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On five long-term organic dairy farms aiming at self-
sufficiency with nutrients, soil concentrations of
ammonium-acetate lactate extractable potassium (K-
AL) and acid-soluble K was measured twice in topsoil
(0–20 cm) and subsoil (20–40 cm) over periods of 6–
14 years. Organic management had occurred for �9
years at the second sampling. On average there were
most probably field level K-deficits. Even so, topsoil
K-AL concentrations were medium high (65–155 mg
K kg�1 soil), and did not decrease during the study
period. However, for three farms, topsoil K-AL was
approaching a minimum level determined by soil tex-
ture, where further decrease is slow. Subsoil K-AL
concentrations were generally low (�65). The soils
were mostly light-textured, and reserves of K-releasing
soil minerals (illite) were low, never exceeding 6% of
the mineral particles �2 mm diameter. Topsoil acid-
soluble K concentrations were low (�300 mg K kg�1

soil) on two farms, medium (300–800) on three farms
and decreased significantly on one farm. Cation-
exchange capacity increased on two farms. This may
indicate increased amount of expanded clay minerals
caused by K-depletion. On self-sufficient organic dairy
farms, purchased nutrients will be required by low
soil nutrient reserves to avoid seriously decreased
yields and quality of crops.

Keywords Cation exchange capacity; clay min-
erals; nutrient balance; phosphorus; soil fertility;
x-ray diffractometry

Introduction

Organic farming systems are commonly
briefly described as systems desisting from the
use of mineral fertilisers and pesticides. This
simple, operational definition is often used for
public information. However, it has also been
widely used in farming systems comparisons,
on farm level (e.g. Lockeretz et al., 1980; Regan-
old et al., 1987; Schjønning et al., 2002) as well
as in field experiments (e.g. Oehl et al., 2002;
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Poutala et al., 1994). A far more comprehensive
definition, emphasising the philosophical base
of this farming system is given by Stockdale
et al. (2001). Here, the term ‘organic’ is related
to the concept of the farm as an organism, in
which all components interact to create a coher-
ent whole. International standards for organic
farming are well established (IFOAM, 2002).
Here, the farm organism concept is reflected in
basic principles, followed by practical rec-
ommendations, basic standards and dero-
gations. Soil nutrient concentrations are con-
cerned in the basic principle stating that farmers
should ‘maintain and increase long-term fer-
tility and biological activity of soils using
locally adapted cultural, biological and mechan-
ical methods as opposed to reliance on inputs’.
In accordance with this objective, self-
sufficiency is a central goal for many organic
farmers, who try to minimise all kinds of pur-
chased inputs to the farm. This management
strategy may cause a decrease in available soil
nutrient concentrations with time, as has been
described for phosphorus (P) in a previous
paper (Løes & Øgaard, 2001). The decrease in
available soil P found after long periods of
organic farming raises the question if similar
patterns can be found for potassium (K), the
plant nutrient required by most crop species in
the largest amounts next to nitrogen (N). Nutri-
ent balances are calculated as nutrient inputs
(manure, seed, precipitation, etc.) minus nutri-
ent outputs (yields, losses to water and air, etc.).
A negative nutrient balance implies a deficit of
the relevant nutrient, and a positive balance a
surplus. For K, a small average surplus on
the farm level was found for organic dairy
production in northern Europe (Watson et al.,
2002). In Scandinavian studies, Kerner (1993)
and Kristensen and Halberg (1995) found farm
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level surpluses of 10 and 33 kg K ha�1 y�1 in
Norway and Denmark, respectively. On the
field level however, K-deficits seems to be the
rule for organic dairy farming systems with
moderate animal density, varying from �12
to �73 kg ha�1 y�1 (Asdal & Bakken, 1999;
Askegaard & Eriksen, 2000; Eltun et al., 2002).
One reason for a larger deficit, or a decreased
surplus, on the field level as compared to the
farm level (Table 1) is internal nutrient losses
from handling of fodder, manure, etc. Potass-
ium is easily releasable and internal K-losses
may be considerable, whereas P is less releas-
able with correspondingly smaller losses. In a
farm level case study of self-sufficient combined
organic beef and dairy production (Nolte &
Werner, 1994), only about 50% of the K in
harvested fodder was recovered in manure
ready for recycling to the soil. The internal
losses comprised 78% of the total K-deficit of
65 kg ha�1 y�1, whereas the corresponding level
for P was only 23% of a total deficit of 2.9 kg
P ha�1 y�1. Hence, there seems to be a greater
risk of losing K than P from livestock farming
systems.

Soil K-concentrations have been shown to
decrease during conversion (Aasbø et al., 1999;
Løes & Øgaard, 1997), but there is a need to
study the temporal changes, as well as the
levels of plant-available K after long-term
organic dairy farming. The aim of the present
paper is to report results from farm level stud-
ies of temporal changes in soil potassium.
Further, we will discuss whether long-term
organic dairy farming systems may become
deficient in K when the farm management strat-
egy is to minimise the amounts of purchased
nutrients.

Table 1 K and P balances (kg ha�1 y�1) on farm and field level in organic dairy farming systems in northern
Europe. Field level values are averages for most or the whole crop rotation (usually 6–7 years)

K P Country Reference

Farm Field Farm Field

14 �130 4.5 �8 Norway Løes et al., 1999
0.5 �29 3 0.5 Sweden Fagerberg et al., 1996

�7 �36 nm* nm* Germany Mayer, 1997
�5 �65 �1.2 �2.9 Germany Nolte and Werner, 1994

*Note: nm = not measured.

Material and Methods

Participating farms

On five organic dairy farms located in the
southern part of Norway, agricultural soil was
sampled twice over periods of 6–14 years (Table
2). Soil analyses from the first and second sam-
pling were compared to assess changes in soil
nutrient concentrations over time after conver-
sion to organic dairy farming. At the second
sampling, all the investigated farms had been
organically managed for 9 years or more; one
farm (Sletner) as long as since 1932. The farms
vary with respect to farm size, climatic con-
ditions, bedrock, and soil origin (Table 2). How-
ever, the soils were mainly light-textured on all
farms, as only 23% of the samples had clay
content between 25 and 40% (clay loam accord-
ing to USDA, 1996), and no samples contained
above 39% clay. On all farms the main income
source is milk production. The animal density
(number of dairy cows per hectare, Table 2)
is relatively low, because all farmers strongly
emphasise a high degree of self-sufficiency.
Altogether, the farms constitute a fairly rep-
resentative selection of southern Norwegian
organic dairy farms with a high degree of self-
sufficiency with nutrients. In comparison with
other European countries, the size of farmland
and herd on the studied farms is considerably
lower. However, the farms are still representa-
tive of organic dairy farming systems where
milk and meat are the main products sold, and
only small amounts of fodder but no other
nutrients are purchased.



16
International

Journal
of

A
gricultural

Sustainability

Table 2 General information on the five organic dairy farms

Farm Location Alt AP Land Cows Con Bedrock Deposits Texture OM Sampling n

Nesset 61°40� N 333 485 8.0 8 1987 Sparagmite Glacifluvial Loamy sand, L-M 1989, 1998 18 + 3
11°10� E sandy loam

Brustad 60°10� N 170 709 7.5 10 1986 Precambrian Marine Varied, loamy M 1989, 1995 23 + 8
11°50� E gneiss, granite sand – silty clay

loam

Mogjerdet 63°40� N 30 1394 13.5 14 1984 Shale, gneiss Fluvial Loamy sand L-M 1990, 1998 27 + 7
08°55� E with mica

Alm 60°40� N 200 552 53.0 19 1979 Cambro-silurian Morainic Loam, H 1989, 1997 82 + 20
11°10� E shale, limestone clay loam

Sletner 59°53� N 138 782 8.5 7 1932a Precambrian Marine Sandy loam, M 1983 + 1985, 6 + 6
11°20� E gneiss, granite silt loam 1997

Location, north (N), east (E); altitude, m above sea level (Alt); annual precipitation, mm (AP); acreage of cultivated farmland, ha (Land); average number of milking
cows; year of conversion (Con) defined as the first year no conventional fertilisers were used; description of local bedrock; description of soil origin (deposits);
dominating soil mineral texture according to US-Soil-Taxonomy (USDA, 1996); dominating content of organic matter (OM) in topsoil according to Sveistrup (1984),
abbreviated L = low (0–3% ), M = medium (3–6%) and H = high (6–12%); Sampling years; number of soil samples at each sampling in topsoil + subsoil (n).
aSletner has been bio-dynamically managed since 1932, most probably the amounts of mineral fertilisers used before this year were negligible.
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Farm conditions influencing K-balances
and soil K concentrations

For all farms except Sletner, farm level K-
balances (kg K ha�1 y�1) were calculated from
farm accounts for 1 or more years at the begin-
ning of the study period. For Sletner, the bal-
ance was based on personal records from the
farmer. In general, there were small changes in
the farming systems during the study period
and hence the initial values were considered
representative. The amounts of sold and pur-
chased products were multiplied by K-concen-
trations as published in Ebbesvik (1997), and
the difference between the sum of K in pur-
chased and sold products constituted the farm
level K-balance. Balances were adjusted for K
input in precipitation and losses in runoff as
appropriate (see below).

Due to the restricted amount of farmland,
some concentrate was purchased on Nesset,
Brustad and Mogjerdet and some forage on
Sletner. Other input of K was by kalimagnesia
(24.5% K) on two farms. On Mogjerdet, allow-
ance had been given to use approximately 2
tonne kalimagnesia y�1, corresponding to on
average 35 kg K ha�1 y�1. On Nesset, a total
of 441 kg K as kalimagnesia was applied once
on three fields in 1992. In the farm level K-
balance, this amount of K was averaged over
the study period (9 years). Otherwise, no other
purchased source of K such as, for example,
conventional manure, rock powder, wood ash,
etc., was used on any farm.

The K-inputs from precipitation and dry
deposits in the districts where the five farms
are located varied from 0.1 to 0.6 kg K ha�1

y�1 for Nesset, Brustad, Alm and Sletner,
whereas for Mogjerdet the average value was
2.2 kg K ha�1 y�1 (Statens forurensningstilsyn,
1991, 1992). The K-input in precipitation was
considered negligible except at Mogjerdet,
where the input was included in the farm level
K-balance. Losses of K in runoff or drainage in
a comparable organic dairy farming system
with an average precipitation of 600 mm y�1,
recorded for 1991–1993, amounted to approxi-
mately 9 kg K ha�1 y�1 (Eltun et al., 1996). For
Mogjerdet, this value may be too low an esti-
mate because the annual precipitation is con-
siderably higher (Table 2). The K-loss in drain-
age and runoff was therefore estimated at 9 kg
K ha�1 y�1 for Nesset, Brustad, Alm and Sletner,
and 50% higher, 13.5 kg K ha�1 y�1, for Mogjer-

det. These values were included in the farm
level K-balances.

On Alm, a lot of plant products were grown
for sale and hence the fraction of fodder crops
(mainly grass–clover ley) in the rotation was
only approximately 40%. For the other farms,
the general crop rotation was grass–clover leys
that were harvested for 3–4 years before
ploughing, and then re-established with barley
as a cover crop. On all farms, the available
manure was generally distributed in small
amounts to most fields each year, typically 10–
20 tonne ha�1 y�1. On Nesset, Brustad, Alm
and Sletner, the manure was divided into solid
and liquid manure and the solid manure was
stored outside with collection of drain water,
whereas on Mogjerdet mixed slurry was stored
in a covered tank. Lime was only applied at
one farm, Nesset, during the study period.

Soil sampling and analysis

On all farms, cultivated topsoil (0–20 cm) and
subsoil (20–40 cm) were sampled twice (Table
2). On Sletner, the initial sampling was a com-
bined sampling from 1983 and 1985. On Mogjer-
det, the samples were taken in early spring at
both dates, and on Sletner, the initial samples
were taken in early spring, whereas the second
set of samples was taken in late autumn. On
Nesset, Brustad and Alm, all sampling occurred
in late autumn. To ensure that the sampled
areas were the same at both times, the centre
points of the sample areas were described on
detailed maps on Nesset, Brustad, Mogjerdet
and Alm. Each composite sample consisted of
10–12 soil cores, which were taken with an
auger at a distance of �5 m from the centre
point. From the topsoil, one composite sample
was taken per approximately 0.5 ha and from
the subsoil, one per approximately 2 ha, with
a corresponding topsoil sample. On Sletner, the
first sampling occurred as composite samples
of 10–12 soil cores that were spread over each
of the six largest fields of the farm. To assess
the influence of the sampling method, in 1997
the sampling method from the first sampling
was repeated in addition to a sampling as
described for the other farms. Because the field
size on Sletner is small (�1 ha), the sampling
method did not influence the results notably,
except the K-AL values (see Results).

In all soil samples, ammonium-acetate lactate
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(Egnér et al., 1960) extractable concentrations of
K, magnesium (Mg), calcium (Ca), sodium (Na)
and P were measured by ICP (inductive
coupled plasma analysis). The first set of
samples from Sletner is an exception. Here, no
Na concentrations were measured, other cation
concentrations were measured by atomic
absorption and P was measured colorimetr-
ically. K, Ca and Mg-AL values are generally
not influenced by the method of measurements;
for P, see Løes and Øgaard (2001). Concen-
trations of AL-extractable nutrients are abbrevi-
ated as K-AL, etc. Because plants utilise K-
fractions that are not initially AL-extractable,
acid-soluble K was also measured. The soil
sample (ratio of soil to solution of 1:10) was
boiled for 10 min in 1 M nitric acid (Pratt,
1965, slightly modified). After filtration the K-
concentration in the extract was measured by
atomic absorption. The K-AL value was sub-
tracted from the K-HNO3 value because some
of the K extracted by nitric acid will also be
soluble in AL-solution. The K-HNO3 minus the
K-AL value is further called acid-soluble K.
Acid-soluble K was measured on a subset of
samples consisting of all subsoil and the corre-
sponding topsoil samples. The particle-size dis-
tribution of mineral material �2 mm was
determined in this subset by the pipette method
(Elonen, 1971). For the first combined set of
samples from Sletner, K-AL, P-AL and pH was
analysed in samples from 1985, whereas all
other analyses were conducted in samples
from 1983.

For all soil samples, pH (H2O, v/v soil/water
1/2.5) was measured. Further, total C (tot-C)
and total N (tot-N) were measured in all
samples, except from the initial subsoil samples
from Sletner, where only total N was analysed.
Tot-N and tot-C were determined by dry com-
bustion �1000°C in a Perkin Elmer 2400 ana-
lyser. The soil content of organic matter was
calculated as tot-C multiplied by 2.0
(Schachtschabel et al., 1998). For soil samples
with pH �6.5 from Alm (cambro-silurian
bedrock), the content of organic C also was
measured by dry combustion (1600°C, Leco
EC12) after possible soil carbonates in crushed
soil samples had been dissolved in 2 N hydro-
chloric acid (HCl). Generally, the differences
between tot-C values measured with and with-
out HCl-washing were negligible.

The mineralogical composition of two subsoil
samples from each farm was investigated by X-

ray diffractometry (XRD). Subsoil samples were
used to avoid having too much organic matter
in the samples, because removing organic mat-
ter may partly destroy the soil minerals. The
mineral composition was assumed to be suf-
ficiently equal in topsoil and subsoil for our
purpose. A Philips PW 1710 diffractometer with
Cu radiation, graphite monochromator and 1°
divergence slit was used for analysis. Four par-
ticle fractions, �0.002 mm (clay), 0.002–0.006
mm (fine silt), 0.006–0.06 mm (medium and
coarse silt) and 0.06–2 mm (sand), were separ-
ated by sedimentation and sieving, and sub-
sequently crushed before XRD. The X-ray
mounts for the different fractions were pre-
pared by filtering on to a ceramic filter and
drying at room temperature. The clay film was
also treated with ethylene glycol and heated at
300 and 500°C for 1 h. Mineral identifications
were carried out following Brown (1961). The
semi-quantitative determination of minerals
was based on measured intensities calculated
from peak heights on the XRD diffractograms
compared to intensities measured on pure min-
erals (Gjems, 1967).

For each farm, a set of comparison soil K-
values was achieved from the Agricultural Ser-
vice Laboratory of the Norwegian Centre for
Soil and Environmental Research, Ås. These
data were average soil K-values from conven-
tional animal husbandry farms with the same
main mineral soil texture in the same district as
the respective organic farm. For Sletner, some
conventional stockless farms were included in
the acid-soluble K value, to ensure a significant
amount of samples.

Calculation of exchangeable cations

An estimated cation-exchange capacity (CEC,
mEq cations kg�1 soil) was achieved by a sim-
ple transformation of AL-extractable cations, in
addition to H-ions estimated from soil pH. The
AL-method often induces ion concentrations
that come close to the standard method of
determining exchangeable cations in soil,
extraction with ammonium acetate, NH4OAc
(Thomas, 1982). Exchangeable cations
(abbreviated K-Ac, etc.) were estimated by
regression equations found by comparing AL-
and NH4OAc-extractable concentrations of cat-
ions in 77 Norwegian samples of various culti-
vated soils. These samples were taken from 23
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experimental fields located in different parts of
Norway (A.F. Øgaard, Department of Soil and
Water Science, the Agricultural University of
Norway, unpublished data). The regression
equations and proportion of variability
explained by each model (R2 values) are as
follows: Na-Ac = 1.08*Na-AL � 0.64 (R2 = 0.48);
K-Ac = 0.98*K-AL � 1.80 (R2 = 0.92); Mg-Ac
= 0.90*Mg-AL � 0.30 (R2 = 0.97); Ca-Ac = 0.99*
Ca-AL + 6.22 (R2 = 0.90); H-Ac = � 5.87*pH +
44.23 (R2 = 0.73). CEC is the sum of all
exchangeable cations measured in mg kg�1 soil,
each cation divided by the atomic weight and
multiplied by the valence. As only 10% of the
soil samples had pH �5.5, we did not dis-
tinguish between potential and effective CEC.
For Sletner, no CEC-calculation could be done
due to missing values for Na.

Statistical analysis

To test if the changes in soil nutrient concen-
trations over time were statistically significant,
we compared the results from the first sampling
to the results from the second sampling by a
paired two-sided t-test (SAS Institute, 1987).
This was done for topsoil and subsoil samples
within each farm. Interesting relationships
between parameters were investigated by
regression analysis (Minitab software).

Results and Discussion

Farm level K-balances

On Alm, a deficit of �15 kg K ha�1 y�1 was
calculated, and on Brustad, the balance was
zero. On Nesset and Sletner, surpluses of 27
and 29 kg K ha�1 y�1 were found due to
purchased fodder, whereas on Mogjerdet the
surplus was 32 K kg ha�1 y�1 due to purchased
fertiliser. The values on Nesset, Sletner and
Mogjerdet were comparable to the values found
in other studies (Table 1; Kerner, 1993; Kris-
tensen & Halberg, 1995), whereas the values
for Alm and Brustad were lower. Field level
balances of K for each farm were not measured,
but by comparison with the studies referred to
in Table 1, it is very probable that the average
field level K-balance is negative. The corre-
sponding farm level P-balances for Alm, Brus-
tad, Nesset, Sletner and Mogjerdet were �3, 1,

7, 12 and 2 kg ha�1 y�1, respectively (Løes &
Øgaard, 2001). We assume that there were field
level P-deficits on Alm, Brustad and Mogjerdet.
The farm level K-balances and P-balances were
well correlated, as was also shown for 12 farms
in conversion to organic farming (Løes &
Øgaard, 1997).

Changes and levels of soil K-
concentrations

K-AL
From the first to the second soil sampling,

the K-AL concentration did not decrease sig-
nificantly on any farm in either topsoil or sub-
soil (Table 3). This is different from the pattern
for the corresponding P-AL concentrations,
where a statistically significant decrease in top-
soil occurred on all farms (Løes & Øgaard,
2001). The largest average decrease was found
on Mogjerdet with the highest initial concen-
tration. Here, the average P-AL value decreased
from 140 to 119 mg P kg�1 soil, whereas on
the farms with the lowest initial P-AL concen-
trations, the average values decreased only
from 57 to 50 (Brustad) and from 57 to 45 mg
P kg�1 soil (Sletner). A likely reason for
decrease in topsoil P-AL, but not in K-AL con-
centrations, is that the P-AL values adapt more
slowly to changes in field level nutrient bal-
ances, so that the values decrease during a
longer period.

A significant increase in topsoil K-AL was
found on Nesset, and in both topsoil and sub-
soil on Sletner. The increase in topsoil K-AL
on Nesset cannot be related to the applied
kalimagnesia because the amount of K was only
12 kg ha�1 applied once, which would hardly
influence the soil K-AL significantly 6 years
after application. The increase in K-AL on Nes-
set is difficult to explain. The increase in topsoil
K-AL found on Sletner is uncertain, because
the average K-AL value in soil samples taken
all over the fields (Table 3) was higher than in
samples taken around the centre points. In top-
soil, the value was 154 mg K kg �1 soil com-
pared to 101 and in subsoil 80 compared to
66, respectively.

As shown in Table 2, the topsoil K-AL values
on Nesset, Mogjerdet and Sletner were compa-
rable to conventional topsoil values, but on
Alm and Brustad, the values were well below
conventional values. The average K-AL level in
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Table 3 Average, minimum and maximum value and standard error (s.e.) of the mean for topsoil (0–20 cm)
and subsoil (20–40 cm) K-AL concentrations on five organic dairy farms at two sampling dates (first and
second), as compared to topsoil data from conventional farms in the same district. All values mg kg�1 dry soil

Farm Topsoil Conventional Subsoil

Mean (min–max) s.e. Mean Mean (min–max) s.e.

Nesset
First 59 (28–136) 6 38 (30–47) 5
Second 80 (42–173)* 7 82 60 (49–80) 1
n 21 183 3

Brustad
First 76 (30–213) 10 49 (14–92) 1
Second 72 (38–191) 7 135 47 (22–81) 8
n 23 215 8

Mogjerdet
First 107 (50–181) 6 80 (41–181) 18
Second 93 (51–174) 6 93 52 (37–91) 7
n 27 1085 7

Alm
First 78 (31–228) 5 38 ( 6–72) 4
Second 77 (33–199) 4 110 41 (21–78) 3
n 82 474 20

Sletner
First 97 (54–130) 11 42 (25–74) 8
Second 154 (75–215)* 20 148 80 (60–109)* 7
n 6 595 6

Soil K-AL concentrations are marked grey when the average change was statistically significant. Number of soil samples =
n. Level of significance is abbreviated * for 0.01 � p � 0.05.

topsoil at the second sampling was classified
as medium high (65–155 mg K kg�1 soil) for
all the organic dairy farms. However, the frac-
tion of topsoil samples low in K-AL (�65) at
the second sampling was 33, 38, 26, 45 and
26%, respectively, for Nesset, Brustad, Mogjer-
det, Alm and Sletner. This indicates that subop-
timal K-supply may influence plant growth on
certain fields on all farms, especially with dry
weather. The subsoil concentrations of K-AL
were generally well below topsoil values, and
do not indicate large potentials of K-supply by
deep root growth.

All fields were sampled on both sampling
dates, the crop rotations were not substantially
changed during the period of the study, and
the manure was generally distributed in small
amounts to most fields each year (typically 10–
20 tonne ha�1 y�1). Hence, we assume that the
effects of crop rotation and manure distribution
on soil nutrient concentrations were eliminated
by the calculation of average K-AL values. As
the distance between the farms was large and
the local climate considerably different (Table

2), the effect of weather conditions due to dif-
ferent sampling years and different time of the
year for the material as a whole was most likely
not substantial.

Acid-soluble K
A significant decrease in the average value

of acid-soluble K was found in both top- and
subsoil on one farm, Alm (Table 4). The
decrease tended to be greater when the initial
level of acid-soluble K was higher (Figure 1, R2

= 0.39), a pattern that was also found for the
soil P-AL concentrations (Løes & Øgaard,
2001). For an average dry bulk density of 1.20
kg dry soil dm�3 in the 0–40 cm layer (Riley,
1996) the decrease in acid-soluble K found on
Alm farm amounts to 240 kg K ha�1 from 1989
to 1997, or 30 kg K ha�1y�1. There was no
significant decrease in acid-soluble K values on
the other farms. However, there was a large
decrease in the average value of acid-soluble K
on Mogjerdet, but the number of soil samples
analysed for acid-soluble K was low (Tables 3
and 4) and the variability of the data was high,
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Table 4 Average, minimum and maximum value and standard error (s.e.) of the mean of topsoil (0–20 cm)
and subsoil (20–40 cm) concentrations of acid-soluble K (K-HNO3 minus K-AL) on five organic dairy farms at
two sampling dates (first and second), as compared with topsoil data from conventional farms in the same
district. All values mg kg�1 dry soil

Farm Topsoil Conventional Subsoil

Mean (min–max) s.e. Mean Mean (min–max) s.e.

Nesset
First 291 (247–345) 29 293 (243–334) 27
Second 302 (258–342) 24 407 278 (221–351 38
n 3 10 3

Brustad
First 243 (68–353) 35 518 (158–1196) 137
Second 296 (140–453) 44 385 500 (197–949) 113
n 8 12 8

Mogjerdet
First 557 (346–856) 66 693 (515–1114) 87
Second 431 (281–499) 28 608 562 (434–674) 34
n 7 443 7

Alm
First 402 (161–689) 32 350 (110–760) 37
Second 351 (132–642)*** 29 213 287 (110–510)* 25
n 20 18 20

Sletner
First 365 (241–620) 62 not measured
Second 401 (209–774) 97 454 397 (203–822) 109
n 6 16 6

Soil concentrations of acid-soluble K are marked grey when the average change was statistically significant. Number of soil
samples = n. Levels of significance are abbreviated * for 0.01 � p � 0.05 and *** for p � 0.001.

Figure 1 The decrease in acid-soluble K (K-HNO3 minus
K-AL) in topsoil (0–20 cm) on the farm Alm, shown as the
relation between acid-soluble K concentrations for paired
samples from the first and second sampling. The samples
have been arranged by increasing concentrations of acid-
soluble K at the first sampling.

so that statistically significant results were not
obtained. Compared with conventional topsoil
values, the level of acid-soluble K at the second
sampling was lower on all farms except Alm.
At the second sampling, the average topsoil
concentrations of acid-soluble K were in the
lower part of the medium class (300–800 mg K
kg�1 soil) or they were low (�300) on all the
organic farms. The fraction of topsoil samples
with low values of acid-soluble K was 67, 63,
14, 25 and 44%, respectively, on Nesset, Brus-
tad, Mogjerdet, Alm and Sletner. This shows
that on most farms, there are no large reserves
in the soils of the K- fraction that may replenish
the K-AL removed by plant uptake. On Mogjer-
det, the reserves are somewhat larger.

The subsoil concentrations of acid-soluble K
were comparable to the topsoil concentrations
on Nesset, Alm and Sletner, and somewhat
higher than the topsoil concentrations on Brus-
tad and Mogjerdet. This pattern is opposite to
that of K-AL, where the subsoil concentrations
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were lower than in topsoil. One reason for this
is probably that the K-AL value is more closely
linked to the soil content of organic matter,
whereas the acid-soluble K value is more influ-
enced by soil mineral composition. A positive
correlation was found between topsoil K-AL
and tot-C (p � 0.05), but not for acid-soluble K.

Minimum level of soil K
K-depletion will decrease the soil K-AL con-

centration until a certain minimum level is
reached, which varies between different soil
types (topsoil K-ALmin = 0.94* (silt% + clay%)
+ 13.08, Øgaard et al., 2002). This minimum
level of K-AL is not absolute, as a long-lasting
depletion will probably give a further slight
decrease. However, for agricultural purpose,
this minimum level can be used as a threshold
value to assess if extensive K-depletion, causing
K-AL values below the minimum level, has
occurred. K-AL values close to the minimum
level show that net release from this fraction is
not to be expected. Following the formula
above, average values of K-ALmin in topsoil
were 71 on Nesset, 74 on Brustad, 49 on
Mogjerdet, 72 on Alm and 74 on Sletner. Hence,
for Nesset, Brustad and Alm the average topsoil
K-AL concentration (Table 3) is approaching
the minimum level for the soil. On Mogjerdet
and Sletner, the topsoil still has the potential
to supply K from the K-AL fraction. In addition,
K-release from reserve K may still occur on
all farms.

Soil K-concentrations and K-balances

Because on average there probably was a K-
deficit on the field level in this study, significant
decreases in soil K concentrations could have
been expected. With a K-deficit of 47 kg ha�1

y�1, Aasbø et al. (1999) found a decrease in K-
AL from 90 to 78 and in acid-soluble K from
587 to 500 mg K kg�1 soil over 7 years. A
comparable decrease in topsoil K-AL, from 141
to 117 mg kg�1 soil over 6 years, was found by
Løes and Øgaard (1997). However, both these
studies were done on systems in the process of
conversion to organic farming, where the initial
soil K-concentrations were higher than in the
present study. With lower initial soil K-concen-
trations, K-AL decreases will not be revealed
as easily because a minimum K-AL level is
approached, where further changes will occur

slowly (Øgaard et al., 2002). Furthermore, soil
concentrations of K-AL are subject to rapid
and large variations due to crop rotation and
fertilisation, as shown by Björklund and Salo-
mon (1995), where an initial value of 180 mg
K-AL kg�1 soil was reduced to 55 during three
seasons of ley harvest without manure appli-
cation. This demonstrates the dynamic nature
of this soil characteristic. The K-AL value is
rapidly adapted to changes in the K-balance,
and this may explain why significant changes,
that were found for P-AL, were mostly not
found in the present study. With respect to
acid-soluble K, this characteristic is less subject
to rapid changes, but the low number of
samples may have restricted the possibility of
finding significant changes.

Exchangeable cations and K-fraction of
basic cations

Soil K-depletion may increase the soil cation
exchange capacity (Nielsen & Møberg, 1984),
due to increased content of expanded clay min-
erals. Hence, it was of interest to study whether
CEC had changed from the first to the second
sampling. However, changes in the soil content
of organic matter (= total C multiplied by 2,
see Materials and Methods) will also affect CEC
changes, because increase in soil organic matter
will increase the CEC. Averaged over all farms,
the CEC was quite closely related to the soil
content of total C (R2 = 69% for topsoil and
43% for subsoil, second sampling). Hence the
changes in CEC values must be related to the
changes in soil content of tot-C, to assess
whether they only reflect changes in soil con-
tent of organic matter or may in fact be indica-
tive of soil K-depletion. The most important
basic cations, Mg and Ca, as well as soil pH
and tot-C are shown in Table 5. Mg-AL values
were classified as very high or high (�90 or
60–90 mg Mg kg�1 soil) except from in the
subsoil at Mogjerdet where it was was low
(�25) at the second sampling. At Alm, the Ca-
AL concentrations were extremely high, most
probably due to the cambro-silurian bedrock.
Elsewhere the Ca-AL levels were high (1001–
2000 mg Ca kg�1 soil) or medium high (501–
1000) in topsoil, and medium high or low
(�500) in subsoil.

Although the period between the sampling
dates was short, a significant increase in CEC
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Table 5 Average values of topsoil (0–20 cm) and subsoil (20–40 cm) pH and concentrations of Mg-AL, Ca-AL,
total N and total C on five organic dairy farms at two sampling dates (first and second)

Farm pH Mg-AL Ca-AL Tot-N Tot-C CEC
mg kg�1 soil ——%—— mEq kg�1 soil

Topsoil
Nesset, First 5.8 78 633 0.15 2.4 152
Nesset, Second 6.3*** 90(*) 761 0.08 1.8 136***

Brustad, First 5.9 74 761 0.18 2.9 154
Brustad, Second 5.7*** 80 663* 0.16*** 2.6** 162***

Mogjerdet, First 6.3 57 774 0.13 1.9 134
Mogjerdet, Second 6.0*** 49(*) 839 0.15 2.1 151***

Alm, First 6.5 114 4509 0.44 5.2 311
Alm, Second 6.3*** 93*** 4340 0.45 5.1 311

Sletner, First 6.3 75 not measured 0.29 3.0 not measured
Sletner, Second 6.3 94* 1393 0.20*** 2.8 not measured

Subsoil
Nesset, First 6.2 35 305 0.02 0.4 113
Nesset, Second 6.5 69 704(*) 0.05* 0.9(*) 117

Brustad, First 5.9 90 336 0.04 0.7 135
Brustad, Second 5.8 116 397 0.05 1.0(*) 147(*)

Mogjerdet, First 6.2 40 559 0.08 1.2 122
Mogjerdet, Second 6.1 19* 317(*) 0.05 0.6(*) 120

Alm, First 6.6 116 7544 0.45 6.6 494
Alm, Second 6.4 73** 4637 0.34 4.1(*) 320

Sletner, First 6.3 not measured not measured 0.21 not measured not measured
Sletner, Second 6.3 75 1046 0.15*** 2.2 not measured

Soil pH and nutrient concentrations are marked grey when the average change was statistically significant. Levels of
significance are abbreviated (*) for p � 0.1, * for p � 0.05, ** for p � 0.01 and *** for p � 0.001.

was found in topsoil and subsoil on Brustad,
and in topsoil on Mogjerdet, whereas on Nesset,
the CEC value in topsoil decreased. Because
the content of tot-C in topsoil on Brustad was
found to decrease (Table 5), a corresponding
decrease in topsoil CEC would have been
expected. Hence, on this farm the increase in
topsoil CEC may well be an indication of K-
depletion. In subsoil on Brustad, we found a
parallel increase in soil total C content and
CEC. The increase in topsoil CEC on Mogjerdet
cannot be explained by an increase in soil
organic matter, and may also be an indication
of K-depletion, despite a small but regular use
of kalimagnesia on this farm. In a study of two
Danish soils, CEC was found to increase after
long-term K-depletion, from 96 to 104 and from
100 to 112 mEq kg�1 soil (Nielsen and Møberg,
1984). These values correspond well with the
changes found in topsoil on Mogjerdet and

Brustad. However, the period of depletion was
much longer than the periods studied here.

The K-fraction of the sum of exchangeable
bases (Na, K, Ca and Mg) was quite similar in
the top- and subsoil within each farm. The
fraction was 2–4% on Nesset, Brustad and
Mogjerdet, and �1% on Alm. In the US, when
the K-fraction is �2% of the sum of exchange-
able bases (SEB) and the SEB is �100 mEq kg�1

soil, the soil is defined as causing constraints
on plant growth due to K stress (Sharpley and
Buol, 1987). On Alm, the SEB was approxi-
mately 240 mEq kg�1 soil because of the extra-
ordinarily high contents of Ca and Mg and the
criteria described by Sharpley and Buol is not
fulfilled. However, for Nesset, Brustad and
Mogjerdet, the SEB was between 22 and 51
mEq kg�1 soil, and with the K-fraction close to
2% this indicates that the K-availability of the
soil is approaching a critical level.
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Soil mineral composition

Illite and mixed layer minerals are the most
important soil mineral K-sources. Weighted
averages of clay, silt and sand fractions showed
that none of the soil samples contained more
than 6% illite, and only one contained mixed
layer minerals, in a very low amount (Table
6). Not surprisingly, as biotite (trioctaedric) is
rapidly weathered, the illite was generally dioc-
taedric. Indications of biotite were found only
in the coarse silt and sand fraction of one soil
sample from Nesset and in the fine silt fraction
of one sample from Sletner. The average ver-
miculite content varied from 1 to 3%; in the
clay fraction it varied from 3 to 11%. No smec-
tite was found. The content of K-feldspar varied
only from 8 to 13%, and other silicate minerals
(plagioclase, quartz) were the dominating soil
minerals. On Mogjerdet, the content of
amphibolite was high, and on Alm, one sample
had a large content of carbonate, which is
reasonable because the farm lies in a cambro-
silurian area. The carbonate content was
especially high in the sand and coarse silt frac-
tion (30 and 20%, respectively).

When soils are depleted of K, the content of
illite has been shown to be reduced (Leinweber
et al., 1991; Møberg & Nielsen, 1983) due to K-
removal from interlayers of illitic minerals.
With prolonged depletion, vermiculite and
eventually smectite may be produced
(Møberg & Nielsen, 1983; Niederbudde et al.,
1989; Tributh et al., 1987). In the present study,
the period between the soil samplings was too
short to reveal if the illite content had decreased
with time.

Table 6 Content of minerals in subsoil (20–40 cm) on five organic dairy farms at the second sampling, weighted
average of four mineral soil fractions �2 mm

Farm Quarts K-feld Plagio Amphibolite Carbonate Illite Chlorite Vermiculite Mixed
spar clase layer

minerals

Nesset 54 9 26 4 0 3 (6) 2 2 0
Alm, a 56 11 27 0 0 4 (8) 1 2 0
Alm, b 41 11 19 0 23 6 (11) 0 0 1
Brustad 50 13 32 2 0 3 (11,3) 1 1 0
Mogjerdet 34 8 42 10 0 1 (3) 2 3 0
Sletner 42 12 37 4 0 2 (4) 1 2 0

All values in %. Numbers in brackets show fraction of illite in the clay fraction, when necessary are two values shown and
separated by comma.

Soil K-concentrations and farm
management

There seems to be a serious risk of K-
deficiency on most of the farms studied here.
No severe symptoms of plant deficiency have
been reported by farmers or farm visitors, and
there was no general decrease in soil K-concen-
trations except in acid-soluble K on one farm.
However, the soil K-levels were generally
medium to low, and were low in a large frac-
tion of the topsoil samples on most farms. Fur-
thermore, the average K-AL level was quite
close to the minimum level for K-AL, showing
that net K-release from this fraction is low. The
changes in soil CEC seem to substantiate the
pattern of soil K-depletion, and on most farms,
the K-saturation indicated that the K-avail-
ability was approaching a critical level. The
studies of soil mineralogy did not reveal large
amounts of K-releasing minerals in these soils.
Hence, it is probable that the yield levels are
already limited by the K-supply, at least on
some fields, with K-demanding crops and/or
with dry weather. By dry conditions, the trans-
port of K to roots is reduced due to a low
water content in soil. K-deficiency will reduce
yield levels before deficiency symptoms can be
seen (Martin & Matocha, 1973).

It seems probable that on the farms studied
here, the K-availability will be reduced to such
an extent that yields and crop quality will
decrease, if no changes are introduced in the
farm management. It is also very likely that
nitrogen fixation by red clover, an essential ley
legume in organic farming, may be hampered
because it competes less efficiently for K than
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grass under restricted availability (Mengel &
Steffens, 1985). The farmers may consider two
main strategies to reduce the field level K-
deficiencies. One alternative is to reduce the
number of cash crops in the rotation to increase
the fodder production and thereby the animal
density, and keep up with the principal aim
of self-sufficiency with nutrients. According to
Askegaard and Eriksen (2000), the field level K
balances in organic farming systems are very
dependent on animal density (AD). On the
farms studied here, this strategy would have a
notable impact only on Alm where the AD
was 0.4 cow ha�1 (calculated from Table 2).
Elsewhere the AD is approximately 1, and the
number of cash crops is very restricted. On a
larger scale, minimising cash crops will elimin-
ate the production of organic cereals and veg-
etables for human consumption, which is not
desired. The other alternative is to continue the
present crop rotation and livestock, but increase
the amount of purchased fodder or other nutri-
ent inputs to the farm. This will be in conflict
with the aim of self-sufficiency, but the soil
fertility will be maintained or increased and
this is also a principal goal of organic farming
systems (IFOAM, 2002).

In addition to these considerations, care
should be taken to minimise all losses of nutri-
ents. All areas for outdoor storage and com-
posting of animal manure, as well as recreation
areas for cattle in winter, should be designed
to ensure that runoff is properly collected and
redistributed on the farmland. Care should also
be taken to decrease nutrient losses during the
treatment of fodder, and from soil and herbage
during winter. However, because K is easily
lost, such amendments will not be enough to
ensure a sufficient K-availability on all soil
types.

Relations between P and K

As shown by Watson et al. (2002), P and K
are closely linked in nutrient balances on
organic farms, due to a close correlation
between P- and K-inputs. However, whereas
the P-input was reflected in the P-output in
products, no such relationship was found for
K in that study. This may well be because K
is more susceptible to internal losses, as
described by Nolte and Werner (1994). In a
study of 12 farms in the process of conversion

to organic farming (Løes & Øgaard, 1997), the
accumulated surplus of P on farm level was
well correlated with the average changes in soil
P-AL concentrations over 6 years, whereas for
K-AL, there was no correlation to the accumu-
lated surplus of potassium. This result also
reflects the dynamic nature of K, where internal
losses and changes in soil occur more rapidly.
On the converting farms, both K-AL and P-AL
in topsoil was significantly reduced, on average
from 141 to 117 mg K and from 129 to 124
mg P kg�1 soil, respectively. A clear common
characteristic for soil P-AL and K-AL concen-
trations was that the largest decreases were
found for the fields where the initial nutrient
concentrations were very high or high, whereas
on fields with low concentrations, the concen-
trations increased over time (Løes & Øgaard,
1997). The same pattern was found for P-AL
after long-term organic farming (Løes &
Øgaard, 2001).

In the present study of long-term organic
farms, P and K soil concentrations behaved
quite differently. Whereas the P-AL concen-
trations decreased, the soil K-AL concentrations
did not. Even if both nutrients were found to
decrease on converting farms, it is reasonable
that the soil P-AL concentrations decreased for
a longer period than K-AL. This is because of
the very different nature of these plant nutrients
in soil, and the larger risk of losing K from
the farm nutrient cycle. For P, indications of
increased subsoil concentrations, as well as a
higher degree of solubility of the organic soil
P by long-term organic farming were found
(Løes & Øgaard, 2001). Such results demon-
strate that in addition to nutrient balances,
more detailed studies are required to describe
farm nutrient dynamics.

Organic farming standards

The IFOAM Basic Standards are guidelines
for development of national standards for
organic farming (IFOAM, 2002). Until recently,
the term ‘restricted’ was applied to mineral
potassium fertilisers and natural phosphates in
the standards’ appendix listing fertilisers and
soil conditioners allowed for use in organic
farming, whereas no such term was applied,
for example, to lime amendments. The term
‘restricted’ was removed from all fertilisers by
a revision of the Basic Standards in 2002, but
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it is still in use for mineral K-fertilisers and
natural phosphates in national standards. Then
the use of these fertilisers may be allowed if the
farmers apply for it, based on documentation of
suboptimal concentrations in soil. In Scandinav-
ian countries, especially Sweden and Denmark,
such applications are very rare. In Sweden, no
use of mineral K-fertiliser or natural phosphate
has been allowed for several years because no
farmers have applied (A. Gustafsson, personal
communication). In Denmark, the number of
farmers applying for K-fertilisers during the last
6 years (1997–2002) varied between 0 and 2 per
year (M. Andersen, personal communication).
Nobody applied for the use of natural phos-
phates. In Norway, more farmers have applied.
Altogether, 152 farmers were allowed to use
mineral K-fertiliser, natural phosphate and/or
micronutrients for periods of 1 or more years
in 2000. In 2001, 17 additional farmers applied
(P. Almaas, personal communication). Hence,
approximately 8% of the Norwegian organic
farmers have applied for approval to use min-
eral K-fertilisers, natural phosphates and/or
micronutrients. A reason for fewer farmers
applying in Sweden and Denmark may be that
the use of vinasse, an organic residue from
yeast production containing K, is more common
in these countries, and that more conventional
animal manure is available, especially in
Denmark.

The low numbers of farmers applying for use
of mineral K-fertiliser may indicate that there
are no problems with K-deficiency in organic
farming in Scandinavia. However, it is also
possible that organic farmers value the aim of
self-sufficiency so highly that the important aim
of maintaining or increasing the soil fertility
(IFOAM, 2002) is sacrificed. We think that the
low soil K-concentrations found with self-
sufficient long-term organic dairy farming on
25–50% of the fields in the present study show
that the restrictions on mineral K-fertilisers are
imposed more rigorously than might in fact be
intended by the basic standards.

The sustainability of organic, self-
sufficient dairy farming

It must be emphasised that the present results
were found after long-term organic dairy farm-
ing in systems where a principal aim was to
produce food (milk and meat) for sale by a

minimum input of nutrients. As described by
Watson et al. (2002), the average P and K farm
level budgets varies from a large surplus in
organic horticultural systems based on pur-
chased manure, to almost zero in organic dairy
systems. Within organic dairy systems, the bud-
gets on farm level varied from a deficit of �7
to a surplus of 36 kg P ha�1 y�1, and from
�27 to 58 kg K ha�1 y�1. In the present study,
the budgets varied from �3 to 12 kg P and
from �15 to 32 kg K ha�1 y�1. These values
are within the interval of variation found by
Watson et al. (2002), where data from more than
50 dairy farms were compiled. With respect to
K, we have claimed that the average field level
balance was negative on the farms studied here,
and we argue that it will usually be in self-
sufficient organic dairy systems. Careful man-
agement of fodder and manure may reduce
deficits, but zero losses are impossible to achi-
eve with a nutrient as soluble as potassium.
With respect to P, a certain surplus of P-ferti-
liser is required on field level to maintain the
P-AL level constant, because of the adsorption
of this nutrient in the soil in forms not extract-
able by the AL-solution. The P-balances for the
five farms studied here obviously were not high
enough to maintain the soil P-AL concen-
trations. In the paper presenting P-results it
was concluded that inputs of P would be
required within the next 20–40 years to avoid
that soil P-concentrations sink below a critical
level of 30 mg P-AL kg�1 soil (Løes & Øgaard,
2001). Hence, for self-sufficient organic dairy
farms with medium to low soil P-concen-
trations, appropriate P-inputs should be found
within a few years. For farms with high or
very high concentrations, it will be more sus-
tainable to gradually reduce soil P-concen-
trations by field level P-deficits than to maintain
high concentrations.

As the soil fertility is heavily dependent on
soil nutrient availability, long-term field level
deficits cannot be assessed as sustainable when
the deficits are larger than the soil’s ability to
mineralise or otherwise release nutrients. Some
soils possess a relatively large ability to supply
plants with K, especially soils rich in mica
(Munn et al., 1976) and clay soils (Øgaard et al.,
2002). Also, much agricultural soil in industrial-
ised countries has been enriched with P for
decades, resulting in P concentrations that cause
severe negative environmental impacts (e.g.
Sibbesen & Sharpley, 1997). In such cases, field
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level nutrient deficits may be sustainable. In
less fertile soils, required plant nutrients should
be supplied as appropriate inputs to the farm-
ing system. In organic farming, both social,
environmental and product quality aspects
must be considered to decide which inputs
are appropriate.

Conclusion

Based on farm level nutrient balances, the
present study has shown that organic farming
systems tend to be both P- and K-deficient on
the field level even with dairy production,
when the farmers aim at a self-sufficient farm-
ing system. Hence in the future, appropriate
inputs should be used more frequently in
organic farming systems, provided soil analysis
or plant deficiency symptoms demonstrate that
nutrients should be applied to the soil. Reduced
yields may well occur without visible symp-
toms of nutrient deficiency, and it is important
to define criteria for evaluation of the soil nutri-
ent status within organic farming systems. The
need for organic farmers to monitor soil P- and
K-concentrations regularly is probably larger
than for conventional farmers. With respect to
K, acid-soluble K should be measured in
addition to easily extractable K, since this
characteristic is related to the soil’s ability to
release K from reserve K (Øgaard et al., 2002).
To assess the K-availability and fixation
capacity of the soil, knowledge of soil mineral
texture is very useful. The topsoil minimum
level of K-AL has proven useful for Norwegian
soils (Øgaard et al., 2002), and a corresponding
characteristic has also been suggested by other
authors (Sharpley & Buol, 1987). The minimum
level provides a basis for interpreting recent
values of available soil K and planning manure
distribution within the framework of the crop
rotation.

In future, recycling of nutrients back to agri-
culture, as well as the utilisation of natural
resources, such as mineral potassium salts and
phosphate rock, will be required to ensure and
increase soil fertility in organic farming sys-
tems. There is an urgent need for research to
consider and develop sustainable nutrient
inputs that can be used in accordance with
organic farming standards.
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