spring (February/March).

The current treatments at the Lermarken site are listed in Table 9. Sixteen different treatments
are represented. Of these, nine date back to 1894 (1893 for unmanured) and five were 
established in 1923. Treatments and replicates established after 1894 have replaced previous 
treatments (see section on historical changes in treatments, Christensen et al., 1994). Table 9 
also shows that the number of replicate plots varies for treatments and fields. The B2-field 
includes the largest number of treatments and replicates. This field has historically been 
divided into an East and a West section (B2e and B2w). The historical changes in treatments
and replicates in this field are somewhat complicated (Christensen et al., 1994). 

There appears to be no systematic distribution of the treatments and replicates within each 
field. However, one set of 1 N, 1 P and 1 K treatments, together with one replicate of the 
unmanured (0) and 1 NPK treatments, can be found adjacent to each other in all fields,
generally as a row arrangement with the same plot sequence. The position of the various 
treatments in each fields are shown in Figures 3, 4, 5 and 6. 
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Table 9. The current treatments and the number of replicates in each field (see Table 10 for the B4-
field).

FieldCode in 
field plan 

Treatment and 
year of establishment B2e B2w B3 B4*) B5

All
fields

a 0 (Unmanured) 1893 4 4 5 3 5 21
b ½ AM 1894 2 4 2 3 11
c 1 AM 1894 6 4 5 2 4 21
d 1½ AM 1894 5 4 3 2 3 17
s 2 AM 1923 3 3
p ½ NPK 1923 5 4 2 4 15
k 1 NPK 1894 5 4 4 3 4 20
r 1½ NPK 1923 5 3 3 2 13
u 2 NPK 1923 4 4
r1 1½ N + 3 PK 1923 3 1 4
l 1 NP 1894 2 2 2 2 2 10
f 1 NK 1935 2 3 3 2 10
e 1 PK 1935 1 4 3 2 3 13
m 1 N 1894 1 1 1 1 4
n 1 P 1894 1 1 1 1 4
o 1 K 1894 1 1 1 1 4

In total 48 28 35 28 25 174
*) See separate section Changes implemented in the B4-field in 1996
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Figure 4. The distribution of treatment replicates in the B3-field. Plot numbers are given below the 
treatment code (see Table 9 for legend). 
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Figure 5. The distribution of treatment replicates in the B4-field until 1996 (see section on Changes 
implemented in the B4-field in 1996). Plot numbers are given below the treatment code (see Table 9 
for legend). 
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Figure 6. The distribution of treatment replicates in the B5-field. Plot numbers are given below the 
treatment code (see Table 9 for legend). 

Changes implemented in the B4-field in 1996 
Following up on recommendations from the 100th Anniversary Workshop (Christensen & 
Trentemøller, 1995), the experimental layout of the B4-field was changed in 1996. The 
changes in the treatments are summarized in Table 10, and the position of the plots is shown
in Figure 7. Inspired by the growing interest in society for organic farming, one main
objective for adjusting the experimental layout was to allow for a comparison of the effects of 
using animal slurry (SLU) as a source of nutrients with the effects of using solid farmyard 
manure (FYM) supplemented with liquid manure (LM). The ½, 1 and 1½ AM plots, which 
had been subject to SLU dressings since 1973 and the unmanured (0) plots, were kept and 
ensured treatment continuity in the B4-field. The mineral fertilizer treatments (½, 1, 1½ NPK) 
were terminated and replaced by treatments receiving corresponding amounts of nutrients in 
FYM + LM. In accordance with the historical terminology of the experiments, these
treatments were termed ½, 1 and 1½ FYM. A treatment receiving 2 FYM was introduced in 
the former 1 N and 1 K plots to extend the nutrient response curve.
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Table 10. The experimental plan implemented in the B4-field in 1996.

Previous (pre-1996) experimental plan 1)

Code in 
field plan 

Treatment Number of
replicates

a 0 (Unmanured) 3
b ½   AM2) 2
c 1    AM 2
d 1½ AM 2

p ½   NPK3) 2
k 1    NPK 3
r 1½ NPK 3

o 1    K 
m 1    N 

1
1 }

f 1    NK 3

l 1    NP 
n 1    P 

2
1 }

e 1    PK 
r1 1½ N + 3 PK 

2
1 }

Experimental plan introduced in 1996 

Code in 
field plan

Treatment Number of
replicates

a 0 (Unmanured) 3
b ½   SLU4) 2
c 1    SLU 2
d 1½ SLU 2

v ½   FYM5) 2
x 1    FYM 3
y 1½ FYM 3

z 2    FYM 2

n2 1    P6) 3

o2 1    K7) 3

a2 0 3

1) The last addition of nutrients according to this experimental plan occurred spring 1995 
2) AM = animal manure (cattle slurry (SLU) during 1973-1995)
3) NPK = mineral fertilizer in which N is calcium-ammonium nitrate, P is super-phosphate, and K is 

potassium-chloride
4) SLU = cattle slurry
5) FYM = farmyard manure supplemented with liquid manure, both originating from cattle farms 
6) P = soft rock phosphate
7) K = kainite

The previous 1 NK treatment was replaced by a new treatment in which 1 P is applied in soft 
rock phosphate. This P source is manufactured by grinding soft phosphate-ore and contains 
mainly tri-calcium-phosphate and calcium carbonate. The acid-soluble P content is ca. 11% 
w/w. While mineral fertilizer P is added in super-phosphate and thus contains sulphur, rock 
phosphate is devoid of sulphur. The plots previously treated with either 1 NP or 1 P were 
replaced by plots receiving 1 K in kainite. Kainite is derived from mined potassium-salts and
contains about 9% water-soluble K and 3% water-soluble Mg (w/w). Finally, the 1 PK and 
1½ N + 3 PK treatments were transformed into unmanured (0) plots. The main objective of 
these changes was to revert the effects of the previous treatments. This would allow for 
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studies on changes in soil and crop parameters that occur when soils rich in P or K are subject 
to gradual depletion, and when soils severely depleted in P or K are subject to fresh additions 
of these elements.
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Figure 7. The distribution of plots in the B4-field following the change in treatments implemented in 
1996. See Table 10 for explanation of treatment codes. Previous (pre-1996) treatments are indicated in 
the shaded area below the plot number.

The crops included in the rotation in the B4-field have remained the same. All nutrient
dressings in SLU and FYM are applied in the spring. For spring-sown crops, slurry and solid 
farmyard manure is incorporated before seedbed preparation. For the autumn-sown winter 
wheat, the SLU and the LM of the FYM treatments are surface-applied in the spring beneath 
the growing crop. The total amounts of nutrients applied to the rotation remain as before the 
changes were introduced, but the distribution of nutrients between individual crops in the 
rotation has been changed. The amount of N given to the root crop has been reduced whereas
that given to spring- and autumn-sown cereals has been increased. The grass-clover crop 
continues not to receive nutrient additions directly. Table 11 shows the amounts and the 
distribution of nutrients applied in the 1 SLU and the 1 FYM treatments of the B4-field.
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Table 11. The distribution of the amount (kg ha-1) of nitrogen (N), phosphorus (P) and potassium (K)
in the crop rotation for the 1 SLU and 1 FYM treatments introduced in the B4-field in 1996. 

Treatment Rotation element Total-N P K Manure type
1 SLU Winter cereals 150 30 119 Slurry

Root crops 150 30 119 Slurry
Spring cereals 100 20 79 Slurry
Grass-clover 0 0 0
Annual means 100 20 80

1 FYM Winter cereals 150 7 160 Liquid manure
Root crops 150 44 95 Solid manure
Spring cereals 100 29 62 Solid manure
Grass-clover 0 0 0
Annual means 100 20 80

To reduce the effect of tillage-mediated transfer of soil and substances across plot borders, the 
feasibility of semi-permanent grass strips between plots is now being tested in the B4-field. 
The grass strips are established in the autumn following the drilling of winter wheat. The 
tillage applied after harvest of winter-cereals is confined to the central part of the plots, 
leaving 1.7 m (East-West) and 1.9 m (North-South) wide grass strips (Figure 8). The strips are 
maintained during the next crops of the rotation, and finally ploughed under along with the 
grass-clover when this crop is terminated in the early autumn before establishing the winter 
wheat of the next rotation. Tillage associated with the spring-sown cereals and root crops is 
designed to leave the grass strips intact.

1.90 m

1.68 m 7.50 m

PLOT 10.00 m

GRASS STRIP

1.90 m

1.68 m 7.50 m

PLOT 10.00 m

GRASS STRIP

igure 8. Outline of a single plot showing the position and dimension of grass strips introduced in the F
B4-field in 1996.
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General field management
ts and operations, weed control and crop protection measures

ll tillage operations are parallel to plot borders. In the B2, B4 and B5-fields, the direction of 

d in

wo passes of a light harrow with S-shaped spring suspended tines is used for preparing the 

ollowing harvest of crops, the field (and stubble) is left unexposed to tillage operations until 

erbicides are applied to kill weeds in winter wheat and root crops. Manual weeding occurs

ineral fertilizers are applied in spring using an experimental plot drill. Slurry is applied 
e

Tillage and drilling implemen
against fungi and insects, choice of crop cultivars and liming practice follow the general 
trends in agriculture. This means that the agronomy of the long-term experiment has been
adjusted to mainstream Danish agriculture, avoiding experimentation with cultivars, tillage
and drilling systems and crop protection strategies. Only scientifically well-documented crop
production management has been implemented in the experiments and only after a particular 
agronomic practice has been thoroughly tested and adopted in general agriculture. Therefore 
the history of field operations in the experiments reflects the development in agriculture and 
accordingly field operations have experienced a continuous change in time. This section is, 
however, limited to a brief outline of the present 2004 field operations.

A
ploughing alternates North-South and South-North, starting on the East or on the West side of 
a field, respectively. A similar system is followed in the B3-field but with the ploughing 
direction alternating between East-West and West-East. Ploughing is carried out with a 
standard, tractor pulled mouldboard plough in February/March for spring-sown crops, an
September for autumn sown crops. Ploughing depth is 16-18 cm, the furrow width being 40 
cm.

T
seedbed of spring-sown crops. One pass is East-West, the other being North-South. Drilling 
of cereals and grass-clover is accomplished with a traditional seed drill with 12.5 cm inter-
row distance. The root crops are sown in surplus at 50 cm inter-row distance and thinned
manually upon emergence.

F
ploughing. The grass-clover stubble left after the second cut is allowed a short re-growth 
period before being sprayed with a full spectra herbicide (glyphosate). After the herbicide
effect has been achieved, the field is ploughed, rolled and the seedbed prepared for winter 
wheat.

H
at the time of thinning in root crops. Additional mechanical hoe weeding is carried out before
row canopy closure of the root crops. Fungicides and insecticides are used at recommended
rates when observations in the field indicate that significant attacks can be expected. 

M
manually with a tractor-driven pump and a hand-held surface spreader. Slurry dressings ar
given to winter cereals by surface spreading onto the crops in early spring. For spring-sown
crops, slurry is applied in February/March also by surface spreading, the soil being ploughed
immediately after to eliminate ammonia volatilization. For the B4-field, liquid manure (in the
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FYM treatments) is applied with the same equipment as slurry. Solid manure is spread 
manually in the plot surface and incorporated immediately after by ploughing.

The fields are limed every fifth year with Mg-enriched lime at a rate of 3 to 5 t ha-1. The aim

nly net plots are used for experimental harvest (see Table 4). Root crops are harvested by 

hanges in field management and experimental plan 2004-2006 

mospheric deposition of sulphur has decreased substantially in recent decades. In the 

96).

ver crops 

005
5, silage maize has replaced beets in the crop rotation. This change occurs in response 

a

006
6, the traditional secondary tillage for seed-bed preparation in autumn and spring-sown 

ass.

lso in 2006, the super-phosphate component (8% P, 12% S) of the P, PK, NP and NPK 

is to maintain pH(CaCl2) between 5.5 and 6.5 in the plough layer.

O
hand pulling the plants from the soil and subsequently separated into roots and tops. After 
retrieval from the plots, roots are washed free of soil. The grass-clover crop is cut twice, the
first cut in June and last in late August or early September depending on crop development.
The grass-clover is harvested with a plot forage harvester. Grain crops are harvested with an
experimental plot combiner allowing yields of grain and straw to be determined separately. 

C
2004
The at
1970ies, the Lermarken site received 19.5 kg S ha-1 in wet deposition. Today, the annual 
deposition of sulphur appears to have dropped below 10 kg S ha-1 (Hovmand & Kemp, 19
To compensate for the reduced sulphur input from the atmosphere, the Lermarken site has 
since 2004 been fertilized with 20 kg S ha-1 yr-1. The sulphur is applied by spraying 
elementary sulfur (80% S) early in the spring onto the winter cereal and the grass-clo
and onto the soil surface before ploughing for spring cereals and root crops.

2
In 200
to the general development in agriculture in which maize has almost completely replaced
beets as winter forage for housed cattle. The silage maize is established in early May with
row spacing of 75 cm and with a crop density of approx. 100.000 plants ha-1. The maize is 
whole crop harvested in early to mid-October, when the crop becomes senescent due to 
adverse climatic conditions, primarily due to night frosts. 

2
In 200
cereals is changed from two passes of a harrow mounted with S-shaped spring tines to one 
pass of a combined rotary cultivator/drill implement. With this implement the seed-bed
preparation is accomplished by horizontally rotating tines, followed by a light roller and
finally the drilling implement. Thus seedbed preparation and drilling occurs in the same p

A
treatments is replaced by triple-super-phosphate (20% P, ~1% S). 
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Following the introduction of silage maize in the crop rotation in 2005, the distribution of 
nutrients between the crops in the rotation is adjusted. The rates given to maize are reduced 
and the rates to cereals increased. Thus in 2006, the distribution already implemented for the 
SLU treatments in the B4-field in 1996 (Table 11) will be applied to the B2, B3 and B5-
fields. Table 12 outlines the distribution of nitrogen, phosphorus and potassium effective from
2006.

Table 12. Amounts (kg ha-1) of nitrogen (total-N), phosphorus (P) and potassium (K) added in 1 AM 
(animal manure) and 1 NPK (mineral fertilizer) from 2006 in the B2-, B3- and B5-field and in the 
SLU treatments of the B4-field (see Table 11 for FYM treatments in the B4-field). 

1 AM 1 NPK 

Rotation element Total-N P K N P K

Winter wheat 150 30 120 150 30 120
Silage maize 150 30 120 150 30 120
Spring barley 100 20 80 100 20 80
Grass-clover 0 0 0 0 0 0
Annual mean 100 20 80 100 20 80

Sampling and data analyses 
Until 1989 the recorded data of soil analysis (every fourth year) and crop yields (annually)
represents the treatments by each field, but from the rotation starting in 1989 the recordings 
are stored by each plot. Thus, from 1989 it is possible to apply detailed analysis of variance. 
In contrast to Christensen et al. (1994) calculation of standard error of mean is applied for all 
data presented in this report. In some occasions statistical analysis such as procedure GLM 
and NLIN are applied for estimation of certain parameters.

Each year, finely ground crop samples from the plots of each treatment and field are pooled in 
proportion to the yields in the plots (Pooled sample I). These samples represent a given 
treatment in a given field and are stored at Askov Experimental Station. At the end of a four 
year crop rotation sub-samples of the four Pooled sample I are pooled by treatment and crop 
in proportion to the annual yields (Pooled sample II). These samples are analysed for 
nitrogen, phosphorus and potassium. Occasionally other elements have also been analysed
for. The remaining material is stored at Askov Experimental Station. The sampling and 
analyses strategy is outlined in Table 13. Nutrient balances can be calculated on rotation 
basis, but without replicates. As the Pooled sample I is kept in stock, a more detailed analysis 
is possible when financial support can be provided. Soil samples are retrieved from each
individual plot every forth year and analysed by standard methods.

Data is stored electronically both at Askov Experimental Station and at Department of 
Agroecology, Research Centre Foulum. A brief technical description of data organization and 
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storage is given in the Appendix C and D. The SAS package (SAS Institute, Cary, NC, USA) 
was used for collation and statistical analysis of data presented in this report. 

Table 13. Sampling strategy and data representation of soil and crop. 
Sampling Recordings represent

Every year Every 4th year Plot Treatment Rotation by
treatment
and crop 

Soil analysis Until 1988 a)

From 1989
Crop yield Until 1988 b)

From 1989
Crop analysis Throughout Pooled sample I Pooled sample II
a) by field 
b) by crop and year
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Presentation of results 

Crop yields have been recorded right from the start of the experiments in 1894, while crop 
analyses for nitrogen, phosphorus and potassium contents have been carried out on a regular 
basis since 1949. Before that occasional determinations were made for selected nutrients in 
the harvested crop components. Following 1949, a wider selection of elements has been 
determined in some years. Here we report a selection of crop yields for the entire 
experimental period 1894-2004. Although annual crop yields are recorded separately for each 
treatment in each field, the yields for individual crops are presented in this report as rotational
means. Thus crop yields are averaged over four year periods, whereby annual variations in 
growth conditions and variations in soil properties of individual fields are levelled out. 
Fluctuations in yields due to extreme weather conditions are considerably reduced and the 
presentation of yield trends over the experimental period becomes less complex.

Crop yields for the periods 1973-2004 and 1989-2004 have been subject to further analyses. 
During 1973-2004, the amounts of nitrogen, phosphorus and potassium, and the distribution 
of these nutrients between the crops in the rotation, have been the same for corresponding AM 
and NPK treatments, and the AM treatments received cattle slurry throughout this period (see 
Table 7). A comparison between the effects on crop yields of nutrients added in animal
manure and mineral fertilizers is thereby greatly facilitated.

Before 1989, the addition of cattle slurry to winter wheat took place in the early autumn
before crop planting, and additions of slurry to spring sown crops (spring cereals and root 
crops) occurred in the late autumn before ploughing. In contrast, applications of mineral
fertilizer were in the spring. The pre-1989 strategy for slurry application left a considerable 
potential for loss of nitrogen by nitrate leaching from the AM treatments during the winter 
period. This strategy was abandoned in 1989, with the slurry now being applied in the spring. 
To examine the effect of this change in application strategy, the crop yields for the period 
1989-2004 have been subject to separate and more detailed analyses. This analysis is based on 
recorded crop yields for each treatment replicate and includes crop off-takes of nitrogen.

Systematic sampling of soil at 4 years intervals was initiated in 1923. Before then samples 
were taken occasionally from selected plots, and results of soil chemical analyses can be
traced back to 1912. This report presents a selection of soil chemical parameters (carbon, 
nitrogen, extractable phosphorus and potassium) covering the period 1923-2004. Soils 
sampled from each treatment replicate during 1988-2004 have been analysed separately, 
allowing a statistically more pertinent presentation of soil parameters for this period. Mean 
values and associated standard errors for the various chemical parameters of soil from the last
five soil samplings are tabulated in the Appendix A. 

During the past 110 years, a vast amount of results have been extracted from the Askov long-
term experiments. Part of the results are derived from the basic measurements on crop 
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components and on soils from the regular sampling of the experimental plots that takes place 
every four years. Other results are generated by specific research projects that have been 
embedded in the long-term experiments. This chapter presents a selection of results from the 
basic measurements. Results obtained in specific research activities are usually published as 
individual reports, e.g. as papers in scientific journals. The list of publications appended this 
report serves to illustrate the research activity associated with the experiments (Appendix E). 

Soil chemical properties 
Carbon and nitrogen 
Figure 9 and Figure 10 show the carbon content in mg C (g soil)-1 in the plough layer of the 
B3- and B5-fields, respectively, during 1923-2004. The corresponding contents of nitrogen 
(mg N g-1 soil) are shown in Figure 11 and Figure 12. In the B3-field, soil samples are
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Figure 9. Carbon concentration in soil (0-20 cm) from animal manure and mineral fertilizer treatments 
of the B3-field. 
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igure 10. Carbon concentration in soil (0-20 cm) from animal manure and mineral fertilizer 

trieved in the autumn following the root crop, while sampling in the B5-field occurs in the 
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F
treatments of the B5-field. 

re
grass-clover sward following harvest of the spring sown cereal crop. In both fields, the 
contents of C and N show a steady decrease during this period, and the rates of decrease
almost similar regardless of treatment. The decline in soil C was estimated to be 0.042 mg C
(g soil)-1 yr-1 (s.e. 0.0030) for the B3-field. A slightly smaller loss rate was observed for the 
fields B2e, B4 and B5 (0.031 mg C (g soil)-1 yr-1, s.e. 0.0021), corresponding to an annual lo
of 65 kg C ha-1. The decline in soil C in the B2w-field was almost double that observed for 
the B2e-field. For soil N, the annual average decrease across all fields and treatments was 
0.0017 mg N (g soil)-1 (s.e. 0.00011). For the period 1973-2000, Petersen & Djurhuus (200
estimated an annual loss of 0.0068 mg N (g soil)-1 for the NPK treatments. The increased 
losses of soil N from unmanured and mineral fertilized treatments during the later periods
the Askov experiments (Figure 11 and Figure 12) remain unexplained and await a more
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The continuous decline in soil organic matter in all fields and treatments may be ascribed to a 
ontinuing decline in the pool of native soil organic matter, derived from the vegetation that 

re
s

c
preceded cultivation of the fields. Differences between treatments may already have been 
established by 1923 and those differences have hardly changed since then, suggesting that the
equilibrium between build-up and decomposition of the soil organic matter pool in each 
treatment was reached within the 30 years that preceded the first regular sampling of soil in 
1923. Differences between contents of carbon and nitrogen in soil receiving animal manu
are related to the amount of manure added. In soil receiving mineral fertilizers, different rate
of NPK are not reflected in the content of carbon and nitrogen in the plough layer. However,
unmanured soils and soils receiving unbalanced inputs of nutrients (treatments N, P, K, NK, 
NP, PK) show reduced contents of soil carbon and nitrogen.

Figure 11. Nitrogen concentration in soil (0-20 cm) from animal manure and mineral fertilizer 
treatments of the B3-field. 
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Figure 12. Nitrogen concentration in soil (0-20 cm) from animal manure and mineral fertilizer 
treatments of the B5-field. 

carbon and nitrogen contents (means and s.e) in the plough layer of 
ll treatments in all fields for the period 1988 to 2004 is given in Appendix A (Tables A1 to 

vailable phosphorus and potassium
igures 13 and 14 show the development in the Ft-index in soil from the B2e-field during 

t-available soil phosphorus based upon

K),

A detailed account of soil
a
A10).

Plant a
F
1923-2004. The Ft-index is a measure of plan
extraction of soil with 0.2 N sulphuric-acid, with one Ft-index unit corresponding to 3 mg 
extractable P (100 g soil)-1. All treatments, including no-P treatments (unmanured, N,
show an increase in Ft-index from 1939 and onwards. Until 1939, the unmanured treatment
showed a very low Ft-index while the other treatments showed rather constant Ft-indices 
reflecting the input of P in the treatments. The subsequent increase in Ft-index suggests that 
tillage mediated transport of soil across plot borders becomes significant. It has been 
documented that exchange of soil between plots by soil tillage across plot borders occurs in 
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long-term field experiments (e.g. Kofoed, 1960; Lindhard, 1976; Sibbesen, 1986; Chr
& Trentemøller, 1995). One reason for an increased transfer rate of soil between differently 
treated plot is most probably the replacement of horse-pulled plough with tractor-pulled 
ploughs and other field implements. The travelling speed across the field and the efficiency o
soil working was thereby increased. Soil movement between plots also means that the 
increase in Ft-index for treatments receiving P in mineral fertilizers or animal manure would 
have been higher if the P enriched soil in the plots given P had not been diluted with P 
depleted soil from the no-P plots. It is noted (Table 4) that the size of plots in the B2-field is 
smaller (69 m

istensen

f

f P

(means and s.e.) for soil sampled during 
988-2004 from all treatments in all fields. Historically, the Ft-index was the recommended 

been measured by the Kt-index. This index is obtained by 
xtracting the soil in 0.5 N ammonium-acetate, and one unit corresponds to 1 mg K (100 g 

r
e

s

2) than in the other Lermarken fields (110 m2), and that the addition rate o
has increased during the experimental period (Table 7). The amount of P added in 1 AM and
1 NPK (annual mean of rotation) was c. 13 kg P ha-1 during 1894-1922, 16-17 kg P ha-1

during 1923-1948, and 18-20 kg P ha-1 since 1949. 

Tables A11 to A15 in Appendix A present Ft values
1
chemical analysis for testing the level of plant available P in the soil and formed basis for the 
recommendations regarding the need for addition of P in mineral fertilizers. The Ft-index has
now been replaced by the Pt-index that corresponds to the Olsen-P index. The Pt-index was 
introduced in the Askov experiments in 1988 and reflects the amount of P extractable from
soil in 0.5 N sodium bi-carbonate. One Pt unit is 1 mg P (100 g soil)-1. The Pt values (means
and s.e.) for soil sampled during 1988-2004 from all treatments in all fields are presented in
Appendix A (Tables A16 to A20). 

The potassium status of the soil has
e
soil)-1. Figures 15 and 16 show the development in the Kt-index in soil from the B2e-field 
during 1923-2004. The Kt values of no-K treatments (unmanured, N, P, NP) are very simila
and are generally in the range 2 to 4 mg K (100 g soil)-1. Soils receiving K in animal manur
or mineral fertilizers show higher values, the values typically reflecting the level of K input in
the treatment. The Kt values for 1988-2004 are tabulated for each field in Appendix A (Table
A21-A25).
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igure 13. Ft-index (0.2 N sulphuric acid soluble phosphorus) in soil (0-20 cm) from the animal 
1949

ndex (0.2 N sulphuric acid soluble phosphorus) in soil (0-20 cm) from the single-
utrient mineral fertilizer treatments of the B2e-field. The rate of P addition was increased in 1949 

(see Table 7).
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Figure 15. Kt-index (ammonium acetate soluble potassium) in soil (0-20 cm) from the animal
ineral fertilizer treatments of the B2e-field. 
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Figure 16. Kt-index (ammonium acetate soluble potassium) in the topsoil (0-20 cm) from the single-
nutrient mineral fertilizer treatments of the B2e-field. 
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Crop yields 
Crop yields for increasing rates of animal manure and mineral fertilizer are given for the 
entire period, 1894-2004. The annual yields for each crop are averaged for each rotation.

For the period 1973-2004, yield data allow for more detailed thematic analyses because the 
distribution of nutrients applied in mineral fertilizer and in animal manure between crops in 
the rotation has been the same, the crops in the rotations have remained unchanged, and 
animal manure has been added in cattle slurry during this period. 

The first theme examines the effect of changing the application time of the cattle slurry. Until 
1988, cattle slurry given to winter wheat was surface applied in the early autumn and 
incorporated into the soil by ploughing before seed drilling. For spring sown crops (barley 
and root crops) slurry was applied in late autumn before winter ploughing. This practice was 
changed in 1989. Cattle slurry was now applied to the autumn sown crops in the following 
spring, the slurry being surface spread onto the soil. Slurry to spring sown crops was applied 
in February/March and then ploughed under immediately after. This change in application 
times was implemented to enhance the effect of nitrogen in slurry. To visualize the effect of 
this change in slurry application times, crop yields obtained during 1989-1993 are subject to a 
separate analysis. 

The second theme addresses the effect of balanced application of individual nutrients by 
focusing on single and multiple nutrient treatments. The third theme is the interaction between
the source of nutrients and their application rate using yield results from the B2e, which 
includes the treatments 2 AM and 2 NPK. The second and third theme is explored using data 
of the period 1989-2004 for which crop yields have been recorded separately for each 
treatment replicate.

The period 1894-2004 
Winter cereals
Grain yields in the unmanured treatment have remained around 1.5 t ha-1 during 1894-1989 
(Figure 17) followed by an increase. The straw yields have been around 2 t ha-1 and tend to 
decrease during the period (Figure 18). Addition of mineral fertilizer caused straw yields to be 
significantly higher than yields from animal manured treatments, even during 1949-1972 when 
animal manure treatments were supplemented with N in mineral fertilizer. It is recalled that 
autumn sown cereals did not receive animal manure dressings during 1907-1972 and that a 
supplementary addition of 60 kg N ha-1 in calcium nitrate was adopted in the 1 AM treatment
during 1949-1972. The yields obtained during 1973-1988 in the AM treatments were clearly less
than the preceding period despite application of a nearly similar amount of mineral N in the
cattle slurry. Traditionally, farmyard manure was applied in the autumn and ploughed into the 
soil before sowing of winter cereals. This practice was adopted also for cattle slurry when this 
manure type was introduced in 1973. This appeared to be a very poor practice with respect to 
crop production and environment due to leaching of nitrogen during the autumn and winter
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 1989 the slurry was applied in early spring, improving the yields significantly
ied
en

pplied in cattle slurry is accountable as mineral nitrogen, and this nitrogen is subjected to

lied
al

(Figure 17 and Figure 18). In contrast, the nutrients supplied in mineral fertilizers were appl
in early spring throughout the entire experimental period. On average, only 60% of the nitrog
a
volatilization. Thus, the yields in the animal manure treatments remain reduced compared with
yields obtained in treatments with corresponding inputs in mineral fertilizer.

Figure 17. Grain yield of winter cereals (cereal rye 1894-1931 and winter wheat 1932-2004) supp
with increasing rates of animal manure or mineral fertilizer. Mean of four-year crop rotations. Vertic
lines indicate historic changes in nutrient levels of normal rate (1 AM and 1 NPK). *) Mineral nitrogen
applied as calciumnitrate.
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Figure 18. Straw yield of winter cereals (cereal rye 1894-1931 and winter wheat 1932-2004) supplied
with increasing rates of animal manure or mineral fertilizer. Mean of four-year crop rotations. Vertical
lines indicate historic changes in nutrient levels of normal rate (1 AM and 1 NPK). *) Mineral nitrogen 
applied as calciumnitrate.

The recommended nitrogen rate for winter wheat at a grain yield level of 7 t ha-1 is presently
about 160 kg N ha-1, comparable to that given in 1½ NPK (150 kg N ha-1). Yields of wheat grain
have increased steadily in all the NPK treatments since the mid-1960s. This is ascribed to the
development in plant protection measures and the introduction of better yielding wheat cultivars. 
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pring cereals
The grain yields in the unmanured plots have remained less than 1.5 t ha-1 throughout the 
entire experimental period with a decline during 1894-1912 (Figure 19). The straw yields of 
the unmanured treatment declined steadily until the 1950s and have then remained below 1.5 t 
ha-1 (Figure 20). 

thFigure 19. Grain yield of spring cereals (oats 1894-1931 and spring barley 1932-2004) supplied wi
increasing rates of animal manure or mineral fertilizer. Mean of four-year crop rotations. Vertical lines
indicate historic changes in nutrient levels of normal rate (1 AM and 1 NPK). *) Mineral nitrogen
applied as calcium nitrate. 
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Figure 20. Straw yield of spring cereals (oats 1894-1931 and spring barley 1932-2004) supplied with 
increasing rates of animal manure or mineral fertilizer. Mean of four-year crop rotations. Vertical lines 
indicate historic changes in nutrient levels of normal rate (1 AM and 1 NPK). *) Mineral nitrogen
applied as calcium nitrate. 

Despite some fluctuation in straw yield, the yields tend to decline until 1990, particularly for 
the mineral fertilizer treatments. The change from oat to barley in 1932 decreased the straw 
yield whereas the yield of grain has remained more constant, although the yield tends to 
decline from 1932 to 1960. The higher rates of mineral fertilizer introduces to barley in 1973, 
and improved crop protection and crop varieties are probable causes for the increased trend in 

The yield of grain and straw for the mineral fertilizer treatment has been greater than for the 
animal manure treatments during the whole experimental period. However, during the period 
1948-1972 the difference was small due to application of mineral nitrogen for the AM 
treatments.

41



grain yields observed after 1973. However, the general increase in grain yields ascribed to 
these agronomic parameters is greater for winter wheat than for spring barley. 

It should be noted that the current dressing of nitrogen applied to spring barley in 1 AM and 
in 1 NPK (75 kg N ha-1) is significantly smaller than rates officially recommended for
reaching yields of economic optimum (120 kg N ha-1 for an expected grain yield of 5 t ha-1).
The 1½ NPK treatment corresponds to 112.5 kg N ha-1.

Grass-clover mixture 
In contrast to the other crops in the rotation, the nutrient supply of the grass-clover mixture is 
mainly based on the residual soil fertility of the preceding crops. Thus, no animal manure has 
been applied for grass-clover in the AM treatments and only a small rate of mineral fertilizer 
has been applied for the NPK treatments before 1923. Phosphorus was applied until 1948 and 
potassium until 1972 for the NPK treatment.

The botanical composition of the grass-clover crop changed during the period 1894-1948 but 
throughout the entire period at least one nitrogen-fixing species has been included in the 
grass-clover mixture (see Christensen et al., 1994 for details). During 1936-1948 lucerne 
(Medicago sativa L.) and red clover (Trifolium pratense L.) was used as the clover part and 
poor establishment of the lucerne or lack of inoculation may explain the yield depression 
(Figure 21). Despite these fluctuations, the yield of the AM and NPK treatments were nearly 
constant until 1948. The stopping of the phosphorous application in 1949 caused a drop in the 
grass-clover yield in all AM and NPK treatments. The yield in the unmanured treatment
declined steadily until 1940 followed by an increase (Figure 21). This pattern corresponds to 
the increase in soil phosphorus (Figure 13 and Figure 14). As the yield of the grass-clover
mixture depend on soil fertility crop growth in the unmanured treatment is assumed to be 
more affected by imported nutrients, including the increased atmospheric deposition of 

characteristics to ensure establishment and growth under variable 
limate conditions, including dry summers. However, the period 1977-1980 had extremely

ication. The yield increased for all rates of animal manure whereas 1 NPK and 
½ NPK yielded nearly the same. Generally, the forage yields in 1 AM and 1 NPK plots were 

nitrogen and sulphur, which show an increase during 1960-1980.

The grass-clover mixture used since 1949 consist of three grasses and three nitrogen fixing
legumes having different
c
dry summers, explaining the yield depression recorded in 1980 (Figure 21). The decline in 
forage yields during 1950 to 1980 followed by an increase for the manured and fertilized 
treatments is noted but appears not to be related to changes in grass-clover mixture nor
nutrient appl
1
about twice that of the unmanured plots.

42



43

Year

1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010Fo
ra

ge
 y

ie
ld

, t
 h

a-1
 1

00
%

 D
M

0

2

4

6

8

10

12

Fo
ra

ge
 y

ie
ld

, t
 h

a-1
 1

00
%

 D
M

0

2

4

6

8

10

12
0 0 0 0 0

Animal manure, kg total-N ha-1 at 1 AM

Mineral fertilizer, kg N ha-1 at 1 NPK

Grass-clover mixtures

Unmanured
½  AM
1  AM
1½ A

39 20 0 0 0

M

Unmanured
½  NPK
1  NPK
1½ NPK

Figure 21. Forage yield of grass-clover mixtures supplied with increasing rates of animal manure or 
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er
a-1

four-year rotations, but for 1997-2004 only beet 
roots has been grown. The alternating root crop prevents crop rotation diseases, but the use of 
swede in farming practice ceased during the 1970-80s and was replaced by beet roots.
Previously turnip (Brassica campestris L. var. rapifera), mangold (early cultivars of Beta

mineral fertilizer. Mean of four-year crop rotations. Vertical lines indicate historic changes in nutrien
levels of normal rate (1 AM and 1 NPK).

Today’s recommendation for dressings of nitrogen, phosphorus and potassium to grass-clov
crops, cut for silage and with 30-40% clover are 250 kg N ha-1, 40 kg P ha-1 and 200 kg K h
for an expected yield of 12 t ha-1 dry matter.

Root crops 
During 1949-1996 swede (Brassica napus L. var. rapifera) alternated with mangold/beet
roots (Beta vulgaris L. ssp. vulgaris) in the
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ulgaris) and potatoes (Solanum tuberosum L.) were grown, sometimes simultaneously
having the plots divided into subplots. Root yields since 1949 are presented in Figure 22. 

al rate (1 AM and 1 NPK). Before 1948 the plots
ere subdivided for growing both species. 

re

er

Figure 22. Yield of root crops (swedes (S) alternating with mangolds/beets roots (M)) supplied with 
increasing rates of animal manure or mineral fertilizer. Mean of four-year crop rotations. Vertical lines 
indicate historic changes in nutrient levels of norm
w

The effect of alternating between swedes and beet roots is reflected in the root yields (Figu
22), particularly in the animal manure treatments. Swede had a vigorous response to even the
½ rate, but the response to further application of nutrients was relatively small. In contrast, 
beet roots respond more linearly to increasing rates of nutrients. For the mineral fertiliz
treatments the differences between 1 and 1½ NPK were small, but for the animal manure 



treatments 1½ AM yielded always more than the 1 AM. Root crops have a long growing
season that allows the crop to utilize the nitrogen mineralized during August-September. The

ot yields in the unmanured treatments have declined steadily since 1973 and had in 2004 
approached zero. 

The recommended nitrogen dressing is 180 kg N ha-1 for a root dry matter yield of 12 t ha-1.

The period 1973-2004 
Since 1973, the nutrients given in animal manure and mineral fertilizer treatments have been 
distributed similarly between crops within the rotation (see Table 7), and the rotation has been
based on the same suite of crops (Table 5). The amount of nitrogen, phosphorus and potassium
added in a given treatment has also remained unchanged (Table 7). Results obtained in the period 
1973-2004 (eight complete rotations) are therefore particularly well suited for comparative
statistical analyses. However, two important changes were introduced in 1989 after four 
complete rotations: The time of slurry application was changed from autumn to spring, and the
yields in each replicate plot were recorded and stored electronically instead of recordings by 
treatment and field only. Thus yields from the four rotations during 1989-2004 provide an
opportunity to apply a more detailed analysis of variance.

Trends in yield during 1973-2004 in the NPK treatments 
In Figure 17 to Figure 21 an increasing trend in the yields was observed for the NPK treatments
during 1973-2004. During these 32 years the fertilizer rates remained constant in the B2-, B3- 
and B5-field. This allows the annual increase in yield to be estimated in these fields, including
the effects of field, treatment and year (regarding year as an independent variable and field and
treatment as class variables) and using a general linear model. In a model also including the 
interaction of year by field this effect turns out as significant for the cereals. Inclusion of this 
interaction improves the explanation of the variation, but also complicates the presentation due to
individual intercepts and slopes for the fields. The mean annual yield increases presented in
Table 14 were based on the simple model excluding the year by field interaction. Yields of beet 
roots were omitted from the calculations due to alternating species (Figure 22).

The yield increases were significant, particularly for yields of wheat grain and the grass-clover.

arieties could be one explanation for the grass-clover
ixture, the grass-clover fields remained unsprayed. Climatic changes affecting plant growth

e

ro

This may be due to a combination of several factors. Possible explanations include new and 
higher yielding wheat cultivars as well as development of more effective pesticides. For the 
grass-clover mixture showing the highest annual yield increase further explanations may be 
searched. Whereas higher yielding grass v
m
and production could be another potential factor. Due to the fact that the recordings are for fields
in a rotation with a systematically crop and field assignment (Table 5) there is some inter-
correlation of the estimates affected by the climate in the growing seasons. This may explain th
low estimate of winter wheat in B5-field obtained coincident with the low estimate of spring
barley in the B2-field, particularly for grain (Table 14).
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Table 14. Annual increase in the yields of cereals and grass-clover grown in the B2-, B3- and B5-field
during 1973-2004 estimated by a general linear model including the effects of field, treatment and 
year.

Field Yield increase Standard error R2

Crop
 kg ha

inter wheat Grain B2 113 *** 27.0 0.55

-1 yr-1

W
85% DM B3 95 *** 21.3 0.64

B5 38 ** 12.1 0.76
 Straw B2 50 * 22.9 0.36

B3 28 16.7 0.66
B5 -17 15.8 0.61

Spring barley Grain B2 -12 7.8 0.80
85% DM B3 21 12.0 0.

B5 78 ** 22.5 0.52
 Straw B2 11 11.1 0.70

69

B3 11 19.8 0.32
B5 49 * 22.0 0.37

32.1 0.33Grass-clover Forage B2 98 **
100% DM B3 107 * 41.5 0.28

B5 150 *** 35.2 0.48
Significance: * P<0.05, ** P<0.01, *** P<0.001

Effect of slurry application time, 1973-1988 versus 1989-2004 
During 1973-1988 animal manure (cattle slurry) was applied in the early autumn before sowi
of winter wheat or in the late autumn for spring-sown crops. Since 1989, the cattle slurry has 
been applied in the spring for winter wheat or in late winter for spring-sown crops, whereby the 
utilization of nitrogen in the slurry was improved. The dataset for 1973-2004 includes four 
complete rotations for each application time.

ng

otentially there are 16 recordings for each treatment within each period, but due changes in 

the
re

In

AM

cx2), where x is the nitrogen application 

P
1996 in the experimental layout and treatments in the B4-field, recordings in this field are 
omitted. This provides 14 recordings for cereals and grass-clover and 13 for beet roots during
second period. The yield response curves for the two periods are shown in Figure 23 to Figu
28.

The two periods are not fully independent because they are in sequence and without replicates.
addition the periods are confounded with the general increase in the yields as discussed in the
previously section. Thus, direct comparison is not possible, but relating the corresponding
and NPK treatments within the two periods provides an indirect comparison. For this purpose, a 
simple quadratic response function with three common parameters (a, b and c) for animal
manure and mineral fertilizer were used: Y = a + qi(bx +
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rate. The curvilinear part of the yield response to animal manure was assumed to be a fraction of 

en (2003) designated q the nitrogen fertilizer replacement value (NFRV). 

neral increase in yields of winter wheat supplied with mineral fertilizer (Tab 14) affects
s two peri Figure 23 wev e larger se in the g ield

ents indicates he change ppli time a  the use ef  of
itrogen in the slurry. Relating th in yield re se o  slurry tr nt to that o ral
rtilizer, the NFRV was improve 31%-poin en a lication of slurry in September was 
placed by surface application in April (Table 1 he fect on stra d caused b

hange in slurry a plication time was even more pronounced (Figure NFR
s oubled le 15). In ast t he grain yiel wheat, the nses
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the mineral fertilizer using the parameter q (Table 15). Thus, the estimate of q is interpreted as
the factor that brings the NPK response curve to coincide with that of the AM treatments.
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Table 15. Nitrogen fertilizer replacement value (NFRV) and standard error (s.e.) for slurry added
during 1973-1988 and 1989-2004. NFRV is calculated as qslurry using the model Y = a + qi(bx + cx2)
with qmineral fertilizer=1 in each of the two periods.

Autumn applied, 1973-1988 Spring applied, 1989-2004
Crop

NFRV s.e. 2R NFRV s.e. R2

inter wheat Grain 0.47 0.055 0.70 0.78 0.048 0.79W
 Straw 0.44 0.046 0.74 0.83 0.066 0.68
Spring barley Grain 0.73 0.048 0.75 0.80 0.063 0.69
 Straw 0.86 0.067 0.65 0.94 0.085 0.60
Grass-clover 1.99 0.430 0.34 1.54 0.170 0.57
Beet roots 1.11 0.086 0.62 1.15 0.056 0.85 
Autumn is early autumn for winter wheat and late autumn for spring-sown crops. Spring is April for 
winter wheat and late winter for spring-sown crops. 

47



Nitrogen supply, kg total-N ha-1

0 20 40 60 80 100 120 140 160

G
ra

in
 y

ie
ld

, t
 h

a-1
 8

5%
 D

M

1

2

3

4

5

6

0

7

8

Winter wheat

AM,   1973-1988, early autumn
AM,   1989-2004, spring
NPK, 1973-1988, spring
NPK, 1989-2004, spring

Figure 23. Grain yield of winter wheat supplied with total-N in mineral fertilizer or in animal manur
The manure was applied as slurry in the autumn (September during 1973-1988) or in the spring (Apr
during 1989-2004), while mineral fertilizer was always applied in the spring. Mean ± standard error
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Figure 24. Straw yield of winter wheat supplied with total-N in mineral fertilizer or in animal manure. 
The manure was applied as slurry in the autumn (September during 1973-1988) or in the spring (April 
during 1989-2004), while mineral fertilizer was always applied in the spring. Mean ± standard error. 
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Figure 25. Grain yield of spring barley supplied with total-N in mineral fertilizer or in animal manure.
The manure was applied as slurry in the autumn (October/November during 1973-1988) or in the
winter (February/March during 1989-2004), while mineral fertilizer was always applied in the spring. 
Mean ± standard error. 

Figure 26. Straw yield of spring barley supplied with total-N in mineral fertilizer or in animal manure.
The manure was applied as slurry in the autumn (October/November during 1973-1988) or in the
winter (February/March during 1989-2004), while mineral fertilizer was always applied in the spring. 
Mean ± standard error. 
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Nitrogen supply (mean of crop rotation), kg total-N ha-1
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The grass-clover crop does not receive nutrients directly, but relies on general soil fertility and N 
inputs from the N2-fixing component of the crop. To account for any differences in nitrogen
application rate between slurry and mineral fertilizer, the mean application rate for the crop 
rotation was used as dependent variable. Forage yields of animal manure treatments exceed the
mineral fertilizer treatments in both periods (Figure 27) causing NFRVs above 1. The residual
effect of animal manure is probably due to increased soil N (Figure 11 and Figure 12) compared
to the mineral fertilizer treatments. However, the yield response of the residual effect of mineral 
fertilizer additions was very poor during 1973-1989, making the NFRV extremely high (Table
15). The general yield increase (Table 14) is assumed to be responsible for the yield increase
from 1973-1988 to 1989-2004 (Figure 27).

The beets having a long growing season benefits from the animal manure indicated by the NFRV 
of 1.1 (Table 15), but the change in application time did not affect the NFRV significantly
(Figure 28). However, beet roots in treatments receiving high rates of nutrients yielded more 
during 1989-2004 than during 1973-1988. 

Figure 27. Forage yield of the grass-clover mixture related to the mean application rate of total-N for 
the crop rotation. The yield responses are shown for two periods 1973-1988 and 1989-2004 
corresponding to the change in application time for slurry given to the other crops in the rotation.
Mean ± standard error. 
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Figure 28. Root yields of swedes alternating with mangolds/beet roots supplied with total-N in 
mineral fertilizer or in animal manure. The manure was applied as slurry in the autumn
(October/November during 1973-1988) or in the winter (February/March during 1989-2004), while
mineral fertili

The dem xture. The 
e

com
sm
rise to yields

The com ain and
straw in c  NP, 
NK and PK combi

creased the barley straw yield (Figure 32). The combination of P and K had a significant effect

test
s

gh soil potassium status in the 1 K and 1 PK treatments (Figure 16), the
rass-clover and the root crops were only able to benefit from the phosphorus, respectively
otassium, when an additional nutrient element was available.

zer was always applied in the spring. Mean ± standard error. 

Combinations of N, P and K in fertilizers 1989-2004 
In cereals, the application of individual nutrients in mineral fertilizers did not increase yields 
of grain and straw when compared with the unmanured treatment (Figure 29 to Figure 32). 

and for potassium is high in the grass component of the grass-clover mi
individual applications of N, P or K influence the balance between the grass and the legum

ponents of the grass-clover sward. Thus, it appears that the addition of N or P results in 
aller yields than the unmanured treatment (Figure 33). The addition of K, however, gives 

 that are comparable with that observed in the unmanured treatment. The root 
crops have a high demand for phosphorus and yields of roots were increased fourfold by 
application of phosphorus (Figure 34). 

bined application of two nutrients in mineral fertilizers increased the yields of gr
ereal crops (Figure 29 to Figure 32), but for cereals the differences between the

nations were not obvious. However, combinations including potassium 
in
on forage yield (Figure 33) and root yield (Figure 34). For root crops the phosphorus containing
combinations increased the yields by a factor 3-5, the 1 PK treatment providing the grea
yields. Despite the high and similar contents of soil phosphorus in the 1 P and 1 PK treatment
(Figure 14), and the hi
g
p
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Figure 29. Grain yield of winter wheat supplied with single or multiple nut
M

Figure 30. Straw yield of winter wheat supplied with single or multiple nutrients in mineral fertil
Mean and standard error. 
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Figure 31. Grain yield of spring barley supplied with single or multiple nutrients in mineral fertilizers. 
Mean and standard error. 

Figure 32. Straw yield of spring barley supplied with single or multiple nutrients in mineral fertilizers. 
Mean and standard error. 
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Figure 33. Annual forage yield of grass-clover mixture for treatments supplied with single or multiple
nutrient in mineral fertilizers. The fertilizers were supplied for the other crops in the rotation. Mean
and standard error.

Figure 34. Root yield of beets (swedes alternating with mangolds/beets roots) supplied with single or 
multiple nutrients in mineral fertilizers. Mean and standard error. 
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The use of mineral fertilizers providing all three main nutrient elements produced a significant
increase in the grain and straw yields of cereal crops (Figure 29 to Figure 32). The yield
response to NPK was moderate in the grass-clover mixture. The use of NPK increased the forage 
yield compared with 1 NP and 1 NK treatment (Figure 33), but was not able to exceed the 1 PK 
treatment. It is recalled that the response in the grass-clover mixture reflects the residual effect of 
these nutrients applied to the other crops in the rotation, and that fixation of atmospheric N2 is a 
significant source of N in the legumes. The root yield for the 1 NPK treatment clearly exceeded 
the 1 PK treatment (Figure 34) similar to the cereal crop response. 

In addition to the single and multiple nutrient fertilizers with proportional rates of N, P and K, a 
treatment with 1½ N + 3 PK was included in the B2e-field. Although all crops indicate a positive
effect of triple PK, the yield increase was significant only for barley straw and root crops (Table
16). These results clearly indicate that a balanced supply of all three main nutrients is needed.

Table 16. Crop yields in the treatments 1½ NPK and 1½ N + 3 PK of the B2e-field during (1989-
2004).

Crop Treatment LSD.95

1½ NPK 1½ N+3 PK 
Winter wheat Grain 6.3 6.6 0.69
 Straw 5.5 6.0 0.59
Spring barley Grain 4.4 4.7 0.15
 Straw 4.5 4.9 0.32
Grass-clover 7.9 8.1 1.68
Root crops 10.3 11.9 1.50
Yields of winter wheat and spring barley are t ha-1 85% DM, whereas yields of forage grass-clover and
root crops are t ha-1 100% DM.

Interactions between nutrient application rate and source in B2e-field, 1989-2004 
This section evaluates the interaction between nutrient application rate (0, ½, 1, 1½ or 2) and 
nutrient source (animal manure or mineral fertilizer). The application rates 2 AM and 2 NPK 
occur only in the B2e-field and recordings in the B2e-field during four rotations (1989-2004)
provide four year replicates of the yield results for each crop. In addition, the recordings have 
been kept separately for each replicate plot during this period. Results for yields of the four crops 
are presented in Figure 35 to Figure 40.

In the 2 AM and 2 NPK treatments, wheat receives 190-200 kg total-N ha-1, while spring barley
is given 145-150 kg total-N ha-1 and root crops 422-450 kg total-N ha-1 (Table 7). These rates

e used in today’s farming practice. Including the
nmanured treatment, five rates are available for estimation of the parameters in a yield response

function.

exceed the recommended nitrogen rat
u
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Figure 35. Grain yield of winter wheat supplied with animal manure (AM) or mineral fertilizers 
(NPK) in the B2e-field. Mean and standard error. 

Figure 36. Straw yield of winter wheat supplied with animal manure (AM) or mineral fertilizers 
(NPK) in the B2e-field. Mean and standard error. 
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Figure 37. Grain yield of spring barley anim mineral fertilizers 
Mean and standa or.

he B2e-field. Mean and standard error.
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Figure 38. Straw yield of spring barley supplied with animal manure (AM) or mineral fertilizers 
(NPK) in t
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Figure 39.
ineral fertilizers (NPK) in the B2e-field. The nutrients have been added to the other crops in the

Figure 40. Root yield of beets (swedes alternating with mangolds/beets roots) supplied with animal
manure (AM) or mineral fertilizers (NPK) in the B2e-field. Mean and standard error.
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A simple quadratic response function were used: Y = a + qi(bx + cx2), where x is the nitrogen
application rate. The curvilinear part of the yield response to animal manure (qslurry) was assumed
to be a fraction of the mineral fertilizer (qmineral fertilizer=1), and qslurry expresses the nitrogen
fertilizer replacement value (NFRV; Petersen, 2003). The estimates of qslurry are presented in
Table 17 using common parameters of a, b and c (NFRVcommon). However, there was some year-
to-year variation, and a model including individual within year estimates of a, b and c was 
applied to take account of the variation and improve the estimate of q. These estimates of qslurry

are shown in Table 17 as NFRVindividual, having smaller standard errors than the NFRVcommon.
The individual within year estimates of a, b and c are not shown.

The parameters are estimated using the amount of nitrogen supplied to the crop in slurry or in
mineral fertilizer except for grass-clover where the rotational mean was used as dependent
variable. The NFRV for the root crop exceeds 1, indicating that this crop benefits more from the 
animal manure applications than from the nutrients given in mineral fertilizer. One reason is the 
extended growing season for the beet roots, which are harvested in October. Despite a potential
ammonium volatilization loss from the slurry applied to winter wheat in the spring, the
NFRV(grain) is high. The average NFRV(grain) applied for spring barley is somewhat smaller,

nd
yields obtained in 1998 are excluded, the

FRV(grain) becomes 0.82 (s.e. 0.025, R2 0.86) which is comparable to the estimate for winter
wheat. The NFRV(straw) is high for both cereals. The high NFRV for grass-clover express that
the residual effect of slurry application is higher than that of mineral fertilizer. This is in 
accordance with the higher content of soil nitrogen recorded for animal manure treatments
(Figure 11 and Figure 12). 

Table 17. Yield response functions based on four years of recordings for each crop in the B2e-field 
during 1989-2004. Estimates of parameters in the quadratic yield response function y = a + qi(bx + 
cx2) where x is the applied total-N and qslurry is the nitrogen fertilizer replacement value (NFRV) of 
animal manure. The value of qmineral fertilizer equals 1. Mean standard error. 

Parameters for response function NFRV (common) NFRV (individual year)

and influenced by the wet spring in 1998 that caused poor conditions for slurry application a
establishment of spring cereals. When the barley
N

Crop
a b 10-3 c 10-6 q R2 q R2

Winter wheat Grain 2.24 0.127 47 3.6 -120 19 0.82 0.039 0.68 0.80 0.018 0.93

 Straw 1.97 0.110 41 3.1 -110 16 0.92 0.041 0.69 0.91 0.028 0.85

Spring barley Grain 1.49 0.057 44 2.2 -150 15 0.69 0.024 0.82 0.69 0.020 0.88

 Straw 1.53 0.089 44 3.2 -140 22 0.89 0.038 0.72 0.91 0.030 0.82

Grass-clover 5.38 0.179 31 4.2   -80 19 1.61 0.130 0.54 1.60 0.094 0.75

Root crops 1.26 0.231 46 2.6   -50   5 1.24 0.039 0.84 1.24 0.023 0.94

Estimates of the parameter a for winter wheat and spring barley are t ha-1 at 85% DM, but at 100% D
for grass-clover and root crops. 

M
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Compared to the 60% ammonium nitrogen of the total-N in the animal manure (cattle slurry) the 
estimated NFRVs are surprisingly high. Based on one-year experiments the NFRV is often
related directly to the proportion of ammonium nitrogen in the applied organic manure (Petersen,
2003). However, the cumulated effect of organically bound N may enhance the NFRV for soil
subjected to long-term applications of animal manure. 

Nitrogen off-take
Analysis of nitrogen, phosphorus and potassium contents in crops have been carried out 
regularly since 1949, while contents of calcium, magnesium, sodium, copper, zinc and 
manganese have been analysed for shorter time series (Christensen et al., 1994). Nutrient off-
take by the crops may be collated and compared in several different ways. In this section we 
focus on the crop nitrogen off-take during 1973-2004 to explore the effect of the change in 
slurry application time introduced in 1989. The animal manure and mineral fertilizer 
treatments of the rates ½, 1 and 1½ N were selected together with the unmanured treatment
for this purpose. This subset of data corresponds to the crop yields presented in Figure 23 to 
Figure 28. 

A model including the effect of nitrogen application rate as a continuous variable, and the 
tion

 and of nitrogen application rate by nutrient 
source, was applied using a general linear model. The effects of application time and nutrient 
source are additive. The amount of nitrogen supplied by slurry and mineral fertilizer in the 
year of harvest was used for the nitrogen application rate, except for grass-clover where the 
rotational mean of the nitrogen application rates was used as dependent variable. 

Crop off-takes of nitrogen are shown in Figure 41 to Figure 46 together with estimated
regression lines. The linear model is satisfactory for cereal and root crops. However, for 
grass-clover a quadratic response function seems more appropriate but this option was not 
tested here. Estimates of interception and slope of the regression lines are shown in Appendix 
B (Table B1-B6). In contrast to the analysis of crop yields (Figure 23 to Figure 28), analysis 
of nitrogen off-takes showed that the interaction of slurry application time (period) by nutrient 
source was insignificant for all crops.

Adding the slopes for grain and straw in Tables B1-B4, the slope for total nitrogen off-take in 
wheat and barley supplied with mineral fertilizer during 1989-2004 were 0.68 and 0.59, 
respectively. These values represent the change in crop off-take (kg N ha-1) by a change in the 
application rate of 1 kg N ha-1 (Petersen & Djurhuus, 2004). 

effects of application time and nutrient source as class variables, and including the interac
of nitrogen application rate by application time
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Figure 41.

Figure 42. Nitrogen off-take in straw of winter wheat supplied with total-N in mineral fertilizer (NPK) 
or in animal manure (AM). The manure was applied as slurry in the autumn (September during 1973-
1988) or in the spring (April during 1989-2004). Mean ± standard error. 

 Nitrogen off-take in grain of winter wheat supplied with total-N in mineral fertilizer (NPK) 
or in animal manure (AM). The manure was applied as slurry in the autumn (September during 1973-
1988) or in the spring (April during 1989-2004). Mean ± standard error. 
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)Figure 43. Nitrogen off-take in grain of spring barley supplied with total-N in mineral fertilizer (NPK
or in animal manure (AM). The manure was applied as slurry in the autumn (October/November

uring 1973-1988) or in the winter (February/March during 1989-2004). Mean ± standard error. 
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Figure 44. Nitrogen off-take in straw of spring barley supplied with total-N in mineral fertilizer 
(NPK) or in animal manure (AM). The manure was applied as slurry in the autumn (October/
November during 1973-1988) or in the winter (February/March during 1989-2004). Mean ± standard 
error.
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Figure 45. Nitrogen off-take in grass-clover forage as a function of the mean application rate of total-
for the crop rotation. The yield responses are shown for two periods 1973-1988 and 1989-2004,N

corresponding to the change in application time for the other crops in the rotation. Mean ± standard 
error.

Figure 46. Nitrogen off-take in root crops (swedes alternating with mangolds/beets roots) supplied 
with total-N in mineral fertilizer (NPK) or in animal manure (AM). The manure was applied as slurry
in the autumn (October/November during 1973-1988) or in the winter (February/March during 1989-
2004). Mean ± standard error. 
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Similar to the NFRV estimated for the yields a Nitrogen Fertilizer Replacement Value based
n nitrogen off-take, NFRVN, may be calculated (Table 18). However, the calculating is 

ineral
used

nimal manure treatments relative to corresponding mineral
rtilizer treatments, NFRVN. Calculated on basis of estimates in Table B1-B6 in Appendix B. 

o
simpler just relating the slopes for the animal manure treatments to the corresponding m
fertilizer treatment using the estimates in Table B1-B6. The most pronounced increase ca
by change in application time was observed for winter wheat. The calculated NFRVN for 
spring-applied slurry in cereals is comparable to the proportion of ammonium nitrogen 
accounting for 60% of total nitrogen in the cattle slurry. 

Table 18. Slopes of nitrogen off-take for a
fe

Crop Slurry application time

Autumn Spring
Winter wheat Grain 0.41 0.58
 Straw 0.29 0.50
Spring barley Grain 0.72 0.74
 Straw 1.27 1.26
Grass-clover 1.77 1.54
Root crops 0.95 0.96

Autumn is early autumn for winter wheat and late autumn for spring-sown crops. Spring is April for 
winter wheat and late winter for spring-sown crops. 

The NFRVN (Table 18) are in general smaller than NFRVyield (Table 15), but not for barley 
straw. The higher NFRVN for barley straw may be considered in the context of the relatively
high standard errors for the estimates in Table B4. However both NFRVN and NFRVyield

shows the same pattern with respect to effect of crop and application time. The higher NFRV 
for dry matter yields (Table 15) than for N off-take (Table 18) indicates that continuous 
application of animal manure has an additional effect. 
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Conclusions and outlook

This report outlines the current experimental layout of The Askov Long-Term Experiments on 
Animal Manure and Mineral Fertilizers at the Lermarken site and describes the adjustments
that have been introduced in the experimental plan since the 100 years anniversary report in 
1994 (Christensen et al., 1994). We also present a selection of basic crop and soil data 
obtained during the period 1894-2004, the yield results recorded during 1973-2004 being 
subject to more detailed analyses. Further, we present results of soil analyses from the period 
1988-2004, as the change in soil sampling strategy in 1988 allows for a more statistically rigid 
treatment of data. However, the presentation remains descriptive and does not in any way
represent an exhaustive treatment and discussion of the vast amount of results obtained since 
1894. Our intention has been to provide a combined 110 years status report and user’s manual
to the experimental framework. Thereby we hope that the report will facilitate the access of 
new research projects to the long-term experiments and serve as inspiration for new ideas and 
new ways to exploit the past 110 years of experimentation.

The celebration event to commemorate 100 years of continuous research in Askov took place 
th

an be viewed as a living
laboratory in which short-term studies on specific aspects of agro-ecosystem structure and 
function can be superimposed. The availability of long-term data sets is essential in 
developing and testing simulation models, and the application of new analytical methods to 
samples with a well-documented history continuously provide new scientific understanding. 
With detailed records of past and present management, with comprehensive datasets on 
climate, crop yields, crop and soil analyses, and with archived samples of plant and soil 
material, the Askov long-term experiments have demonstrated their value in a wide range of 
scientific disciplines addressing the sustainability of crop production, the development of soil 
quality and fertility, and the environmental impact of agricultural production. Along with 
other long-term experiments, the Askov experiments have been involved in the development
and testing of new methodology, in assessing processes having slow turnover rates, and in the 
development of mechanistic simulation models. Appendix E provides a list of publications 
conveying results of the basic recordings and results obtained in specific studies that have 
been embedded in the long-term experiments or relied on freshly sampled or archived soil and 
plant materials, or on stored data originating from previous measurements.

Most long-term experiments were not planned to become long-term and were set up to serve 
purposes that differ from those that apply today. Typically they were designed to continue for 

limited number of years and more or less by chance, they became long-term as time passed 

ement practices, to the 

in September 1994 and included the 100  Anniversary Workshop (Christensen & Trente-
møller, 1995). The workshop demonstrated that properly managed long-term experiments and
the associated sets of data and archived samples of soil and crops c

a
by. Consequently there are some limitations associated with the use of long-term experiments.
These are often related to samples missing from the early periods of the experiments, to 
variations in soil and crop sampling techniques, to evolving manag
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relevance of treatments applied, and to the absence of adequate replication and randomisation 
of treatment plots. One particular problem is the exchange between plots of soil and 
substances accumulated in the soil, a problem that may seriously affect results extracted from
experiments where soil tillage crosses plot borders (Sibbesen, 1986; Christensen & Trente-
møller, 1995). The tillage mediated transfer of soil and substances between plots clearly 
prevents long-term nutrient balances to be established for individual treatments.

The use of semi-permanent grass strips has now been adopted in the B4-field at the Ler-
marken site in order to prevent further transfer of soil between differently treated plots.
Although the lack of samples from the early periods of the Askov long-term experiment and 
the evolving field management (e.g. changes over time in soil tillage, in crop cultivars, and in 
crop protection measures) may obstruct rigid analyses of long-term trends in crop yields and 
nutrient off-takes, shorter-term comparisons between experimental treatments are not 
invalidated. In line with other long-term experiments world wide, the design of the Askov 
long-term experiments is somewhat rudimentary. However, the Askov long-term experiments
remain outstanding with respect to the abundant replication of the main treatments within 
each field (block) allowing for more pertinent statistical analyses.

g

field experiments are invaluable sources of information on slowly changing soil properties 
(Jenkinson, 1991; Frye & Thomas, 1991; Grace et al., 1995; Janzen, 1995; Lal & Stewart,
1995; Paustian et al., 1995; Reeves, 1997; Rasmussen et al., 1998; Kätterer & Andren, 1999; 
Edmeades, 2003). The flow of publications from workshops held in Europe, North America 
and Australia during the past decade provides convincing evidence for the increasing 
awareness of the scientific potential of long-continued field experimentation (e.g. Leigh & 
Johnston, 1994; Martin & Grace, 1995; Powlson et al., 1996; Paul et al., 1997). 

Recent concerns about agricultural sustainability, climate change, agriculture – environment
interactions, and the protection of the soil resource constantly renew the interest in existin
long-term experiments. It has now become widely recognized that well-managed long-term
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Appendix A – Soil analyses by field and treatment during 1988-2004 

The soil samplings (0-20 cm) and chemical analyses at the end of the four-year crop rotation 
were done for each replicate plot in 1988, 1992, 1996, 2000 and 2004. The mean and standard
error (s.e.) were calculated for each treatment by field and sampling. The samples were
analysed for C, N, P and K. Contents of total-C and total-N are determined by dry combustion 
on a Leco instrument and are expressed as mg C g

dex.
2 4

ined by extracting the soil with 

mg K per 100 g soil. 

-1 dry soil and mg N g-1 dry soil. The results 
of the phosphorus analyses are given as two indices, Ft and Pt. Potassium is given a Kt-in
The Ft-index is determined by extracting the soil with 0.2 N H SO , and one Ft-unit 
orresponds to 3 mg P per 100 g soil. The Pt-index is determc

0.5 N NaHCO3, and one Pt-unit corresponds to 1 mg P per 100 g soil. The Kt-index is 
determined by extracting the soil with ammonium-acetate, and one Kt-unit corresponds to 1
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Table A1. Carbon concentration (mg C g-1 dry soil) in topsoil (0-20 cm) from the B2e-field. Mean and 
standard error (s.e.). 

1988 1992 1996 2000 2004 Treatment
Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.

Unmanured 15.0 0.91 15.7 1.05 16.4 1.43 15.6 0.78 14.1 0.91
½ AM 16.4 0.86 17.6 0.82 19.4 0.48 17.7 0.91 16.6 0.65
1 AM 17.0 0.93 18.1 0.89 19.4 1.30 18.2 1.29 17.6
1½ AM 17.2 1.01 18.6 1.21 19.6 1.43 18.9 1.25 18.0 1.
2 AM . . . . . . . . . .
½ NPK . . . . . . . . . .
1 NPK 16.4 1.16 17.4 1.32 18.6 1.52 17.0 1.56 16.5 1.
1½ NPK . . . . . . . . . .
2 NPK . . . . . . . . . .
1½ N + 3 PK . . . . . . . . . 

NP 15.6 2.45 16.9 2.90 17.4 3.30 18.2 0.98 15.8 3.05
NK 14.9 1.45 15.8 2.45 15.4 2.7

1.07
08

25

.

5 15.0 1.99 14.9 2.90
PK 15.2 1.69 16.3 1.53 16.9 1.81 15.1 1.46 15.2 1.41

.
N . . . . . . . . . .
P . . . . . . . . .
K . . . . . . . . . .

Table A2. Carbon concentration (mg C g-1 dry soil) in topsoil (0-20 cm) from the B2w-field. Mean 
and standard error (s.e.). 

1988 1992 1996 2000 2004Treatment
Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e

Unmanured 10.4 0.26 11.3 0.37 11.3 0.39 11.2 0.37 9.8 0.42
.

½ AM 12.5 0.60 13.2 0.45 13.6 0.65 13.3 0.25 13.2
1 AM 13.2 0.49 13.8 0.54 14.2 0.50 13.8 0.41 13.1
1½ AM 14.1 0.30 15.0 0.40 15.8 0.46 15.1 0.43 13.9 0.44
2 AM 13.8 0.37 14.9 0.50 15.7 0.39 15.3 0.46 13.4 1.36
½ NPK 12.1 0.32 12.4 0.44 12.7 0.35 12.3 0.35 11.6 0.
1 NPK 11.9 0.40 12.7 0.44 13.1 0.52 12.4 0.49 11.9 0.69
1½ NPK 12.4 0.36 13.0 0.33 13.3 0.52 12.8 0.39 12.3 0.32
2 NPK 12.0 0.25 12.4 0.34 12.3 0.61 11.9 0.39 10.7 0.3
1½ N + 3 PK 12.3 0.58 13.3 0.92 13.1 0.64 12.6 0.30 11.3 0.5

NP 11.3 1.05 11.1 1.50 11.9 1.60 11.4 1.27 10.2 1.15
NK . . . . . . .

0.65
0.62

56

1
2

. . . 
PK 12.3 . 12.6 . 12.9 . 13.0 . 11.7 . 
N 10.4 . 10.6 . 11.3 . 9.9 . 9.6 .
P 9.8 . 10.2 . 10.2 . 9.2 . 9.1 .
K 10.4 . 11.4 . 11.8 . 11.0 . 9.5 .
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Table A3. Carbon concentration (mg C g-1 dry soil) in topsoil (0-20 cm) from the B3-field. Mean and 
standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.
Unmanured 12.6 0.82 12.0 0.71 12.1 0.81 11.7 0.79 12.0 0

e.
.81

½ AM . . . . . . . . . . 
AM 13.8 0.71 14.1 0.78 14.5 0.68 13.7 0.84 13.9 0.80 

1.10
.

.

.

58
.3 1.15 12.1 1.15 

N 13.5 . 15.7 . 15.5 . 15.2 . 14.3 . 

.

1
1½ AM 15.2 0.98 15.9 1.05 16.6 1.32 16.2 1.11 15.1
2 AM . . . . . . . . .
½ NPK 13.4 0.79 13.9 0.91 13.8 0.93 13.3 0.96 13.2 0.90
1 NPK 14.2 1.21 14.4 1.17 15.2 1.47 14.1 1.20 13.9 1.08
1½ NPK 14.2 0.88 14.2 1.00 14.2 0.90 14.0 1.17 13.6 0.92
2 NPK . . . . . . . . .
1½ N + 3 PK . . . . . . . . .
 NP 13.0 1.15 12.7 1.55 13.7 1.70 12.2 1.32 12.5 1.25
 NK 13.9 1.10 13.0 1.17 13.3 0.81 12.7 1.12 13.2 0.
 PK 12.8 1.54 12.3 1.27 13.3 1.78 12

 P 13.3 . 12.4 . 13.3 . 13.2 . 13.7 .
 K 12.3 . 12.6 . 13.9 . 12.0 . 13.1

Table A4. Carbon concentration (mg C g-1 dry soil) in topsoil (0-20 cm) from the B4-field. Mean an
standard error (s.e.). 

1988 1992 1996 2000 2004

d

Treatment
Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.

Unmanured 10.2 0.19 10.5 0.72 10.5 0.57 10.3 0.29 10.2 0.64
½ AM 11.6 0.20 12.6 0.15 12.4 0.25 12.1 0.26 11.7 0.2
1 AM 12.6 0.15 14.0 0.30 13.7 0.60 13.8 0.08

0
13.6 0.30 

½ AM 13.6 0.20 14.6 0.30 14.7 0.30 14.5 0.00 14.7 0.15 
2 AM . . . . . . . . . . 
½ NPK 11.2 0.15 12.5 0.70 12.6 0.05 12.1 0.39 12.3 0.60 
1 NPK 12.1 0.28 13.0 0.29 12.7 0.58 12.7 0.35 12.6 0.49 
1½ NPK 12.3 0.32 12.7 0.17 12.7 0.22 13.0 0.23 12.6 0.12 
2 NPK . . . . . . . . . . 
1½ N + 3 PK 11.2 . 12.4 . 12.6 . 11.8 . 11.2 . 
 NP 11.2 0.15 12.1 0.65 11.4 0.05 11.3 0.69 11.3 0.25 
 NK 11.9 0.41 12.7 0.26 12.8 0.44 12.1 0.16 12.2 0.22 
 PK 11.5 0.30 12.4 0.45 12.1 0.40 11.2 0.04 12.0 0.35 
 N 11.4 . 11.7 . 11.2 . 11.4 . 11.7 . 
 P 10.5 . 11.0 . 11.0 . 10.9 . 10.2 . 
 K 10.8 . 11.8 . 10.3 . 12.8 . 11.7 . 

1
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Table A5. Carbon concentration (mg C g-1 dry soil) in topsoil (0-20 cm) from the B5-field. Mean and 
standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
anured 9.7 0.36 10.5 0.32 10.7 0.36 10.0 0.34 9.3 0.29Unm

½
0

2

1½
.

.

AM 11.3 0.15 12.1 0.13 12.3 0.12 12.0 0.16 11.1 0.06
1 AM 12.4 0.62 13.1 0.40 13.3 0.36 12.9 0.49 12.2 0.6
1½ AM 13.1 0.23 14.7 0.43 14.7 0.32 14.1 0.34 12.9 0.35

AM . . . . . . . . . . 
½ NPK 11.2 0.48 11.7 0.39 11.9 0.38 11.3 0.50 11.2 0.21
1 NPK 11.7 0.38 12.3 0.31 12.6 0.38 12.1 0.42 11.3 0.36

NPK 12.0 0.15 12.4 0.70 12.7 0.40 11.4 . 11.1 0.90 
2 NPK . . . . . . . . .
1½ N + 3 PK . . . . . . . . . . 
 NP 9.8 0.35 11.2 0.65 11.1 0.20 10.3 0.21 9.7 0.30

NK 12.0 0.85 12.9 0.75 12.8 0.55 12.4 0.72 12.1 0.70 
 PK 11.1 0.48 11.5 0.54 11.5 0.46 11.3 0.50 10.5 0.54

N 10.4 . 11.3 . 11.5 . 10.4 . 9.8
P 10.2 . 10.7 . 11.1 . 9.8 . 9.0 .

. K 10.5 . 10.9 . 10.9 . 10.8 . 10.4
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Table A6. Nitrogen concentration (mg N g-1 dry soil) in topsoil (0-20 cm) from the B2e-fie
tandard error (s.e.). 

1988 1992

ld. Mean
and s

1996 2000 2004 
Trea

s.e.
Unm

tment
Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean

anured 1.19 0.075 1.19 0.067 1.23 0.085 1.18 0.058 1.10 0.091
½ .38 0.046 1.38 0.047 1.43 0.063 1.29 0.081 1.43 0.048 

065
1½ 0.025 1.47 0.086 1.58 0.125 

.
½ . . . 

1½ .
2

.
00

5 1.25 0.050 1.07 0.185 1.30 0.100 
0.095

. . 

.

AM 1
1 AM 1.45 0.071 1.42 0.058 1.48 0.095 1.41 0.093 1.55 0.

AM 1.46 0.057 1.49 0.068 1.53
2 AM . . . . . . . . .

NPK . . . . . . .
1 NPK 1.34 0.077 1.34 0.074 1.35 0.065 1.18 0.127 1.38 0.095

NPK . . . . . . . . .
NPK . . . . . . . . . . 

1½ N + 3 PK . . . . . . . . .
NP 1.23 0.140 1.23 0.170 1.30 0.200 1.33 0.065 1.30 0.2
NK 1.23 0.115 1.21 0.09

 PK 1.25 0.088 1.23 0.086 1.18 0.085 1.14 0.104 1.23
N . . . . . . . .

 P . . . . . . . . . .
K . . . . . . . . .

an
and s
Table A7. Nitrogen concentration (mg N g-1 dry soil) in topsoil (0-20 cm) from the B2w-field. Me

tandard error (s.e.). 
1988 1992 1996 2000 2004

Treatment
Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e

anured 0.99 0.025 1.01 0.037 0.98 0.063 0.96 0.042 0.83 0.048
.

Unm
½ AM 1.15 0.000 1.19 0.025 1.15 0.050 1.17 0.009 1.25 0.150

AM 1.25 0.038 1.28 0.039 1.35 0.0561 1.22 0.035 1.27 0.072

½ 49
1 0.040

1
2 0.065 1.03 0.025

3 0.067
8 0.086 0.80 0.100

NK . . . . . . . . . .
 PK 1.15 . 1.19 . 1.20 . 1.18 . 1.10 .
 N 0.96 . 0.96 . 1.00 . 0.70 . 1.00 .
 P 0.90 . 0.90 . 0.90 . 0.81 . 0.70 .
 K 0.98 . 0.99 . 1.20 . 0.92 . 0.90 .

1½ AM 1.31 0.027 1.37 0.027 1.46 0.025 1.33 0.027 1.26 0.068
2 AM 1.32 0.013 1.37 0.007 1.37 0.033 1.36 0.061 1.23 0.088

NPK 1.11 0.026 1.13 0.033 1.14 0.051 1.06 0.025 1.08 0.0
NPK 1.13 0.040 1.15 0.028 1.20 0.045 1.02 0.050 1.06 

1½ NPK 1.15 0.018 1.18 0.023 1.24 0.051 1.13 0.029 1.14 0.05
NPK 1.11 0.023 1.14 0.030 1.10 0.082 0.99

1½ N + 3 PK 1.12 0.046 1.15 0.020 1.07 0.120 1.08 0.045 1.0
NP 1.02 0.085 1.01 0.090 1.10 0.100 0.9

73



Table A8. Nitrogen concentration (mg N g-1 dry soil) in topsoil (0-20 cm) from the B3-field. Mean
and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 1.01 0.037 0.91 0.018 0.98 0.020 0.87 0.027 0.80 0.032
½ AM . . . . . . . . . .
1 AM 1.20 0.045 1.20 0.040 1.18 0.049 1.16 0.057 1.18 0.092
1½ AM 1.32 0.059 1.26 0.009 1.40 0.058 1.34 0.092 1.30 0.058
2 AM . . . . . . . . . . 
½ NPK 1.13 0.043 1.07 0.029 1.13 0.048 1.07 0.060 1.10 0.091
1 NPK 1.17 0.054 1.14 0.054 1.18 0.048 1.09 0.082 1.13 0.07
1½ NPK 1.17 0.059 1.14 0.030 1.13 0.088 1.13 0.068 1.10 0.000
2 NPK . . . . . . . . . . 
½ N + 3 PK 

5

. . . . . . . . . . 
1.09 0.040 1.03 0.015 1.20 0.100 0.97 0.065 1.00 0.100 

 NK 1.12 0.058 1.03 0.020 1.13 0.033 1.06 0.068 0.97 0.088 
 PK 1.04 0.053 1.00 0.024 1.10 0.100 0.98 0.024 0.80 0.000 
 N 0.99 . 1.12 . 1.20 . 1.02 . 0.80 . 
 P 1.00 . 0.99 . 0.90 . 0.93 . 0.90 . 
 K 0.94 . 0.95 . 1.10 . 0.85 . 0.90 . 

1
 NP 

Table A9. Nitrogen concentration (mg N g-1 dry soil) in topsoil (0-20 cm) from the B4-field. Mean
and standard error (s.e.). 

1988 1992 1996 2000 2004 
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 1.01 0.012 0.99 0.056 0.80 0.100 0.84 0.032 0.73 0.033
½ AM 1.14 0.035 1.20 0.005 1.05 0.050 1.05 0.047 0.95 0.050
1 AM 1.27 0.040 1.22 0.045 1.25 0.150 1.25 0.007 1.30 0.000
1½ AM 1.37 0.025 1.32 0.050 1.25 0.150 1.39 0.017 1.40 0.100
2 AM . . . . . . . . . .
½ NPK 1.06 0.020 1.17 0.050 1.05 0.050 1.01 0.018 1.05 0.050
1 NPK 1.15 0.025 1.21 0.019 1.00 0.153 1.11 0.056 1.07 0.067
1½ NPK 1.17 0.032 1.18 0.029 1.13 0.067 1.20 0.019 1.10 0.100
2 NPK . . . . . . . . . .
1½ N + 3 PK 1.15 . 1.04 . 1.20 . 1.05 . 0.90 .
 NP 1.06 0.000 1.07 0.065 1.05 0.050 0.95 0.088 0.95 0.050
 NK 1.17 0.050 1.20 0.038 1.13 0.067 1.06 0.073 1.07 0.067
 PK 1.14 0.035 1.18 0.015 1.00 0.100 1.06 0.044 1.00 0.100
 N 1.09 . 1.10 . 0.90 . 1.04 . 1.00 .
 P 0.97 . 1.01 . 0.90 . 0.90 . 0.90 .
 K 1.02 . 1.07 . 0.90 . 1.10 . 1.30 .
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Table A10. Nitrogen concentration (mg N g-1 dry soil) in topsoil (0-20 cm) from the B5-field. Mean 
and standard error (s.e.).

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 0.91 0.021 0.93 0.026 0.92 0.037 0.84 0.029 0.74 0.051
½ AM 1.07 0.018 1.11 0.035 1.10 0.058 1.06 0.020 0.93 0.067
1 AM 1.16 0.028 1.21 0.043 1.13 0.063 1.13 0.028 1.13 0.075
1½ AM 1.28 0.030 1.31 0.049 1.30 0.000 1.22 0.048 1.17 0.088
2 AM . . . . . . . . . .
½ NPK 1.03

1.07
0.022

1.08 0.055 1.15 0.035 1.00 0.000 1.05 0.074 1.00 0.200 

1.02 0.053 1.04 0.051 1.00 0.058 0.97 0.047 0.83 0.067 
0.93 0.9 1.0 0.8 0.80 . 
0.89 0.9 0.8 0.6 0.60 . 

K 0.97 . 0.94 . 0.90 . 0.86 . 0.80 . 

1.05 0.039 
1.10

1.03 0.048 
1.10

0.97 0.043 
0.99

0.95 0.029 
0.931 NPK 0.022 0.019 0.041 0.042 0.048

1½ NPK
2
½

NPK
3 PK

. . . . . . . . . .
1 N + . . . . . . . . . .

NP 0.94 0.010 1.00 0.005 0.90 0.000 0.85 0.021 0.85 0.050
NK 1.12 0.070 1.15 0.060 1.10 0.100 1.05 0.048 1.00 0.100
PK
N . 7 . 0 . 6 .
P . 5 . 0 . 9 .
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Table A11. Ft-index (sulphuric acid 0.2 N soluble phosphorus) in topsoil (0-20 cm) from the B2e-
field. Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 1.9 0.20 1.5 0.18 1.3 0.17 . . 2.0 0.21
½ A 2.8 0.19 2.3 0.21 1.9 0.17 2.9 0.29 

A
A
A
N
N
N
N
N
N
N
P
N
P
K

M . .
1 M 4.2 0.43 3.6 0.26 3.2 0.31 . . 4.5 0.37
1½ M 5.5 0.30 5.2 0.33 4.8 0.30 . . 6.1 0.34
2 M . . . . . . . . . .
½ PK . . . . . . . . . .
1 PK 3.8 0.24 3.3 0.29 2.9 0.20 . . 4.2 0.29
1½ PK . . . . . . . . . .
2 PK . . . . . . . . . .
1½ + 3 PK . . . . . . . . . .

P 5.3 0.25 4.8 0.15 5.0 0.25 . . 6.6 0.05
K 2.2 0.50 1.5 0.35 1.4 0.20 . . 2.8 0.30
K 5.2 0.27 4.8 0.27 4.6 0.24 . . 5.9 0.27

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

Table A12. Ft-index (sulphuric acid 0.2 N soluble phosphorus) in topsoil (0-20 cm) from the B2w-
field. Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 3.3 0.35 3.4 0.49 3.2 0.54 . . 4.2 0.48
½ AM 4.8 0.65 4.3 0.65 3.9 0.75 . . 4.9 0.45
1 AM 5.7 0.22 5.9 0.37 5.4 0.31 . . 6.4 0.43
1½ AM 6.4 0.49 6.9 0.61 6.3 0.58 . . 7.9 0.75
2 AM 9.0 0.61 9.7 0.80 9.4 0.72 13.2 2.46

9.8 0.34 10.0 0.55 9.8 0.48 8.9 1.27
1.3 0.6 0.9 2.98

. .
½ NPK 4.6 0.31 4.5 0.39 3.9 0.55 . . 5.3 0.37
1 NPK 5.8 0.36 5.9 0.44 5.4 0.49 . . 6.8 0.27
1½ NPK 7.6 0.29 7.9 0.41 7.5 0.52 . . 9.6 0.73
2 NPK . .
1½ N + 3 PK 14.7 3 14.8 7 15.4 7 . . 13.5

NP 6.9 0.40 6.9 0.95 6.5 1.00 . . 7.8 0.55
NK . . . . . . . . . .
PK 6.4 . 6.5 . 6.4 . . . 7.1 .
N 2.9 . 2.6 . 2.7 . . . 3.2 .
P 7.3 . 7.1 . 6.8 . . . 8.2 .
K 2.7 . 2.3 . 1.8 . . . 2.6 .
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Table A13. Ft-index (sulphuric acid 0.2 N soluble phosphorus) in topsoil (0-20 cm) from the B3-field.
Mean and standard error (s.e.).

1988 1992 1996 2000 2004
Treatment

M s M
1.8 0.12 0
ean .e. ean s.e. Mean s.e. Mean s.e. Mean s.e.

Unmanured 1.5 .09 1.3 0.09 . . 1.6 0.12
½ AM . . . . . . . . . .
1 AM 3.1 0 0

0 0
. . . . 

0 0
0 0
0 0

. . . . 

. . . . 
4.1 0.10 0

0 0
0 0

. .

. .

. .

.15 3.2 .14 2.9 0.16 . . 3.3 0.12
1½ AM 4.1 .25 4.4 .18 4.0 0.25 . . 4.5 0.55
2 AM . . . . . .
½ NPK 2.5 .22 2.4 .11 2.2 0.22 . . 3.0 0.51
1 NPK 3.5 .18 3.4 .14 3.3 0.26 . . 3.9 0.17
1½ NPK 4.9 .07 4.9 .09 4.9 0.12 . . 5.3 0.15
2 NPK . . . . . .
1½ N + 3 PK . . . . . .

NP 4.1 .10 4.1 0.10 . . 4.6 0.30
NK 1.6 .18 1.4 .09 1.3 0.09 . . 1.6 0.13
PK 4.3 .12 4.1 .12 4.1 0.27 . . 4.1 0.18
N 1.4 1.4 1.2 . . . 1.8 .
P 5.1 5.5 5.2 . . . 5.2 .
K 1.5 1.3 1.4 . . . 1.5 .

Table A14. Ft-index (sulphuric acid 0.2 N soluble phosphorus) in topsoil (0-20 cm) from the B4-field. 
Mean and standard error (s.e.). 

1988 1992 1996 2000 2004 
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e. 
Unmanured 2.4 0.18 2.4 0.22 3.1 0.84 . . 3.4 0.38
½ AM 3.3 0.10 3.1 0.00 2.9 0.05 . . 4.6 0.55
1 AM 4.5 0.20 4.4 0.00 4.1 0.05 . . 5.3 0.05
1½ AM 6.4 0.45 6.8 0.15 5.9 0.10 . . 7.5 0.05
2 AM . . . . . . . . . .
½ NPK 2.9 0.25 2.9 0.25 3.9 1.45 . . 3.6 0.15
1 NPK 4.4 0.15 4.4 0.15 4.0 0.49 . . 5.3 0.19
1½ NPK 6.7 0.18 6.7 0.07 6.6 0.38 . . 8.0 0.70
2 NPK . . . . . . . . . .
1½ N + 3 PK 13.6 . 14.4 . 14.6 . . . 14.6 .
 NP 5.8 0.75 6.1 0.50 5.6 0.35 . . 5.4 0.25
 NK 2.8 0.52 2.3 0.17 2.2 0.22 . . 5.3 0.22
 PK 5.4 0.65 5.6 0.70 5.1 0.50 . . 5.6 0.40
 N 3.2 . 3.2 . 2.6 . . . 5.4 .
 P 6.6 . 6.9 . 6.5 . . . 6.3 .
 K 2.2 . 2.0 . 1.9 . . . 3.8 .
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Table A15. Ft-index (sulphuric acid 0.2 N soluble phosphorus) in topsoil (0-20 cm) from the B5-field
Mean and standard error (

.
s.e.).

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 2.7 0.46 2.6 0.39 2.6 0.43 . . 2.7 0.44
½ AM 3.4 0.20 3.4 0.27 2.8 0.26 . . 3.6 0.15
1 AM 4.4 0.37 4.6 0.38 4.2 0.36 . . 4.8 0.30
1½ AM 6.1 0.32 6.5 0.38 5.9 0.30 . . 6.3 0.44
2 AM . . . . . . . . . .
½ NPK 3.7 0.44 3.6 0.47 3.5 0.43 4.2 0.47 

7.0 0.25 7.3 0.00 7.0 0.45 7.8 0.10 

1. 1. 2. 1.9 . 
6. 7. 6. 7.5 . 
1. 1. 1. 1.9 . 

. .
1 NPK 5.0 0.60 5.3 0.64 4.9 0.60 . . 5.8 0.52
1½ NPK . .
2 NPK . . . . . . . . . .
1½ N + 3 PK . . . . . . . . . .

NP 5.7 0.00 5.9 0.05 5.4 0.10 . . 6.5 0.30
NK 2.8 0.85 2.8 0.65 2.6 0.60 . . 2.7 0.65
PK 5.3 0.37 5.5 0.61 5.4 0.61 . . 6.3 0.48
N 8 . 9 . 0 . . .
P 6 . 0 . 2 . . .
K 8 . 7 . 7 . . .
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Table A16. Pt-index (0.5 N sodium-bicarbonate soluble phosphorus, Olsen-P) in topsoil (0-20 cm) 
from the B2e-field. Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 0.6 0.05 0.5 0.04 0.4 0.04 0.4 0.02 0.5 .
½ AM 1.0 0.04 0.9 0.06 0.7 0.06 0.6 0.06 0.6 0.04 
1 AM 1.8 0.17 1.9 0.15 1.6 0.14 1.3 0.11 1.4 0.08
1½ AM 2.6 0.20 2.9 0.17 2.5 0.14 2.1 0.11 2.4 0.06
2 AM . . . . . . . . . .
½ NPK . . . . . . . . . .
1 NPK 1.6 0.09 1.6 0.09 1.3 0.12 1.2 0.05 1.2 0.03
1½ NPK . . . . . . . . . .
2 NPK . . . . . . . . . .
1½ N + 3 PK . . . . . . . . . .

NP 2.4 0.20 2.3 0.20 2.5 0.15 2.1 0.20 2.5 0.15
NK 0.5 0.00 0.5 0.10 0.6 0.25 0.3 0.05 . .
PK 2.2 0.20 2.3 0.16 2.2 0.10 1.9 0.15 2.2 0.21
N . . . . . . . . . .
P . . . . . . . . . .
K . . . . . . . . . .

Table A17. Pt-index (0.5 N sodium-bicarbonate soluble phosphorus, Olsen-P) in topsoil (0-20 cm) 
from the B2w-field. Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 0.9 0.15 1.0 0.14 0.8 0.13 0.8 0.19 0.8 0.15
½ AM 1.3 0.10 1.2 0.10 1.1 0.10 0.9 0.20 1.0 0.20
1 AM 1.8 0.08 2.0 0.11 1.7 0.09 1.7 0.15 1.7 0.12
1½ AM 2.3 0.21 2.6 0.16 2.4 0.18 2.3 0.17 2.4 0.29
2 AM 3.3 0.23 3.9 0.30 3.6 0.19 3.4 0.32 3.9 0.24 

4.2 0.44 3.8 0.23 3.9 0.25 3.8 0.26 4.5 0.36 
0.45 0.35 0.21 0.17 0.4

½ NPK 1.3 0.08 1.3 0.09 1.1 0.11 1.1 0.11 1.1 0.14
1 NPK 1.9 0.12 2.0 0.10 1.8 0.04 1.6 0.13 1.8 0.10
1½ NPK 2.7 0.14 2.9 0.16 2.8 0.16 2.7 0.21 3.0 0.20
2 NPK
1½ N + 3 PK 5.6 5.9 6.1 6.0 6.4 4

NP 2.4 0.20 2.4 0.20 2.3 0.20 2.3 0.40 2.5 0.20
NK . . . . . . . . . .
PK 2.1 . 2.0 . 1.9 . 2.1 . 2.0 .
N 0.6 . 0.6 . 0.9 . 0.5 . . .
P 2.6 . 2.6 . 2.6 . 2.3 . 3.5 .
K 0.5 . 0.6 . 0.5 . 0.4 . . .
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Table A18. Pt-index (0.5 N sodium-bicarbonate soluble phosphorus, Olsen-P) in topsoil (0-20 cm) 
from the B3-field. Mean and standard error (s.e.).

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 0.6 0.04 0.5 0.02 0.4 0.04 0.3 0.02 . .
½ AM . . . . . . . . . .
1 AM 1.3 0.05 1.3 0.05 1.1 0.05 1.0 0.08 1.0 0.04
1½ AM 1.9 0.07 2.2 0.00 1.9 0.06 1.8 0.15 1.6 0.15
2 AM . . . . . . . . . .
½ NPK 0.8 0.02 0.8 0.03 0.7 0.03 0.7 0.02 0.7 0.05
1 NPK 1.5 0.09 1.4 0.06 1.3 0.12 1.3 0.12 1.3 0.06
1½ NPK 2.4 0.06 2.3 0.09 2.3 0.03 2.3 0.03 2.1 0.03
2 NPK . . . . . . . . . .
1½ N + 3 PK . . . . . . . . . .

NP 1.9 0.30 2.0 0.10 1.9 0.35 1.8 0.15 1.5 0.10
NK 0.5 0.09 0.5 0.06 0.3 0.03 0.3 0.06 . .
PK 1.8 0.10 1.8 0.03 1.6 0.09 1.5 0.03 1.5 0.03
N 0.5 . 0.5 . 0.3 . 0.2 . . .
P 2.7 . 3.2 . 2.9 . 3.0 . 2.5 .
K 0.5 . 0.4 . 0.3 . 0.2 . . .

Table A19. Pt-index (0.5 N sodium-bicarbonate soluble phosphorus, Olsen-P) in topsoil (0-20 cm) 
from the B4-field. Mean and standard error (s.e.). 

1988 1992 1996 2000 2004 
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e. 
Unmanured 0.5 0.06 0.7 0.06 1.0 0.38 0.3 0.06 0.6 0.06
½ AM 0.8 0.05 0.9 0.05 0.9 0.00 0.5 0.05 0.8 0.05
1 AM 1.3 0.05 1.4 0.05 1.4 0.00 1.1 0.00 1.3 0.10
1½ AM 2.0 0.15 2.3 0.20 2.2 0.00 1.9 0.05 2.2 0.00
2 AM . . . . . . . . . .
½ NPK 0.6 0.05 0.8 0.05 1.4 0.60 0.4 0.05 0.7 0.10
1 NPK 1.3 0.03 1.4 0.07 1.4 0.23 1.1 0.09 1.1 0.07
1½ NPK 2.3 0.06 2.5 0.03 2.4 0.10 2.2 0.06 2.1 0.26
2 NPK . . . . . . . . . .
1½ N + 3 PK 4.9 . 6.7 . 6.0 . 5.1 . 4.0 .
 NP 1.9 0.25 2.3 0.25 2.1 0.20 1.3 0.15 1.2 0.15
 NK 0.6 0.19 0.6 0.06 0.6 0.03 0.3 0.07 0.6 0.06
 PK 1.6 0.20 1.9 0.25 1.8 0.10 1.2 0.20 1.3 0.15
 N 0.6 . 0.8 . 0.8 . 1.1 . 1.5 .
 P 2.5 . 2.7 . 2.6 . 1.7 . 1.5 .
 K 0.5 . 0.6 . 0.6 . 0.8 . 0.9 .
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Table A20. Pt-index (0.5 N sodium-bicarbonate soluble phosphorus, Olsen-P) in topsoil (0-20 cm)
from the B5-field. Mean and standard error (s.e.).

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 0.6 0.12 0.8 0.09 1.2 0.45 0.6 0.07 0.6 0.15
½ AM 0.9 0.03 1.1 0.06 1.1 0.00 0.8 0.09 

1.4 0.11 
2.3 0.15 

1.1 0.15 1.2 0.13 1.1 0.13 1.0 0.17 1.0 0.11 
1.8 0.15 

2.4 0.05 2.8 0.05 3.2 0.10 3.1 0.40 2.5 0.15 

2.4 0.20 
0.4 0.10 
2.0 0.06 

0.4 . 0.6 0.6 0.3
2.5 . 3.0 2.8 2.9 2.5 . 
0.4 . 0.6 0.6 0.4 0.5 . 

0.8 0.06
1 AM 1.4 0.13 1.7 0.09 1.7 0.14 1.2 0.11
1½ AM 2.2 0.09 2.7 0.07 2.6 0.15 2.0 0.26
2 AM . . . . . . . . . .
½ NPK
1 NPK 1.5 0.13 1.9 0.17 1.8 0.18 1.5 0.09
1½ NPK
2 NPK . . . . . . . . . .
1½ N + 3 PK . . . . . . . . . .

NP 2.1 0.10 2.4 0.05 2.4 0.10 2.0 0.05
NK 0.5 0.15 0.7 0.10 0.7 0.15 0.5 .
PK 1.8 0.07 2.1 0.12 2.2 0.22 1.8 0.15
N . . . . .
P . . .
K . . .
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Table A21. Kt-index (ammonium acetate soluble potassium) in topsoil (0-20 cm) from the B2e-field. 
Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 2.7 0.22 3.2 0.93 4.0 1.14 2.4 0.15 2.8 0.55
½ AM 4.2 0.32 3.6 0.29 3.7 0.17 3.1 0.12 4.0 0.24 

3.9 0.13 
5.5 0.35 

4.0 0.28 

.
2.4 0.20 

11.6 0.75 10.5 0.80 11.4 0.25 7.8 0.55 10.6 0.60 
5.0 0.25 

.
.

1 AM 4.6 0.19 4.8 0.31 4.9 0.21 5.7 0.21
1½ AM 5.5 0.57 7.1 0.84 6.8 0.31 8.3 0.95
2 AM . . . . . . . . . .
½ NPK . . . . . . . . . .
1 NPK 6.0 0.58 4.8 0.43 5.4 0.24 4.5 0.37
1½ NPK . . . . . . . . . .
2 NPK . . . . . . . . . .
1½ N + 3 PK . . . . . . . . .

NP 2.5 0.00 2.2 0.10 2.8 0.35 2.5 0.35
NK
PK 8.7 0.54 7.6 0.73 7.1 0.45 7.1 0.55
N . . . . . . . . .
P . . . . . . . . .
K . . . . . . . . . .

Table A22. Kt-index (ammonium acetate soluble potassium) in topsoil (0-20 cm) from the B2w-field. 
Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 3.4 0.34 2.6 0.13 2.9 0.23 3.0 0.27 3.5 0.28
½ AM 3.9 0.50 3.6 0.55 4.5 0.50 4.0 0.90 

0.31 5.5 0.22 
7.9 0.32 10.7 0.59 

9.4 0.93 15.4 0.22 10.7 0.54 10.2 0.56 12.4 0.15 
3.8 0.22 
5.4 0.28 

11.6 0.50 12.1 1.05 10.1 0.61 9.0 0.77 
19.2 1.67 18.1 0.18 14.0 0.37 11.6 0.77 14.5 0.77 

2.6 0.35 0.88 22. 0.70 0.2
0.05 2.3 0.10 

.
1 6.

. 2.
2.

1 1 1 9. 14.3 . 

5.1 1.05
1 AM 6.2 0.33 7.2 8.1 2.31 7.8 0.45
1½ AM 7.5 0.44 9.8 0.69 8.4 0.10
2 AM
½ NPK 5.1 0.47 4.6 0.25 4.4 0.12 5.0 0.38
1 NPK 9.4 1.02 8.2 0.77 6.9 0.36 7.1 0.14
1½ NPK 9.5 0.80
2 NPK
1½ N + 3 PK 31.8 7 28.9 24.3 2 23.4 5

NP 2.3 0.05 2.2 2.7 0.40 2.6 0.20
NK . . . . . . . . .
PK 3.2 . 9.5 . 9.1 . 1 . 7.5 .
N 5.6 . 2.4 2.5 . 2 . 2.8 .
P 2.4 . 2.1 . 2.3 . 0 . 2.1 .
K 6.8 . 4.1 . 4.5 . 4 .
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Table A23. Kt-index (ammonium acetate soluble potassium) in topsoil (0-20 cm) from the B3-field. 
Mean and standard error (s.e.). 

1988 1992 1996 2000 2004 
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 3.4 0.25 2.9 0.20 3.5 0.16 3.1 0.12 3.1 0.24
½ . . . . . . . . . .AM

6.0 0.37 6.0 0.32 6.3 0.34 5.4 0.53 
0.75 6.6 0.35 

4.2 0.20 
4.3 0.67 

10.3 0.20 6.9 0.52 

.
0.15 2.7 0.20 

13.2 0.60 15.3 0.17 14.5 1.26 12.5 0.62 15.9 0.69 
1.17 7.2 0.72 

. 3.7 2.5
2.7 2.5

1 1 1 14.5 14.9 . 

1 AM 8.1 0.43
1½ AM 6.7 0.24 7.5 7.8 0.26 7.8 0.29
2 AM . . . . . . . . . .
½ NPK 4.8 0.13 4.4 0.18 4.7 0.09 5.0 0.29
1 NPK 6.4 0.28 6.8 0.62 5.8 0.21 6.8 0.21
1½ 9.4 0.90 8.3 0.69 9.6 0.61NPK

. . . . .2 NPK . . . . .
1½ N + 3 PK . . . . . . . . .

NP 2.8 0.00 2.4 3.0 0.20 2.3 0.00
NK
PK 9.6 0.69 8.7 8.6 0.58 8.0 0.42

3.8 . 2.2 . . 2.7 .N
P 2.8 . 2.3 . . . 2.2 .
K 3.8 . 6.1 . 6.0 . .

Table A24. Kt-index (ammonium acetate soluble potassium) in topsoil (0-20 cm) from the B4-field. 
Mean and standard error (s.e.). 

1988 1992 1996 2000 2004 
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e. 
Unmanured 2.9 0.47 3.1 0.34 7.4 3.91 2.8 0.20 2.7 0.24 
½ AM 4.0 0.30 4.2 0.40 7.7 2.90 3.6 0.40 3.9 0.50 
1 AM 4.7 0.00 4.9 0.00 7.5 1.70 4.5 0.40 5.1 0.60 
1½ AM 6.4 0.65 6.0 0.20 7.4 0.30 5.8 0.15 6.4 0.20 
2 AM . . . . . . . . . . 
½ NPK 4.2 0.20 4.1 0.60 7.4 2.30 3.7 0.30 3.4 0.40 
1 NPK 5.9 0.21 5.1 0.21 6.0 0.78 5.1 0.33 4.7 0.26 
1½ NPK 13.3 0.48 10.0 0.36 9.9 0.17 7.8 0.60 6.7 0.58 
2 NPK . . . . . . . . . . 
1½ N + 3 PK 34.5 . 26.5 . 30.6 . 11.6 . 7.3 . 
 NP 2.3 0.00 2.8 0.25 3.1 0.00 3.4 0.20 4.3 0.60 
 NK 14.1 1.11 13.5 1.32 14.2 2.02 7.8 1.40 6.2 0.87 
 PK 7.6 0.15 7.3 0.75 8.7 0.20 3.9 0.00 3.5 0.45 
 N 2.6 . 3.5 . 9.9 . 6.9 . 8.4 . 
 P 2.1 . 2.7 . 3.3 . 3.4 . 3.5 . 
 K 14.5 . 14.9 . 15.8 . 14.4 . 14.4 . 
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Table A25. Kt-index (ammonium acetate soluble potassium) in topsoil (0-20 cm) from the B5-field.
Mean and standard error (s.e.). 

1988 1992 1996 2000 2004
Treatment

Mean s.e. Mean s.e. Mean s.e. Mean s.e. Mean s.e.
Unmanured 2.8 0.18 3.3 0.23 3.8 0.31 2.9 0.13 2.6 0.08

4.9 0.20 5.4 0.12 6.7 0.55 4.6 0.13 4.9 0.06½ AM
6.5 0.34 8.9 0.50 11.3 0.86 

12.3 0.69 15.1 0.96 
.

5.2 0.34 5.2 0.20 6.6 1.00 4.4 0.23 4.9 0.18 

9.9 0.05 14.0 1.25 17.4 0.40 12.0 0.00 12.2 0.55 

11.3 2.05 14.3 2.25 17.7 1.15 13.0 1.45 14.4 2.05 
11.8 0.42 13.5 0.77 

2.8 . 3.2 . 3. 2. 2.9 . 
2.4 . 2.7 3. 2. 2.3 . 

13. 16. 18. 13. 17.2 . 

7.0 0.49 7.4 0.261 AM
8.2 0.65 8.1 0.17 9.9 0.211½ AM

. . . . . . . . .2 AM
½ NPK

7.3 0.77 8.5 0.53 9.4 0.35 7.2 0.221 NPK 7.2 0.65
1½ NPK
2 NPK . . . . . . . . . .

N + 3 PK . . . . . . . . .1½ .
NP 2.5 0.10 3.0 0.15 2.9 0.05 2.7 0.20 2.3 0.05
NK

9.1 0.58 9.3 0.26 8.8 0.40PK
N 1 . 6 .

.P 3 . 7 .
K 4 . 5 . 2 . 7 .
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Appendix B – Estimates of regression for nitrogen off-take 1973-2004 
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of m ertili r + 7 (1.9 ) .111 .028)
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Table B4. Additive estimates for nitrogen off-take in straw of spring barley. The reference is spring
applied animal manure (AM in slurry) during 1989-2004. Standard errors of estimates are in 

2=0.42.
In p e

parenthesis. R
terce t SlopEffect of nutrient a

me Referen C e Re ce ng
, applie 1 .1 01 60

source nd
application ti ce hang feren Cha e
AM spring d 9.2 (4 4) 0.2 (0.0 7)
Chan estimates by

on in au n 10. 80 -0. (0
se ineral fertilizer -0.04 (0.069

ge in
Applicati tum - 4 (4. ) 007 .069)
U of m -1.6 (4.80) 1 )

Table dditive at itr of in g clo he n rin lie
a re (AM ur ing -2 tandard errors of esti s are is

=0.
Intercept Slope 

B5. A estim es for n ogen f-take rass/ ver. T refere ce is sp g app d
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ppli n time R ence C e Re ce ng
M, g applie 98.0 (6.5 33 74
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a catio efer hang feren Cha e
A sprin d 5) 0.6 (0.0 3)
Chan estimates by

Ap ation in au n -8.8 (7.61) -0.12 (0.083
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of -2.2 (7.61) 221 )

Table B6. Additive estimates for nitrogen off-take in roots of beet. The reference is spring applied 
animal manure (AM in slurry) during 1989-2004. Standard errors of estimates are in parenthesis. 
R2=0.72.

Intercept Slope Effect of nutrient source and 
application time Reference Change Reference Change
AM, spring applied 14.2 (11.7) 0.410 (0.0607) 
Change in estimates by
   Application in autumn 17.1 (14.4) -0.086 (0.070) 
   Use of mineral fertilizer 3.8 (14.2) +0.018 (0.070) 
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Appendix C – Brief technical description of data storage 
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JORD_TREND.* for high quality plots. A list of recorded parameters in 
JORD00.SAS7BDAT appears from Appendix D. 

JORD8800.*: Recordings of soil is o 19 er ct m 0
me c ate ysi va an t a in JORD_TABEL_C.* 

ra C, Ft, Pt t) and ORD ABE N.* (paramet N onl for im ort in ORD
les

O R.SAS7B AT: A nual y ent
co were r ro .AL D ntil 4, om M NIC s
89. o prob w atm an th 5 or ,

separ re a h b rel to 2-f e
lds om B2e, except for the treatments 2 (½ A ), 6 ( PK) a 7 (1 N ). Re rding

e ts in 2w w e use o supplement or comp te the 2e rec dings his
omp ata set eld din u r g ti the et RE an
_73 A list rd ra s i P R. B ap fr p
.

_TR D.*: Ave yield er year crop r on sin sta the ex erim The
rogr e produces trendplots of each crop for nd NP r ively. at sposed
nd filed in Y_TREND.* for high quality plots. 

treatme ating the effect 
in slur ti is of

or hi li ts

PA L.*: An y y p in 9. ef f t en es ed
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p used in th past fo this e erime . A lis f reco ed pa meters in 
PA .SSS7 T rs A dix

A .SA AT c al r L rk or ve rth r i
ole les representing the crop rotation. Recordings were read from HP.AFG_ANA 

e MIC O iles fr HP.A _ conta an  as 
ell a corresp g s. Y d r recent an we ad  Y_TREND. 
his lete data set of si co n ie rd is or ra
f the sets: OP 00 P 0 st o or ara rs
FGA A00.SAS AT ap ars  Appendix
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Y _00. of reco ed pa meter n CRO YEA SAS7 DAT pears om Ap endix
D

Y EN rage s p four- otati ce rt of p ent.
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a
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gh qua
pplication
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OPT73_00.*: Calculated nutrient uptake for each crop part in the four-year rotations starting
with the 1973/76 rotation using data from AFG_ANA00. The data are used for estimating the 

anges in s pplication by analys ariance.

: To tr ta th -ye ta tar w 19 6
ati ing data O _0

PRG.SA alc m an d or lur a 973-2004
aly 1973-199 was tr sferred from HP to a PC-ASCII file i 994. alysi f 199

4 ad fro X spr he he ar d i UR AS A
d l corde am ap f pp D

gh plots ar ade u ng th rogramme SigmaPlot 2000. For this purpose the 
duce by SAS are imported in EXC as sp e deli ited files and filed as 

.XL es. Then w ve Si ot t& gr o and filed

.JNB s.

sko xperimental Station stores all data and current recordings on server 
STO E02\Forsø tioner sk rsøgs ta. -up c ies AS da set ed in
ove er 2005 and the above m ed pr ra are s e esearc C oulum
n server: \\MARKSERV1\JPM\ostof\JEP\2-9301. Access to the data can be obtained by 

contact to the authors. 

References
Petersen, P.E.H. 1989. Brugervejledning til Datafangst-systemet på mikrodatamater, Afdeling 
for Biometri og Informatik, februar 1989. 
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Appendix D – Overview of recorded parameters 

General variables in the datasets for Ler RD=1)

handle and store data, this variable is ore ways. In 
. '1972' or simply '72' t year an in other c

The perio s may also be represented by e.g. '1969

r

ts (fodder)
turnip) (<19

als
r

The yield is stated in different ways depending on the crop. 

100% dry matter free of sand 
as 100% dry matter 

_DEL)
or roots of beets and potatoes 
or top of be s

peas or th sum of cuts in gr s-clover

TREATMENT (LED) 
The treatments on Lermarken are (from the SAS® programme):

proc format;
    value Lermarken
           1='Unmanured'
           2='½  AM'
           3='1  AM'
           4='1½ AM'
           5='2  AM'
           6='PK'
           7='NK'
           8='½  NPK'

marken (JO

YEAR (AAR) 
Due to different ways to
some cases the value (e.g

 represented in m
) is t exache d ases the

previous period 1969-1972.
meaning may appears from the description of each dataset. 

d -72'. The exact 

CROP (AFGR)
For the c op the following codes are used: 
1 Winter cereals
2 Bee
3 Beets ( 23 Potatoes)
4 Spring cere
5 Grass-clove

Cereals 85% dry matter
Beets, root 100% dry matter 
Beets, top
Potatoes, Grass-clover and pe

Part of the crop (AFG
1 cereal grain
2 cereal straw et
9 total crop, e.g. e individual as
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           9='1  NPK'
          10='1½ NPK'

This variable is used in two ways. Alphanumeric; the field are named B2, B3, B4 and B5 for 

ot. The number of replicates is unbalanced. Until 
988 yields were obtained as one value per treatment per field. 

          11='2  NPK'
          12='1½N 3P 3K'
          13='NP'
          14='N'
          15='P'
          16='K'
          ; 

FIELD (MARK) 

the fields, or numeric; the number of the field is used only. 

REPLICATE (GENT) 
From 1988 the yield is determined on each pl
1

All analyses of crop and soil are carried out on dry matter basis. Analysis on applied AM is
based on wet weight. 
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Data Set Name: JORD00 
Observations: 1214 

Nutrient content in soil 1924-2004 
Regularly samples were taken in 1924, 29, 30, 31, 33, 34, 39, 42, 45, 49, 53, 57, 61, 65,
72, 76, 80, 84, 88, 92, 96, 2000 and 2004. From 1939 samples were taken in all fields. The 
samples

69,

represent the previous rotation period of 4 years. There is one observation per 
eatment only (= no replicates). 

Num 8 Chromium content [ppm] ** 
U Num 8 Copper content [ppm] ** 

ORD* Num 8 Site

GT* Num 8 Magnesium value [1 mg Mg/100 g of soil] 1949-72, 1980, 1996, 

1957

B Num 8 Lead content [ppm] ** 

oil nutrient

* In 1949-1972 for the treatments: unmanured, AM, NPK, NP, NK, PK and P on the B3 and 
G1 field. 

tr
ppm = parts per million = mg kg-1

Alphabetic List of Variables: 
Variable Type Length Label
AAR* Num 8 Year
C* Num 8 Carbon content [%] 1924- 
CD Num 8 Cadmium content [ppm] ** 
CO Num 8 Cobalt content [ppm] ** 
CR
C
CUT Num 8 Copper value [1 mg Cu/1000 g of soil] 1949-72, expect 1957 
FT* Num 8 Phosphorus [3 mg P/100 g of soil] extracted by sulphuric acid 1924-

1996
J
KT* Num 8 Potassium value [1 mg K/100 g of soil] 1924- ** 
LED* Num 8 Treatment
MARK* Num 8 Field []
M

2000
MN Num 8 Manganese content [ppm] ** 
N* Num 8 Nitrogen content [%] 1924- , excl 1931 and 1933 
NAT Num 8 Sodium content [1 mg Na/100 of soil] 1949-72, except
NI Num 8 Nickel content [ppm] **
P
PH Num 8 pH(H2O) [abstract] 1924-72 
PT* Num 8 Phosphorus [1 mg P/100 g of soil] extracted by NaHCO3 1988- 
RT* Num 8 pH(CaCl2) [abstract] 1924- 
ZN Num 8 Zinc content [ppm] ** 
ZNT Num 8 Zinc value [1 mg Zn/1000 g of soil] 1949-72, except 1957 
* Variables also included in the data set: JORD8800 containing results for s
content since 1988 recorded at each plot replicate. 
*
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Data Set Name: CROPYEAR
Observations: 10197 

Annual yields by treatment since start of the experiment 

FGR Num 8 Crop

DBYTTE Num 8 Yield [hkg ha-1]

e: Y_PARCEL 
bservations: 5107

Date for cut in the grass-clover crop [yymmdd]
ENT Num 8 Replicate

Num 8 Yield [kg m-2]

ss-clover crop
PT_AFGR Num 8 MICRONIC code for crop (see Y_PARCEL.SAS)

SPT_LED Num 8 MICRONIC code for treatment (see Table 9) 
STED Num 4 Site
T_HA Num 8 Yield [t ha-1]
UDB_HA Num 8 Yield [hkg ha-1]
YEAR Num 8 Year

Variable Type Length Label
AAR Char 7 Year
A
AFG_DEL Num 8 Crop component
JORD Num 8 Site
LED Num 8 Treatment
T_HA Num 8 Yield [t ha-1]
U
YEAR Num 8 Year

Data Set Nam
O

Annual yields by plot since 1989 
Variable Type Length Label
AFG_DEL Num 8 Crop component
DATO Num 4
G
KG_M2
PARC Num 4 Plot no according to Figure 3-6 
SLET Num 8 Cut in the gra
S
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Data Set Name: AFGANA00
Observations: 2122

Nutrient content in the crop 1930-2004 
These are given for the following periods: AAR = 1931-38, 1944-47, 1944, 1945, 1946, 1947, 
1949/52, 1953/56, 1957/60, 1961/64, 1965/68, 1969/72, 1973/76, 1973/74, 1977/80, 1981/84, 
1985/88, 1989/92, 1993/96, 1997/00, and 2001/04. 

Alphabetic List of Variables: 
Variable Type Length Label
AAR Char 7 Year
AFGR Num 8 Crop
AFG_DEL Num 8 Part of crop 
CA Num 8 Calcium content [%], 1953/56-1997/00, except 1989/92 
CU Num 8 Copper content [ppm], 1973/76-1985/88 
JORD Num 8 Site
K Num 8 Potassium content [%] incomplete until 1949/52
LED Num 8 Treatment
MG Num 8 Magnesium content [%], 1953/56-1997/00, except 1989/92 
MN Num 8 Manganese content [ppm], 1973/76-1985/88 
N Num 8 Nitrogen content [%] incomplete until 1949/52
NA Num 8 Sodium content [%], 1953/56-1997/00, except 1989/92 
P Num 8 Phosphorus content [%] incomplete until 1949/52
UDB Num 8 Yield by rotation [t ha-1]
ZN Num 8 Zinc content [ppm], 1973/76-1985/88 
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Data Set Name: SLURRY 
Observations: 96 

mount and nutrient content of applied cattle slurry during 1973-2004 
of Variables:

ARK Char 3 Field [alphanumeric]
m 8 Magnesium content [%] 1973-89 

ntent [ppm] 1973-89
tent [%] 1973-89 
 nitrogen content [%] 

nt [%]

ent [%]
ORSTOF Num 8 Dry matter content [%] 

um 8 Applied am
um 8 Application
um 8 Zinc conten

A
Alphabetic List
Variable Type Length Label
CA Num 8 Calcium content [%] 1973-89 
CU Num 8 Copper content [ppm] 1973-89 
K Num 8 Potassium content [%] 
M
MG Nu
MN Num 8 Manganese co
NA Num 8 Sodium con
NH4N Num 8 Ammonium
P Num 8 Phosphorus conte
PH Num 8 pH
SAND Num 8 Sand cont
T
TOT_N Num 8 Total nitrogen content [%] 
T_HA N ount [t/ha]
UDBRAGT N time [yymmdd]
ZN N t [ppm] 1973-89
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Appendix E – Publications from the Askov long-term experiments 

af 13 års forsøg over anvendelsen af staldgødning og kunstgødning på 
arkerne ved Askov 1894-1906. Tidsskrift for Planteavl 16, 166-168. 

ngsudvalget 1951. Undersøgelse af gødskningens indflydelse på afgrødernes 
sammensætning. A. T. V. beretning nr. 16, pp. 79.
.R. 1906. Om nyere principper i jordbundsforskningen. Tidsskrift for Planteavl 

, 145-194.
hristensen, H.R. 1914. Studier over jordbundsbeskaffenhedens indflydelse på bakterielivet 

tningen i jordbunden. Tidsskrift for Planteavl 21, 321-552. 

hristensen, H.R. 1927. Jordbundsundersøgelser i forbindelse med fastliggende
å mineraljorder. Tidsskrift for Planteavl 33, 197-411. 

orph-Petersen, K. 1954. Jorden som fosforkilde for planterne. Tidsskrift for Planteavl 57, 

peraturen i staldgødet og kunstgødet jord. Tidsskrift for Planteavl 43, 
358-360.

Hansen, F. & Hansen, J. 1913. Gødningsforsøg på forsøgsstationen ved Askov 1894-1910. 
Tidsskrift for Planteavl 20, 345-539. 

Iversen, K. 1927. Gødningsforsøg på forsøgsstationerne ved Askov og Lyngby. Tidsskrift for 
Planteavl 33, 557-752. 

Iversen, K. 1927. Nyere undersøgelser vedrørende staldgødningens anvendelse. NJF 
Tidsskrift, 1927, 313-329. 

Iversen, K. 1928. Stalldüngerversuche der dänischen Versuchsstation Askov und Lyngby. 
Zeitschrift für Pflanzenernährung, Düngung und Bodenkunde B 7, 457-471. 

Iversen, K. 1932. Forsøg med ensidig kunstgødning. Askov 1894-1930. Tidsskrift for 
Planteavl 38, 537-612. 

Iversen, K. 1933. Dänische Versuche zur Herbst- und Frühjahrsdüngung mit Stalldünger. 
Archiv für Pflanzenbau 10, 203-236. 

Iversen, K. 1933. Forsøg med kunstgødning på staldgødet jord 1894-1930. Tidsskrift for
Planteavl 39, 1-113. 

Iversen, K. 1953. Dänische Versuche mit Stalldünger und Handelsdünger. Die Phosphorsäure 
13, 201-219. 

Iversen, K. 1956. Versuche mit Stalldünger und Mineraldünger. Kurz und Bündig 9, 228-230. 
Iversen, K. 1959. Dänische Versuche mit Stalldünger und Kunstdünger. Bodenanalysen und 

Feldversuche. Zeitschrift für Acker- und Pflanzenbau 110, 1-32. 
Iversen, K. & Dorph-Petersen, K. 1951. Forsøg med staldgødning og kunstgødning ved 

Askov 1894-1948. Tidsskrift for Planteavl 54, 363-538. 

1894 – 1972 
Anon. 1909. Resultater

forsøgsm
A.T.V. Gødni

kemiske
Christensen, H

13
C

og stofomsæ
Christensen, H.R. 1916. Om vejrligets indflydelse på afgrødens udnyttelse af tilførte 

gødningsstoffer. Tidsskrift for Planteavl 23, 251-288.
C

gødningsforsøg p
Damsgaard-Sørensen, P. 1946. Studier over jordens fosforsyreindhold. IV Det organisk 

bundne fosfor. Tidsskrift for Planteavl 50, 653-675. 
D

553-677.
Hansen, F. 1938. Tem

97



Jørgensen, C.A. 1940. Om kalihungersymptomer på landbrugsplanter og deres anvendelse 
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Grøn Viden indeholder informationer 

fra Danmarks JordbrugsForskning.

Grøn Viden udkommer i en mark-, en 

husdyr- og en havebrugsserie, der alle 

henvender sig til konsulenter og inter-

esserede jordbrugere.

Abonnement tegnes hos 

Danmarks JordbrugsForskning

Forskningscenter Foulum

Postboks 50, 8830 Tjele

Tlf. 89 99 10 28 / www.agrsci.dk
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Plant production Horticulture Livestock

The Askov Long-Term Experiments on Animal Manure and Mineral 
Fertilizers were established in 1894 and are among the very few agri-
cultural experiments worldwide that have been maintained for more 
than a century. The field experiments represent a unique research fa-
cility for studies on the effects of nutrient management on soil proper-
ties and plant nutrition.

The report provides a description of the Askov Lermarken site and 
presents basic data on soil properties and crop yields for the period 
1894-2004. Results obtained during 1973-2004 are subject to more 
detailed analyses and include comparisons of the effects of nutrients 
added in cattle slurry and mineral fertilizers, the effect of N, P and K 
added individually or in combinations of two or three. The report also 
includes lists of publications on studies based on the Askov long-term 
experiments.


