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Preface

The 50* anniversary of Swedish well-organised and well-documented long-term soil
fertility experiments was celebrated at the Royal Swedish Academy of Forestry and
Agriculture on May 28 and 29, 2007. The importance of these long-term field experi-
ments was pointed out through presentations highlighting the success of both Swedish
and international long-term field experiments. This report provides you with an overview
of the conference through extended summaries of each presentation. During the second
day, two future research programs related to long-term experiments were addressed and
cooperation was discussed.

The Swedish soil fertility experiments were initiated 1957 by Professor L. Agerberg
starting six experimental sites in southern Sweden. In the early 1960s, Professor S.L.
Jansson modified the design of the experiments and started six further sites in central
Sweden. In 1969, two additional sites in northern Sweden were established to cover the
full range of climatic conditions and crop rotations typical for Sweden. The overall aim of
the soil fertility experiments has been to “elucidate the nature of soil fertility, to provide a
basis for soil evaluation and soil conservation”. When the experiments were started, the
use of mineral fertilisers was still minor. A major aspect was to study the consequences
for soil fertility when animal manure was completely substituted for mineral fertilisers
due to the more and more common separation of animal and crop production. A central
concern was to investigate how different cultivation measures affect yields and by what
means a high production can be reached and maintained under different conditions.

'The experiments have provided valuable scientific knowledge on long-term changes
and the results have been applied both by the extension service and in environmental
regulations. However, the importance of the experiments in answering upcoming ques-
tions about agricultural practices and the environment even in the future must be fully
recognised and understood. As significantly different soil conditions have been created
over time through controlled management, the experiments provide a unique platform
to address complex questions utilising already established criteria. New research tasks
can be addressed in a proper manner and the results enable validation of modelling data.
Three examples of future research areas that should be coupled to these experiments are:
changes in micro nutrient and trace metal concentrations in crops over time, constraints
of the subsoil to plant production, and use of the experimental sites to monitor biological
changes in soil.

'The necessity to continue long-term field studies in order to investigate slow changes
in a complex matrix of factors is well known among agriculturalists. The possibilities
to perform interdisciplinary research with neighbouring disciplines and the need for
well-defined reference sites to be able to address global environmental issues may further
elevate the significance of the experiments in the future.
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Grants for this conference were provided by the Foundation for Swedish Plant Nutrition
Research and the Yara Company. Members of the organising committee, Rune Andersson, Olof
Andrén, Lars Bergstrom, Thomas Kitterer and members of the Foundation for plant nutrient re-
search, Gunilla Frostgird and Lars Torner, were inspiring partners during planning and prepa-
ration. Sigrun Dahlin accomplished the editorial work on the manuscripts. The staff at the Royal
Swedish Academy of Forestry and Agriculture, Bo Carlestal, Magnus J Stark, Anette Amnegren
and Keiko Blesserholt intensively supported the planning of the anniversary and both managed
and arranged the celebration with superb service. I would like to thank you all.

Uppsala, 20 June 2007

Holger Kirchmann
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Why do we need long-term field experiments?

RUNE ANDERSSON, PROFESSOR, SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN

Soil fertility and soil quality are of utmost im-
portance for the supply of healthy food and
feed. It is thus urgent to have access to adequa-
te research and monitoring systems to follow
possible changes related to the choice of agri-
cultural land use practices, as well as climatic
change and atmospheric fallout. It may take
decades to reveal an ongoing negative trend of
depletion of a soil’s productivity and it can take
an equally long time to restore it and register
the degree of recovery. I often find the interest
of the society for the quality and protection of
the food producing land insufficient in relation
to the importance of this issue.

Soil scientists were early aware of the diffi-
culties in quantifying changes in a number of
soil characteristics; mainly abiotic ones e.g. soil
organic matter (SOM), content of nutrients and
non-biotic elements and pH etc. This difficulty
can partly be explained by a prevailing large soil
pool of SOM, preferably in humid regions, in
comparison with the annual input of crop resi-
dues and decomposition of those. In conven-
tional agriculture, the annual input and losses
of elements are also small compared to the soil
pools. But also other factors such as soil hete-
rogeneity, a number of buffering systems ope-
rating in the soil and annual variations make
quantification of changes uncertain.

To establish field experiments, which are
studied over a long time period, is thus a useful
method for quantifying small changes in soil
properties over time. The first long-term field
experiment in Sweden was started in 1936 and
was a lime-phosphorus experiment. In 1957,
the build up of twelve soil fertility experimen-
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tal sites was initiated starting in the southern
plains and finally covering also the northern
part of the country in the end of the 1960s.
Currently 35 long-term fertiliser experiments
are running in Sweden, which will be presented
in more detail by Dr. Lennart Mattsson.

Changes in soil properties will be reflected
in leaching as well as in air emissions. Long-
term field experiments are thus a useful tool
also for these studies.

When starting research experiments in gene-
ral the experimental design forms the basis for
the possibility to later on harvest high quality
and interpretable data. This is even more pro-
nounced when planning long-term field experi-
ments. A good long-term experiment should
be characterised by a timeless design meeting
questions which may be raised in the future. The
experiment should have rather few and basic
treatments and include adequate reference plots.
It should also have enough replicates and allow
ad-hoc studies, which may need soil sampling
possibilities, e.g. enough plot size. In some way
long-term experiments may also be regarded and
utilised as monitoring systems reflecting effects
of atmospheric pollutants and climatic changes.

Finally, I will underline the importance of
having an experiment administration that gua-
rantees the continuity of the long-term experi-
ments, i.e. a well described plot treatment plan,
a solid data archive system where the individual
data is easily identified also for outside users.
Organisations where a few persons, or some-
times only one person, are familiar with the
long-term experiments constitute a vulnerable
situation threatening the continuity.



Long-term research in the UK - lessons learned from
the Rothamsted Classical Experiments

KEITH GOULDING, PROFESSOR, SOIL SCIENCE DEPARTMENT, ROTHAMSTED, HARPENDEN, Uk*

Introduction

Human beings are becoming increasingly awa-
re that their behaviour is having a very great
impact on the sustainability of the Earth (e.g.
Vitousek et al. 1997). Long-term experiments
(LTESs) offer the best practical means of study-
ing the effects of management or anthropogenic
global change on soil fertility, sustainability of
yield or wider environmental issues (Rasmussen
et al., 1998; Richter et al., 2007; http://ltse.
env.duke.edu/). LTEs are especially relevant
to studying those eftects that may take decades
to become apparent, e.g. trends in crop yield
or quality, the impacts of agriculture on the
environment and of the environment on agri-
culture (e.g. industrial pollutants and climate
change). LTEs are the only way to determine if
suspected changes are real. However, for these
experiments and data derived from them to be
of value the user must have confidence in their
validity. Only if LTEs are managed in a rigo-
rous way can such confidence be maintained.
This paper sets out the lessons learned over 160
years at Rothamsted Research about how best
to manage LTEs to the benefit of a very wide
scientific community and the public.

The Rothamsted long-term experiments
and their application

The LTEs at Rothamsted Research in the
UK are described by Poulton (2006) and at:
http://www.rothamsted.bbsrc.ac.uk/resources/
ClassicalExperiments.html#Broadbalk and at
http://www.ag.purdue.edu/broadbalk/

Not only are these the longest continually func-

tioning LTEs but samples of the soils and crops
grown have been archived from inception. The
core of the Rothamsted LTEs are the ‘Classical
Experiments’ comprising 7 long-term field ex-
periments, the best known of which are the
Broadbalk Wheat experiment, started in 1843,
Hoos Barley, started in 1852, and Park Grass
(permanent grass cut for hay), started in 1856.
Broadbalk and Geescroft ‘Wildernesses’ (arable
land left to revert to woodland by natural regene-
ration 120 years ago) and Knott Wood (deci-
duous woodland at least 300 years old) repre-
sent contrasting, but just as useful, experimental
sites. Added to these are some more recent ex-
periments, such as the Ley-Arable Experiments
that began about 50 years ago. The experiments
are very carefully controlled through a com-
mittee that oversees maintenance, sampling
and the storage of samples. Whilst continuity
is important, some changes have been made to
make the experiments relevant to current needs
and problems, but without compromising their
integrity. Both soil and plant samples are ta-
ken regularly and carefully dried and stored in
an archive that now contains at least 250,000
samples. It is to the great credit of John Bennet
Lawes and Joseph Henry Gilbert, who began
them, that the experiments were so well planned
and remain relevant after over 160 years. Some
examples of their continued relevance are pre-
sented below before discussion of the general
principles of managing LTEs.

Rothamsted’s Classical Experiments and
Sample archive represent one of the most im-
portant world resources for studying the sus-
tainability and environmental impact of mo-

* CO-WRITER: PAUL POULTON, SOIL SCIENCE DEPARTMENT, ROTHAMSTED, HARPENDEN, UK
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dern agriculture. Soil organic matter (SOM)
has always been a focus of attention in the
context of the physical, chemical and biological
properties of soils. However, it has now become
one of the main indicators of soil quality and
sustainable agriculture. SOM will tend towards
an equilibrium value that depends on the mana-
gement system being practised, the amount of
organic material added and its rate of decompo-
sition, the rate of breakdown of existing organic
matter, soil texture (i.e. the proportions of sand,
silt and clay sized particles) and climate. Most
soils will not be in equilibrium but their organic
matter contents will be increasing or decreasing,
depending on all these factors. The Classical and
other LTEs show how SOM increases rapidly
under arable land newly sown to grass, left for
woodland to regenerate, or when large amounts
of animal manures are applied regularly; con-
versely, arable land loses SOM even in rotations
with grass (figure 1). Results such as these are
vital for informing government policy on soil
quality and agricultural practice.

Data from the LTEs were used to construct
and validate the Rothamsted Carbon Model
(Roth-C), which simulates the turnover of

SOM. Roth-C has been used to examine rela-
tionships between land management and SOM
and so to assess options for sequestering carbon
into soils and mitigating CO, emissions. We
are now working with the UK’s Hadley Centre
to link Roth-C to the Centre’s climate change
model to provide a global land-ocean-atmo-
sphere carbon cycle model. This will facilitate
a more comprehensive assessment of the im-
pacts of Climate Change and possible feedback
mechanisms if warmer weather increases SOM
decomposition and CO, emission rates.

Land drains were inserted under the
Broadbalk Experiment in 1849 to remove sur-
face water and facilitate management; they
were opened up for sampling in 1868. Thomas
Way (Way 1850) noted that, although potas-
sium, sodium and magnesium were applied as
fertilisers to Broadbalk, mostly calcium was
leached in the drainage waters. This observa-
tion led him to develop the theory of cation ex-
change. More recently, measurements of nitrate
and phosphate in the drains have been related
to fertiliser applications to indicate critical app-
lications beyond which losses to water increase

dramatically (Goulding et al. 2000).

EFFECT ON SOIL CARBON CONTENT OF PLOUGHING OUT
GRASS, OR OF SOWING GRASS ON ARABLE LAND

Figure 1. Effect on soil
carbon content of plough-
ing out grass, or of sowing
grass on arable land. Data
from the Rothamsted
Ley-arable experiments.
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One recent example of the use of samples
from the Archive that has caught the atten-
tion of both scientists and the public is some
research at the Geosciences Advisory Unit of
Southampton Oceanography Centre (Warneke
et al. 2002). High precision mass spectrometry
was used to measure the ratios of 2*°Pu:**Pu
and *U:*»U in samples of hay from the Park
Grass Experiment. The ratios are characteristic
of the source of the fallout, making it possible
to attribute the contamination to specific atom
bomb tests.

Management of long-term experiments

Views on the management requirements of
LTEs, developed at Rothamsted over 160 years,
were brought together in papers by Leigh and
Johnston (1994), Poulton (1995) and Powlson
and Poulton (2003). Our experience has led us
to a number of key conclusions with regard to
the management of LTEs:

1. Scientists should be in charge of mana-
ging LTEs and supervising field operations to
agreed protocols. This is best achieved through
a committee responsible for overall control in-
cluding: access to the experiments, samples and
data; sample collection and archiving; changes
to the experiments. However, there should be
a single scientific co-ordinator responsible for
day-to-day management.

2. With regard to the experiments them-
selves, plots should be large enough to allow
later division for new treatments and replicate
plots are essential for statistical rigour. However,
the LTEs at Rothamsted were established be-
fore agricultural statistics had developed and so
do not have replicate plots. Research has shown
that large plots can overcome some problems of
spatial variation; replicate sites is probably more
important than replicate plots.

3. Detailed records must be kept of all as-

pects of the experiments including plot plans,
changes made, sampling details, analytical
protocols, quality control procedures and units
used: the units used on the Rothamsted LTEs
were gradually changed from ‘Imperial’ - yards,
feet and inches — to metric in the 1960s, but
both imperial and metric units can be found in
Rothamsted Annual Reports in the 1960s.

4. Regular analysis of soil, plant, water and
fertiliser samples are necessary. At Rothamsted
we aim to sample plant material every year, soils
every e.g. 5 years, and to keep full meteorologi-
cal records. For this we require agreed protocols
for sampling and analysis, an effective database
such as e-RA at Rothamsted (see: http://www.
rothamsted.bbsrc.ac.uk/eRA/) but also hard
copies of all results and metadata, and rigo-
rous statistical analysis. For soil sampling one
needs to consider the method — auger, spade,
machine, the frequency (this depends on how
quickly the parameter of interest in may change
but certainly at the start and before any major
treatment changes), and the depth of sampling,
including possible changes in depth of cultiva-
tion and bulk density. In our experience, ana-
lytical methods change regularly: e.g. the analy-
sis of soils for organic carbon by wet digestion
has now been replaced by dry combustion, but
the methods do not measure exactly the same
thing. We greatly prefer an in-house analytical
laboratory and effective cross-checking against
standard samples and an overlap of methods of
analysis for a reasonable period when methods
change.

5. The value of LTEs is greatly enhanced
if plant and soil samples are collected and ar-
chived according to well-established protocols.
At Rothamsted, samples are air-dried before
storage but some thought must be given to the
value of investing in storing (small amounts of)
frozen samples to make best use of molecular
techniques. An archive makes it possible to anal-
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yse old samples with new tools and technolo-
gies to answer new questions, many of which
have not yet been considered, e.g. Bearchell et
al. (2005).

In addition, it is important to maintain the
integrity but also the relevance of LTEs; they
should not be kept as museums. To remain
useful in situations where local farming prac-
tice may be changing or where environmen-
tal issues are becoming of more concern they
MUST be reviewed regularly and, if necessary,
modified. A good example of this is the regular
(5-yearly) review of the wheat cultivar grown
on Broadbalk. LTEs that are of no immedia-
te use or which have insufficient funding can
be ‘mothballed’, i.e. grassed over and the grass
maintained but no treatments imposed. Several
Rothamsted LTEs have been ‘mothballed’ in-
cluding the Long-Term Liming experiment,
from which the senior author was able to obtain
soil samples of very different and stable pH va-
lues some years later for studying the effects of
soil pH on nitrogen mineralization (Kemmitt
et al. 2006).

From time to time one should consider
establishing new LTEs, e.g. for energy crops
or for ‘wilding’ (farmland reverting to wood-
land as with the Broadbalk and Geescroft
‘Wildernesses'.

It is very helpful for users of LTEs and for
promoting funding and use to prepare a guide-
book and simple handouts for non-specialists
(see Poulton 2006).

Site security should be carefully considered:
will the site be available indefinitely or will it be
threatened by, e.g. new buildings or roads or, if
land is limited, by new short-term experiments?
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Long-term field experiments in Minnesota, USA

C. E. CLAPP, PROFESSOR, USDA-ARS AND UNIVERSITY OF MINNESOTA, ST. PAUL, USA*

Introduction

Long-term continuous field experiments are
among the best means to evaluate and predict
soil management impacts on soil quality and
plant productivity. Three such experiments have
been carried out at Rosemount, MN, by USDA-
ARS and University of Minnesota scientists.
Our objective for the first study was to use
stable isotope °N to quantify N and C dynamics
in an agroecosystem in terms of their exchange
between root and soil, mineralisation from soil
organic matter (SOM), incorporation into SOM,
and bioavailability for crop growth and produc-
tion. This assists our further knowledge of the

THE NITROGEN-TILLAGE-RESIDUE
TREATMENTS IN 32 FIELD PLOTS
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Figure 1a. Schematic layout of the nitrogen-tillage-residue
treatments in 32 field plots. Each block includes 8 plots
(6x9m). >N microplots are located in the centre of each plot,
(1x3m). 2 and 20 represent low- and high-N treatments. NT,
T, r, and h indicate no-till, till, residue return, and residue
harvest.
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SOM role in the global C balance and climatic
change. The objective of the second study was to
determine the individual and interactive effects
of tillage, cornstalks (stover) harvest, and N fer-
tilisation on C and N dynamics, soil organic C
(SOC) storage, the 6"*C label, and corn-derived
SOC in the tilled layer. The primary goal of the
sewage sludge research was to develop efficient,
practical, and environmentally safe methods for
utilising municipal sewage sludge on land in
harmony with agricultural usage. The long-term
study at the Rosemount watershed is one of the
best examples in the world of a detailed analysis
of environmental and agricultural impacts from
sludge application to land.

These experiments provide original long-term
field information for agroecological modellers.

Materials and methods

The first (IV-15) is a 25-yr experiment involving
tillage, residue and N management, including
two tillage treatments (rototillage and no-till),
two types of residue management (residue har-
vested by removal of stover, and residue retur-

N MICROPLOT LAYOUTS DURING FOUR
PHASES OF 15N ANNUAL ADDITIONS

1980 - 1984. | E |

Phase 1

Phase 2 1985—1989.| E | R |

Phase 3&4 1990 present | EE [ ER | RE | RR |

Figure 1b. "N microplot layouts during four phases of "N
annual additions (EE, ER, RE, RR). E: *N added (Enrichment
period); R: no N added (Residual period).

* CO-WRITERS: J. M. BAKER, J. A. E. MOLINA AND W. E. LARSON, DEPARTMENT OF SOIL,
WATER AND CLIMATE, UNIVERSITY OF MINNESOTA, ST. PAUL, USA
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ned) and two isotopically-labelled N treat-
ments (2 or 20 kg N m™?), added yearly for the
first 15 years of the study. The second (NTRM)
is a 25-yr experiment on effects of tillage (no-
till, moldboard plough, and chisel plough),
corn-stover (residue harvested or returned),
and N (0 or 200 kg N ha') management on
SOC and natural abundance BC (8C). The
third (8S) is a 20-yr study with the objective of
determining the nutrient (N, P, K and metals)
availability, and corn (Zea mays L.) and reed ca-
narygrass (Phalaris arundinacea L.) response to
liquid-digested sludge (biosolids).

N-15. 'This experiment is a 2 x 2 x 2 facto-
rial randomised split-split plot design with four

replications. It consists of two tillage systems
(rototill and no-till), two crop residue practices
(harvested or returned), and two N fertilisation
treatments (2 g N m?, 40 at-% "N and 20 g N
m~ or more, 4 at-% *N) in a continuous corn
production system on a Waukegan silt loam
(Typic Hapludoll) soil. The experiments were
conducted with tillage x residue management
as main plots and N and N treatments as sub-
plots. The schematic layout of the field setup
is shown in figure 1a. Sampling procedure and
models are described by Gollany et al. (2004)
and Molina et al. (2005).

NTRM. This experiment consisted of eight
tillage by residue (stover harvest or return) tre-

PLOT DIAGRAM OF NTRM EXPERIMENT
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Figure 2. Plot diagram of
NTRM experiment including
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Hm PO g M . three N fertiliser application
B0 300 g M levels.
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atments, each on a randomly allocated, sepa-
rate block 18 x 50 m. Each tillage by residue
treatment was subdivided into 12 plots to give
four plots for each of three N fertilisation levels
(figure 2). The four N fertilisation plots were
randomly assigned to one of the three N treat-
ments. The primary tillage treatments in the
fall were: no-till (N'T), moldboard-plow (MB),
and chisel-plow (CH). Residue treatments
were: corn stover returned (r), and corn stover

harvested (h). The N levels reported here were
0 and 200 kg N ha!, surface broadcast applied
as ammonium sulfate before or within 10 days
after planting. Further experimental and ana-
lytical details are given in Clay et al. (1989) and
Clapp et al. (2000).

§§. A 16-ha watershed was terraced to give
10 treatment areas with separate tile inlets for
surface runoff water (figure 3; Larson et al.
1994). Four sludge areas and a control area were
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neering design and sample collection
locations for the Rosemount sewage
sludge watershed.
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planted to corn; four more sludge areas and a
control area were planted to reed canarygrass.
Digested municipal sewage sludge was applied
annually. Details of storage, application met-
hods, and soil and crop management are given
by Duncomb et al. (1982) and Knuteson et al.
(1988). During the 20-yr study, municipal se-
wage sludge was applied on corn areas at an ave-
rage rate of 4 cm liquid yr?, containing 11 Mg
solids ha™ yr' and 475 kg N ha™ yr'. Total of 28
applications was 68 cm of sludge, 224 Mg ha™
solids, and 9500 kg ha™ total N. On grass areas,
sludge was applied for 12 yr at an average rate

of 8 cm liquid yr?, 15 Mg solids ha™ yr?, and

SOIL >N CONCENTRATIONS IN SURFACE SOIL
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Figure 4a. Soil *N concentrations in surface soil (0-7.5 cm) over
25years in NTr plots for four *N treatments.
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Figure 4b. Soil ®N distribution at three depths in NTr plots for
the EE °N treatment.
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830 kg N ha yr. Total of 61 applications was
96 cm of sludge, 175 Mg ha™ solids, and 10,000
kg ha total N (Clapp et al. 1994).

Sludge Cd, Cu, Nj, Pb, and Zn concentra-
tions were below the pollutant concentrations
set by the U.S. Environmental Protection
Agency for limiting total metal loading on a
given site (Dowdy et al. 1994). Chromium con-
centrations in the sludge were high, variable,
and decreased dramatically after year 10, but
since Cr is insoluble in soil systems, it served
as an excellent tracer for following particulate
movement in and through the watershed.

Results and discussion
N-15. This unique set of data for the 25-yr field

experiment gave values of four replicates for N
%, N atom-%, C %, and 6*C %o in soil for
14 targeted years from 1980 to 2005. In gene-
ral, soil N atom-% values in the surface layer
(0-7.5 cm for no-till treatments) increased with
time over the course of each of three ’N en-
richment phases (figure 4a, N in NTr plots
of four N treatments). Soil N atom-% levels
decreased with time in each of non-"N enrich-
ment phases. In the no-till treatments with
residue return (NTr), the values correspond to
three layers (0-7.5, 7.5-15, and 15-30 cm) of soil
(figure 4b). Soil N atom-% and % N in the
surface layer were significantly higher in residue
return than in residue harvest, and soil N % was
significantly higher at the high N fertiliser rate
than at the low rate. In contrast, N atom-%
was significantly higher at the low N fertiliser
rate than at the high rate.

The 8C %o values (data not shown) in-
creased during the corn years and decreased
during or after four years of soybean (Layese
et al. 2002). The increases in §"3C %o levels re-
sulted from the returned residues and became
significant after five to eight years of corn. The
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Figure 5 a. SOC at the 0 to 15 cm depth over a
25-year period as influenced by tillage treat-
ments with (=) and without (.. .) stover return.

61C %o after four years of soybean were not
significantly affected by residue treatments. Soil
C % in the surface layer showed a pattern simi-
lar to soil N % by residue and N treatments over
the 25 years.

NTRM. SOC storage in the 0-15 cm layer
over the 25-yr period (figure 5a) generally remai-
ned constant or decreased with time for the 200
kg N ha™ rates (see Clapp et al. 2000, for effects
of other N rates). The SOC in the MB tillage
(with both options of stover management) de-
creased throughout the 25-yr period, but SOC in
the CH tillage showed a distinct decline only af-
ter 6 years. Values of SOC in the NT treatments
remained high throughout the 25-yr period. Of
the three tillage treatments, N'T showed the least
change from the original SOC contents.

Results of this experiment can also be useful
in determining the soil impact of residue remo-
val for biofuel production as well as effects on

Success Stories of Agricultural Long-term Experiments
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Figure 5 b. Natural abundance *C label of
SOC at the 0to 15 cm depth over a 25-year
period as influenced by tillage with (=) and
without (.. .) stover return.

global warming by management practices.

Soil 6BC values generally increased in the
0-15 cm layers (figure 5b) throughout the 25-yr
period. These curves show differences of 6"°C
change (from C3 plants to C4 corn) related to
the tillage system, with stover harvested or re-
turned. This lack of change in the N'Th and not
in the MBh and CHh treatments was probably
caused by a characteristic slow decomposition
pattern when corn crown and root tissue was
not mechanically incorporated; lower dry mat-
ter yields may be partially causative.

The intercepts, or predicted §*C for the 0-
15 cm layer at the beginning of the experiment
in 1980, did not differ significantly as influen-
ced by N rate and tillage treatment. There was a
somewhat smaller predicted intercept when the
stover was harvested in all tillage and N treat-
ments, which suggests an immediate corn label

of the 6"C (figure 5b). The overall mean 6*C
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(¢standard deviation) for the 0-15 c¢m layer in
1980 was -19.79 + 0.13%o.

Both ¢dSOC (corn-derived SOC) and total
SC (source C) were estimated relative to stover
harvest, tillage systems, and N application rate
(Allmaras et al. 2004). Fit to a zero intercept,
cdSOC increased at a rate of 0.26 Mg ha™ as
SC increased in the NT treatment, but cdSOC
only increased at the rate of 0.11 Mg ha™ as
SC increased in the MB and CH treatments
combined (figure 6). These small slopes, even
though significantly (P < 0.01) different from
each other, indicate a major partition between
humified SOC and a rhizodeposition labile
to C mineralisation as related to tillage treat-
ments. Within each tillage system, the r treat-
ment generally had the largest SC, and within
each residue-harvest management practice the
200 kg N ha' treatment had a larger SC than
the zero N control. The scatter of points with
+N compared with those with zero N within a
tillage system (figure 6) suggests that N reduces
the efficiency for conversion of SC to cdSOC.

§§. Liquid sewage sludge was an effective
source of N and P for corn and forage crops.
Yields equalled or surpassed those of areas
with traditional fertiliser management (figure

Figure 6. Corn-derived soil organic carbon (cdSOC) as a func-
tion of source carbon (SC) produced by treatments of tillage
(no-till, NT; moldboard, MB; chisel, CH), N fertilisation (0 and
200 kg N ha', indicated by +N data point labels), and stover
management [residues harvested (h) and residues returned
(r)]. Regression lines are dashed for NT and solid for combined
MB and CH tillage treatments.

7). Twenty-year average corn grain and fodder
(whole corn plant) yields were 8.4 Mg ha™ and
17.4 Mg ha', and 7.7 Mg ha' and 15.9 Mg ha™
for the sludge and control areas, respectively (ta-
ble 1a). Average annual reed canarygrass yields
for 12 yr were 11.0 and 9.6 Mg ha for the sludge
and control areas, respectively (table 1b). Large

Mg B’

Mg ha'
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Figure 7. Corn grain and fodder yields for control and sludge areas
(1974-1992).
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CORN YIELDS AND NUTRIENTS REMOVED

TOTAL NUTRIENTS

REMOVED

223 38 165
232 38 152
187 36 127

183 38 104 Table 1a. Corn yields and

205 38 135 nutrients removed for

TREATMENT YEAR YIELD?
--------- Grain--------  Fodder
Mgha' buacre’ Mg ha’
Control 1976-1979 8.3 156 18.0
1980-1983 7.6 142 15.5
1984-1987 74 139 14.7
1988-1992 79 149 16.6
Mean 7.7 145 15.9
Sludge 1976-1979 8.8 165 18.1
1980-1983 8.1 152 19.4
1984-1987 8.3 155 15.7
1988-1992 8.3 156 16.7
Mean 8.4 156 17.4
"Yields represent dry matter at 65°C; shelled grain calculated in bu acre™ at 15.5 % H,0.

Rosemount sewage sludge
watershed (1976-1992).

amounts of N and P applied by sludge did not
adversely affect yields by creating imbalances
of nutrients within the plant. Sludge also supp-
lied many of the other essential plant nutrients.
Because N and P removed from sludge- and
control-treated areas were nearly equal for corn,
it appeared that lower sludge application rates
could be used, thus increasing the efficiency of

nutrient use by the crop. Concentrations of slud-
ge-borne Cd, Cr, Cu, Ni, and Pb in stover and
grain did not increase during 19 yr of continu-
ous corn production with annual sewage sludge
applications as a plant nutrient source. However,
plant-Zn did increase, reaching a mean concen-
tration of 60 mg kg™ in stover tissue for the 6- to
10-yr time interval.

REED CANARYGRASS YIELDS AND NUTRIENTS REMOVED

TREATMENT YEAR

DRY MATTER YIELD

Control 1976-1979 4.5 3.1 1.8 9.4
1980-1983 53 26 1.8 9.7

Mean 49 28 1.8 9.6
Sludge 1976-1979 5.2 34 23 109
1980-1983 5.6 35 22 11.3

Mean 5.4 34 22 1.1

TOTAL NUTRIENTS

REMOVED

355 42 341

Table 1b. Reed canarygrass
328 52 390 yields and nutrients removed for
342 47 366 Rosemount sewage sludge waters-
hed (1976-1983).
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Conclusions

The N-15 experiment provides a set of unique
field data over a 25-yr period for modelling to
simulate the dynamics of N, *N, C, and C
in the soil-plant system. Because of so many
variables involved in the processes and the
complexities of interactions between crop, soil,
management, and climate, an analysis of N and
C dynamics in the biogeochemical cycles in
soil and plant can only be achieved with the
use of process-based computer models such as
NCSOIL and NCSWAP (Molina et al. 2005).
Evaluating the effects of management techni-
ques and measures such as N fertiliser applica-
tion, tillage, and crop residue return will aid in
developing the environmentally sound practices
as well as improving agricultural strategies.

The NTRM experiment showed that SOC
and natural abundance *C, as measured in
long-term field studies, are sensitive to tillage,
stover and N management. Our conclusion that
SOC and N storage was not enhanced in the soil
profile after years of conservation tillage prac-
tices is also supported by observations of the
importance of not only the soil’s inherent phy-
sical properties but also cool, humid northern
climates in evaluating soil organic matter sto-
rage potential. We emphasise the importance of
obtaining SOC values in the entire soil profile.
Sampling in the entire soil profile is necessary
for a more accurate view of C sequestration po-
tential among tillage systems.

The long-term study of the Rosemount se-
wage sludge watershed is an excellent example
of environmental and agronomic analysis of
sludge application to land. The value of sludge
as a nutrient source was established for corn and
grass crops. Grass was more efficient than corn
in removing N, P, and K supplied in the sludge.
Surface water quality was protected by adequa-
te soil erosion and runoff control. Monitoring
shallow ground water allowed adjustments to

management practices that protected the deep
aquifer. In conclusion, this study is one of a very
few to address both the agronomic and envi-
ronmental issues concerning sludge application
to land at the watershed scale over an extended
period of time.
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Soil organic matter research using long-term experiments
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Introduction

The questions asked in agriculture and speci-
fically in soil sciences have developed signi-
ficantly during the past decades. Soil science
started as scientific basis of primary produc-
tion in agriculture and forestry and developed
to be the scientific basis of soil protection in a
broad sense. Due to the recent developments
of our planet, many challenges for soil sci-
ence are to be envisaged. On the one hand
mankind has to seek significant efficiency
improvement of primary production to feed
the increasing world’s population. Lal (2006)
concludes that average grain yields have to
be improved from 2.64 Mg ha™ (year 2000)
to approximately 4.3 Mg ha until the year
2050. On the other hand the present trend
towards increasing the use of renewable re-
sources as energy source and basis for indu-
strial production will introduce an additional
severe pressure on the available soil resources
of the world. The European Environment
Agency estimates a fourfold increase of the
bio-energy potential of the EU between
2006 and 2030 (EEA 2006). All these deve-
lopments are interconnected with the global
framework as e.g. climate change, loss of soil
resources by erosion, desertification, sealing
and a loss of drinking water resources or their
accessibility.

The questions asked concern both the very
individual situation at the farm level and the
regional and even global perspective of future
developments. This introduces a scaling pro-
blem in time and space. Especially to cope
with longer time periods soil science has to use

long-term experimental designs like field expe-
riments or other means of comparison involving
time differences (paired plots, climosequences,
chronosequences,...). The necessity for these
experimental designs arise from non-linearity
of many change processes. It is well known that
besides linear changes lag phases, acclimatisa-
tion, resource limitation, self-regulation and
thresholds can influence the response of soil
systems to certain impacts. Soil organic matter
(SOM) and its functions is of major concern
in soil research, as it is distinctly influenced by
human activities. Land use, tillage, fertiliser in-
put, crop rotations are amongst the major factors
governing SOM levels and quality. The SOM
content and characteristics influence many im-
portant soil functions, the production function
and especially the ecological soil functions like
the filter, buffer and transformation function.
Adoption of SOM levels due to changes in soil
use and management in many cases are quite
rapid at the beginning, but need a long time of
decades to sometimes centuries for reaching a
new equilibrium stage. Long-term field expe-
riments, thus, are needed to follow these slow
changes and to understand the interrelations of
various processes in the soil/plant system given
that important conditions are kept constant.
The present paper aims at demonstrating the
potential of long-term field experiments with
respect to SOM dynamics and soil properties
related to SOM levels and characteristics. To
this end significant results of three long-term
experiments located in Sweden (Ultuna) and
Austria (Gumpenstein, Grofiglockner) are
summarised.
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Soil organic matter dynamics

The Ultuna long-term experiment: fertiliser
treatments and SOM stabilisation

A major scientific and practical question con-
cerns the stability of introduced organic resi-
dues in soil. Quantification is only possible by
the use of stable or radioactive isotopes and/or
long-term observations. The Ultuna long-term
organic matter experiment offers the unique
possibility to compare different organic residues
at equal amounts of organic carbon (2000 kg C
ha™ yr) applied. This was the basis for a series
of investigations leading to important insights
into SOM stabilisation and turnover, as well as
changes of ecological soil functions.

The field experiment is in central Sweden
near Uppsala (60° N, 17° E; elevation: 14 m
above sea level), on an Eutric Cambisol (FAO)
with 37% clay and 41% silt. The mean annual
temperature is 5.5°C and the mean annual pre-
cipitation is 660 mm. A complete documenta-

tion of the experiment and compilation of data
can be found in Kirchmann et al. (1994). In
1956, the soil (0-20 cm depth) had 15 g kg™ of
organic C, 1.7 gkg™ of N, and a pH of 6.6. The
crop rotation consists of mainly cereals, rape
and fodder beet.

Due to the large number of results, which
have been obtained, only selected treatments
and findings will be included in the following.
Differences in the overall SOC in topsoils after
44 years of different treatment were significant
(figure 1). The fallow treatment lost approxima-
tely one third of its initial SOC content, the
green manure treatment could keep the SOC
level more or less constant. Animal manure
treated plots received already stabilised orga-
nic matter and showed a high plant produc-
tivity resulting in significant root and stubble
input. The No N plots, receiving no mineral
fertiliser N exhibited the lowest productivity
(Kirchmann et al. 1994). Peat obviously can-
not be easily mineralised and thus showed the

RESPONSE OF SOIL ORGANIC CARBON TO SELECTED
TREATMENTS IN THE ULTUNA LONG-TERM FIELD EXPERIMENT
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highest SOC accumulation. Size changes of the
soil microbial biomass followed organic carbon
OC concentrations of the bulk soil with the ex-
ception of the peat-treated soil having a lower
ratio of biomass C to SOC. A complete OC
balance calculated for some treatments of the
Ultuna experiment revealed a wide range of
turnover half lives of OC originating from dif-
ferent sources (Gerzabek et al. 1997): 3.3 years
(green manure), 7 yrs (animal manure), 14.6 yrs
(peat). The initial SOC showed a half life of
57.6 yrs for the first 37 years of the experiment.
Amounts of original organic carbon in the top-
soil declined by 398 kg C ha yr' in the fallow
and 258 kg C ha yr! in the no-N treatment
compared with the initial amount of 42 620 kg
ha™ in 1956 (Kirchmann et al. 1994, 2004). In
the animal-manure- and peat-treated soils soil
carbon stocks increased to 57 300 and 69 500
kg ha, respectively.

A particle size fractionation study after low-
energy sonication revealed the following ran-
king of average carbon contribution of particle
size fractions to the total OC amount: silt > clay
> fine clay > fine sand > coarse sand. The carbon
partitioning between size fractions could not be
explained solely by the particle size mass dist-
ribution. Comparing average carbon and mass
distributions between size fractions showed that
coarse to medium and fine sand were depleted
in organic carbon (carbon/mass ratios: 0.37
and 0.29), whereas silt, clay and fine clay were
enriched in carbon (carbon/mass ratios: 1.19,
1.11, 1.53). Sand and silt were clearly more af-
fected by the treatments than the clay fractions.
According to our data, most of the C__ introdu-
ced into the Ap-horizon was stored in the silt-
sized fraction, and less reached the clay fraction
during the decomposition process (Gerzabek et
al. 2006). Thermogravimetric analyses sug-
gested an increase of free organic matter with
increasing OC contents. Transmission Fourier

Transformed Infra Red (FT-IR) spectroscopy
showed relative enrichment of carboxylic, aro-
matic, CH and NH groups in plots with in-
creasing OC contents. The silt-sized fractions
contained the largest SOM pool and - as revea-
led by *C nuclear magnetic resonance (NMR)
spectroscopy - were qualitatively more influen-
ced by the plant residue vs. manure input than
the clay fractions. A general decrease in C:N
ratios with smaller particle sizes was observed
(Gerzabek et al, 2001). Microbial biomass was
greater in silt- and clay-sized fractions than in
the fine-sand fraction. This could be attributed
to a greater microbial diversity in fine fractions,
as shown by a terminal restriction fragment
length polymorphism analysis, cloning and
sequencing of 16s-RNA genes (Sessitsch et al.
2001).

In conclusion, the Ultuna long-term organic
matter experiment laid the basis for significant
insights into organic matter dynamics and sta-
bilisation. The excellent documentation allowed
a complete balance for C, as well as for N and S
(not shown here) and the elucidation of physical
and chemical stabilisation mechanisms.

The long-term field experiment in
Gumpenstein/Styria

This experiment was established to measure
the impact of different organic and inorganic
fertilisers on soil properties. The interesting
point is that part of the experiment was kept
fallow and untilled at the same time receiving
the difterent fertilisers based on equal N input.
The other part of the experiment was cropped
and tilled. This very special layout of the ex-
periment allows to compare the effect of fal-
lowing vs. cropping and no till vs. till on SOM
dynamics. The field experiment was established
in 1962 at the Federal Research Institute for
Agriculture in Alpine Regions (Gumpenstein)
situated in Styria, Austria. The soil is a silt loam
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IMPACT OF TILLAGE AND FALLOWING ON ORGANIC
CARBON CONTENTS IN TEXTURE FRACTIONS
30,00
=z
25,00 =S
20,00 - 0<2-0.1 ym
2 H<63-2 ym
O 15,00 T O .
% <200-63 pm Figure 2. Impact of
0>200 ym tillage and fallowing
| on organic carbon
10,00 contents in texture
fractions of a long-
term field experiment
5,00 (Gumpenstein/Styria,
38years); Means and
T T standard deviations
1 1 of all treatments (g
0,00 OC/ kg soil); (Antil et
Fallow Cropped al. 2005).

with 7% clay, 47% silt, 46% sand, being classi-
fied as Dystric Cambisol on fine sediments with
a medium content of coarse gravel. In the 0-
20 cm layer, its main characteristics were: pH
(CaCl) = 6.41, EC (mS cm™) = 0.06, humus
=4.0%, CaCO, < d.1. (below detection limit),
kaolinite (% of clay) = 8.0, illite (% of clay) =
59.0. The area was under arable land before
starting of the experiment. The experiment
was kept fallow between 1962 to 1987. From
then onward the plots were divided, one crop-
ped and one bare fallow. A physical fractiona-
tion procedure was used to study the influence
of fertiliser amendments (organic manure and
mineral fertilisers), and management practices
(fallow vs. cropped) on changes in organic C
associated with different particle size fractions.
'The organic C content in bulk soil decreased or
was not affected by slurry + straw, PK and NPK
treatments in both fallow and cropped plots
after 28 and 38 years of treatment. However,
organic C in plots receiving organic manures
increased depending on the quality of the or-

Success Stories of Agricultural Long-term Experiments

ganic manures applied. The ranking among
the different treatments under both fallow and
cropped plots was: animal manure (liquid) >
animal manure (solid) > cattle slurry = slurry
+ straw = PK = NPK. Results showed that the
two types of management practices, fallow (non
tilled) vs. cropped (tilled) had effects on orga-
nic C concentrations. Comparing the organic
C contribution of particle-size fractions to the
total organic C amount revealed the following
ranking: silt > clay > fine sand > coarse sand
(figure 2) except in the plots receiving solid or
liquid animal manure.

'The experimental results showed that under
the specific site conditions below-ground car-
bon deposition by agricultural plants can hardly
compensate for the C-losses due to tillage.

Impact of SOM changes on heavy metal
retention

Long—term soil management influences major
soil functions like the filter, buffer and trans-
formation functions for contaminants. The
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soil samples of the Ultuna and Gumpenstein
experiments were used to determine the influ-
ence of slow changes in soil properties due to
long-term soil management on the retention
of heavy metals and organic pollutants (not
shown). In general Cu was adsorbed in high-
est amounts, followed by Zn and Cd. In most
treatments, Cd ions were more weakly sorbed
than Cu or Zn (Lair et al. 2006). Generally,
adsorption coeflicients (Freundlich coeflicient,
KF) increased among the investigated farming
practices in the following order (Ultuna): se-
wage sludge < fallow < inorganic fertiliser wit-
hout N = green manure < peat < Ca(NO,), <
animal manure < grassland/extensive pasture.
Results demonstrated that the soil pH was the
main factor controlling the behaviour of heavy
metals in soil. Furthermore, the Freundlich
isotherms were significantly correlated with
the amount of solid and water-soluble organic

carbon (WSOC) in the soils. Higher soil pH
and higher contents of soil organic carbon led
to higher adsorption. Carboxyl and carbonyl
groups derived from *C-NMR-studies as well
as WSOC significantly influenced the sorp-
tion behaviour of heavy metals in soils with
similar mineral soil constituents. The different
fertiliser treatments induced differences in ad-
sorption of up to a factor of 3 in the Ultuna
experiment, in case of the Gumpenstein long-
term experiment a factor of 5 between NPK
treatment and animal manure treatment were
obtained. Further, the contribution of mine-
ral surfaces and SOM to heavy metal sorp-
tion was determined. Sorption of Cu, Cd and
Zn showed a non-additive contribution of soil
organic matter and minerals to the sorption
capacity of soil. Sorption to the organic matrix
exceeded mineral sorption from 6 to 13 times
in the investigated soils (figure 3).

ESTIMATED A

ADSORBED

VALUES FOR SOIL MINERALS AND ORGANIC MATTER

100

H—
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80

70

60 7

O minerals

50 7

A adsorbed

H SOM Fallow
0 SOM Grassland

40 7

-

30 7

20 7

Cu Ccd

Figure 3. Estimated A . values
(total adsorbed heavy metal at Ce

=1 mmol ) for soil minerals and
organic matter in fallow treatment of
the Ultuna experiment and the adja-
cent grassland. Total amount of OC
in bulk soil: Fallow: 1 %, Grassland
2.6%. Means and standard devia-

Zn tions (Data from Lair et al. 2007).
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Long-term N dynamics in an alpine

grassland ecosystem

Nitrogen dynamics in semi-natural environ-
ments is crucial for the development and eco-
logical stability of these systems. Semi-natural
environments often suffer from scarcity of nu-
trients. They have adapted to this situation by
efficient mechanisms keeping nutrients in the
system. The global nitrogen (N) cycle is increa-
singly influenced by industrial emissions resul-
ting in N depositions on soils in the Alps of
10 kg ha™ yr' or more, exceeding natural net
N-mineralization (Kérner 1999). In contrast to
intensive agricultural ecosystems, characterised
by large N-input and N-losses, semi-natural en-
vironments like forests or alpine/arctic grass-
lands, often being deficient in plant nutrients
in general, are characterised by an effective
biological recycling mechanism. A major ques-
tion is, how such ecosystems react to increasing
N-deposition through atmospheric input. An
important information needed is the long-term
behaviour of nutrients in such systems.

Here we describe the results of the rein-
vestigation of a N-tracer experiment, which
was established in the Grofiglockner massif in
Austria at 2300 m a.s.l. in 1974/1975. The year-
ly precipitation ranges from 1300 to 2000 mm,
the mean temperature is slightly below 0°C.
The site is characterised by metamorphic crys-
talline rocks with a high mica content (quartz
phyllite), soils with a Planosol dynamic within
the first 10 cm of mineral soil and a sandy loamy
texture and a short vegetation period due to a
long lasting snow cover just allowing a sort of
pioneer vegetation called Primulo-Caricetum
curvulae ("Curvuletum”). Four 1 m? plots were
treated with an equivalent of 100 kg N ha™ as
("NH4),50, after harvesting the plant cover
to allow an exact distribution of the fertiliser
(Haunold et al. 1980). Soil and plant samples
were taken app. 7 weeks, 1, 2, 2.5 and 27 years
after application.

The results of the first four years of the expe-
riment revealed that the major part of applied N
first entered the microbial biomass (13-22 %),

MEAN N-CONTENTS IN FOUR SOIL PROFILES IN THE AUSTRIAN ALPS
atom-% "°N
0 0,2 0,4 0,6 0,8 1 1,2 1,4
1-0 .
0-5
5-10 B
_ Figure 4. Mean
7 gl *N-contents (and
_ standard deviations)
if 15-20 in four soil profiles
S 9. in the Austrian Alps
& 20-30 (Grof3glockner massif)
© 30-45 27/28 years after app-
lication of *N labelled
45-60 mineral nitrogen. The
n?tural abundance
K of N is 0.366%. (data
60-75 from Gerzabek et al.
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a smaller part entered interlayers of expanda-
ble clay minerals. After 2.5 years 60% of app-
lied N was still detectable in the plots. It could
be shown that even after 27 to 28 years large
quantities of nitrogen introduced by the single
pulse labelling (amounting to app. 1.7% of the
nitrogen in the system) into the alpine grass-
land remain in the soil-plant system, with only
55% being lost (Gerzabek et al. 2004). Figure
4 shows the average N enrichment within the
first 15 cm of the soil profiles. In the first 10
cm of the four profiles 40% of N was reco-
vered, being mainly bound in organic forms.
With depth the *N-content decreases rapidly
and reaches the natural background of 0.368%
in 75 cm depth. In the topsoil 50% of N was
found in humic substances. A simple site spe-
cific compartment model was established on
the basis of the results considering a biological,
residual and labile N-pool, the latter being the
source for N-losses. 28 years after the *N app-
lication 42% of the original amount is located
in the residual fraction, which amounts to 95%
of N present in the system at that time. Less
than 4% are located in the biological pool. By
the model a long mean residence time close to
100 yrs was derived for the residual *N. This is
at least a factor of 3 longer than in intensively
used agricultural systems.
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Lessons learnt from long-term experiments in Africa

ANDRE BATIONO, THE AFRICAN NETWORK (AFNET) FOR SOIL BIOLOGY AND FERTILITY,

TSBF-CIAT, NAIROBI, KENYA®

Introduction

Sub-Saharan Africa is the only remaining re-
gion of the world where per capita food pro-
duction has remained stagnant over the past 40
years. About 180 million Africans do not have
access to sufficient food to lead healthy and pro-
ductive lives. Absolute poverty -characterised
by incomes of less than U.S. $1 per person per
day - is coupled with an increasingly damaged
natural resource base. Low food production is a
result of the breakdown of traditional practices
and the low priority given by governments to
the rural sector.

Over the years, the paradigms underlying

soil fertility management research and deve-

lopment efforts have undergone substantial
change because of experiences gained with
specific approaches and changes in the overall
social, economic, and political environment
the various stakeholders are facing. Long-term
experiments (LTEs) have played a key role in
understanding the changes in soil fertility as a
result of the changing land management prac-
tices. The history of LTE in Africa dates back
to the colonial days. A number of these trials
are still existing and actively researched. Some
have been judged to have reached the end of
their useful existence. Others have been discon-
tinued or diminished in intensity because of lack
of resources. Most of these experiments were

LOCATIONS OF LONG-TERM EXPERIMENTS IN AFRICA

Figure 1. Map showing
location of selected

long-term experiments
in Africa. ot
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designed to determine the effects of inorganic
fertilisers and organic inputs on crop yields and
soil properties. However over time other com-
ponents such as rotation and intercropping were
also assessed. Although yields were measured in
all the experiments, climatic and soil variables
were documented in only a few trials. There was
no evidence of other measurement factors out-
side the treatments e.g. pests, disease incidences
and economic parameters. This paper presents a
review of some key lessons learnt from selected

LTE in Africa.

Methodology

A review was undertaken of the LTEs di-
rectly or indirectly under the African Network
for Soil Biology and Fertility (AfNet) of the
Tropical Soil Biology and Fertility (TSBF).

These experiments are located in different agro
ecological zones in West, East and Southern
Africa (figure 1).

These experiments were designed with dif-
ferent objectives and vary in their lifespans. Of
these experiments the Samaru, Zaria expe-
riment in Nigeria, having been established in
1950 and the Saria experiment in Burkina Faso,
established in 1960 are the oldest. The experi-
ments are highly varied and involve different
treatments including application of inorganic
(NPK) and organic fertilisers (farm yard ma-
nure, crop residues, agro forestry tree biomass),
rotations and intercropping with grain legumes
(cowpea, soybean, groundnuts), application
of soil amendments (lime, rock phosphate),
and rotations with green manure cover crops
(Mucuna, Tephrosia) while others involve con-
servation agriculture.
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Lessons from LTE

Results from these LTEs indicate that there
were positive yield responses to one or more
nutrients added as mineral fertilisers. In an 18
year old LTE at Kabete, Kenya involving app-
lication of N, P, farm yard manure (FYM) and
crop residues (CR), the maize yields averaged
slightly over 3.5 t ha™ at the onset of the expe-
riment (figure 2). Higher yields (6.0t ha™) were
recorded during the years 1986-1988 due to
high rainfall received while the drought in 1984
led to crop failure. In 1996, moisture stress at
the cob formation stage gave rise to very low
yields ranging from 29 kg ha™ (Nil) to 2141 kg
ha' (FYM2+N2P2+R).

In general, application of mineral fertilisers
gave higher yields than FYM alone for the first
6 years. However, after the tenth year, maize
yields for NP treatments were significantly lo-
wer than for FYM alone. During the following
period of continuous cropping, the differences
between FYM and FYM+NP combination de-
creased and the yields tended to decline more
rapidly where only mineral fertilisers were app-
lied. To date the results indicate that 5-10 t ha™!
of FYM applied singly or in combination with
60 kg N and 60 kg P,O, mineral fertilisers is the

MILLET GRAIN YIELD

TREATMENTS MILLET GRAIN YIELD (kg ha™)

No CR, no fertiliser 285

CR, no fertiliser 591

Fertiliser, no CR 840

CR + fertiliser 1344

SE 26

cv 28%

CR - Crop residue, SE - Standard error, CV - Coefficient of variation

Table 1: Millet grain yield in the long-term crop residue mana-
gement trial at Sadore, Niger, averaged over 17 years.

most promising nutrient management strategy
for long-term improvement and maintenance of
soil fertility. Similar results were observed in a
17 year old LTE involving crop residue mana-
gement in Sadore, Niger (table 1).

'The operational scale research (OPSCAR)
trial was established in 1986 by International
Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) Sahelian Center to study
the sustainability of pearl millet-based cropping
systems in relation to management of N, P and
crop residues, rotation of cereal with cowpea
and soil tillage. Results from this experiment
indicated that the traditional farmers’ practices
plot seemed to degrade over time as decreased
yields of pearl millet grain was shown whereas

the application of 13 kg P ha!, 30 kg N ha™ and

MILLET GRAIN AND TOTAL DRY MATTER YIELDS

TREATMENTS

Traditional practices

AT + no rotation + intercropping + P
AT + rotation + intercropping + P

HC + no rotation + intercropping + P
HC + rotation + intercropping + P
AT + no rotation +pure millet + P

AT + rotation + pure millet + P

HC + no rotation + pure millet + P
HC + rotation + pure millet + P
Traditional practices (local millet variety)

MILLET GRAIN YIELD (kg ha™)

AT- Animal traction; HC- Hand cultivation; P- Phosphorus; TDM- Total dry matter

MILLET TDM YIELD (kg ha™)

129 943

645 2522
967 3614
546 2414
871 3502
639 2796
998 4343
669 3018
948 4110
288 1947

Table 2: Millet grain and TDM yields in the operational scale research trials at Sadore, Niger, 1998-2006.
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crop residue in pearl millet following cowpea
seemed to maintain soil fertility level (table 2).
These results clearly indicate the high potential
to increase the staple pearl millet yields in the
very poor Sahelian soils.

Several LTEs involving crop rotation and in-
tercropping have also been undertaken in various
parts of the continent. Rotation studies in Malawi
showed that the highest grain yields across sites
were obtained when maize were grown in rota-
tion with pigeon pea followed by maize/pigeon
pea intercropping (figure 3). Similar results were
observed in the LTE at Kouaré, Burkina Faso
where the succeeding sorghum grain yields in-
creased by 75 and 100% when it was rotated with
fallow and cowpea respectively.

Recognising the potential of leguminous
tree species to improve soil fertility, several
LTEs have been in existence across the con-
tinent. A hedgerow intercropping experiment

involving Calliandra calothyrsus and Leucaena
leucocephala was established in 1992 at the
Kenya Agricultural Research Institute (KARI)
Regional Research Centre (Embu) in the cen-
tral highlands of Kenya. The average maize
grain yields obtained across the 22 seasons indi-
cate that treatments receiving both organic and
inorganic nutrient sources (maize monocrop
with prunings + 30 kg N ha?) gave the highest
yields averaging about 3.1 t ha™ (figure 4). The
above yields are compared to the recommended
fertiliser and the control treatment yields of 2.3
t ha' and 1.6 t ha respectively. In a fertiliser
equivalency experiment at Kabete, Kenya, the
three organic materials (Calliandra calothyrsus,
Senna spectabilis and Tithonia diversifolia) gave
fertiliser equivalency values of 50, 87 and 118%,
respectively, indicating that tithonia biomass
can be used in place of mineral fertiliser as a
source of nitrogen.

7500
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MEAN MAIZE GRAIN YIELD FROM 1993-2005 SEASONS
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—&— Leucaena alone
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Maize yield (tha )

Figure 4. Mean maize
grain yield (t ha) from
1993 - 2005 seasons
for selected treat-
ments at Embu, Kenya.
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Results from the LTE at Saria, Burkina
Faso, supports the observation that fertiliser
responses are higher in fertile than in degraded
soils. In this experiment, sorghum grain yield
increased from about 0.5 t ha! to over 2.5
t ha! when manure was combined with mine-
ral fertiliser compared to a maximum yield of
0.6 t ha™ under the no input (control) system
(figure 5). This trend can be attributed to the
improved synchrony in nutrient supply as well
as the other associated benefits in soil chemi-
cal, physical and biological properties resulting
from the addition of organic inputs.

In general, all LTEs showed yield decline,
often with a relatively rapid fall to a low level
equilibrium. Such yield dynamics are highly
correlated with available nutrients and soil or-
ganic matter. Results from the experiments have
also shown that soil organic matter (SOM) de-
clined when land was cultivated. Studies from
Sahelian West Africa observed SOM losses of

up to 5% per annum on sandy soils and around

2% on better textured soils. A comparison of
SOM contents in a LTE in Kenya after 18 years
of cultivation showed that soil organic carbon
contents in the top 0-20 cm layer declined and
differed significantly between treatments. As
an example, total SOM ranged from 220 kg
ha in treatments where fertiliser was applied
to 311 kg ha™ for combinations of crop residue,
fertiliser and FYM. Despite the higher SOC
contents observed in the treatment with high
organic matter application rates, all treatments
showed a gradual decline in SOC irrespective
of the management practice being adopted. In
this experiment, for example, fertiliser alone
treatment reduced soil carbon by about 12.2
kg ha™ yr'. Similar results were observed in an
LTE in Senegal where organic matter declined
from nearly 3% under forest conditions to un-
der 1% when farmed continuously. Soil organic
carbon losses of up to 0.69 t carbon ha™ yr* have
been estimated in the soil surface layers of LTE
in Africa.
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The way forward

Long-term experiments hold key to understan-
ding the processes and functioning of many of
the cropping systems in tropical Africa. Data
from these experiments have not been exhaus-
tively utilised. There is need to support the de-
velopment of comprehensive databases which
can be used for simulation and prediction of
potential changes in production or soil proper-
ties thus improving decision making processes.

Long-term experiments are costly to maintain
over time, as they require constant and valid ma-
nagement as well as accuracy and adequacy in
data collection and management. There is need
for more investment in maintenance of LT'Es in
Africa. This can be achieved through national
support and from collaborative research leading
to MSc and PhD with various local and foreign
research institutions and universities.

SORGHUM GRAIN YIELD UNDER DIFFERENT
ENVIRONMENTAL CONDITIONS

35007 + Control
3000+
. 2500+

2000 -

1500

Sorghum yield (kg ha'

1000

500 A

® Manure + Fertiliser

A Fertiliser

1500 2000 2500

Environmental Mean

Figure 5. Sorghum grain yield under different environmental conditions for a long-term trial (1960-2006) at Saria, Burkina Faso.

(Source Data: Saria long-term experiment, 1960-2006)
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Overview of Swedish long-term field experiments

LENNART MATTSSON, SENIOR RESEARCHER, SWEDISH UNIVERSITY OF AGRICULTURAL

SCIENCES, SWEDEN

Long-term experiments - a valuable asset
The Faculty of Natural Resources and

Agricultural Science annually spend 7 mill.
SEK on Long-Term Experiments (LTE).
Undoubtedly are these experiments an excel-
lent asset for research, extension and teaching.
'The well documented history for the individual
plots is perhaps their most important and most
valuable feature. They offer good and often uni-
que possibilities for interdisciplinary work with
investigations and comparisons, both in field and
in laboratory conditions. Electronic database
technology and systematic sample archiving of
crop and soil samples have broadened the pos-
sible range of studies. Literally speaking, from
micromolecular level to global climate change.
This applies, not the least to the group
of experiments forming the background for

today’s conference, the Swedish Soil Fertility
Experiments and their 50" anniversary. They
are good examples of how the concept of LTEs
includes a number of aspects. Currently C- and
N-dynamics are central topics as well as plant
nutrient budgets. Other experiments in the fa-
culty program are related to tillage systems, to
weed control and dynamics, to nutrient leach-
ing etc. The number of parameters which are
frequently measured is very large.

Classical field experimental technique do-
minates, including comparisons between treat-
ments on replicated plots. Recurrent measure-
ments and samplings make it possible to analyse
the interaction of treatment and time, thereby
approaching monitoring activities. A few pro-
jects within the faculty program are plain mo-
nitoring projects.

FACULTY SUPPORTED LONG-TERM EXPERIMENTS

SERIAL NO. NAME STARTED  NO. OF SITES
-0020 Humus balance, cereal systems -70, -80, -81 4
-0021 Humus balance, clover/grass systems -70, -80, -81 4
-0056 Cropping systems, environmental effects 1979 1
-0130 Soil biology experiment 1996 1
-1001 Lime and phosphorus -36, -41 2
-1002 Lime and organic matter 1963 2
-1037 Lime and soil chemical properties 1983 2
-2037 Soil fertility experiments. North Sweden 1969 2
3038 Exploiting P in heavily P dressed soils -82,-83 3 ottty supp ol
-9001 Soil fertility experiments. -57,-63,-66 10 g}gmﬁlftﬁféﬁ‘gﬂg';g;
Central & south Sweden Fertility with starting
FRAME56 Organic matter experiment -1956 1 {g(elsr.s and number of
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LONG-TERM FIELD EXPERIMENTS

SERIAL NO./SITE NAME STARTED  NO. OF SITES
Division of Soil Management

-4007 Tillage systems — need for soil loosening -74 1
-4008 Different tillage systems - different intensities -74 1
-4009 Different tillage systems — placement of fertiliser -76 1

-4010 Different tillage systems — straw management -74 1

-4014 Subsiding of peat soil -76 1

-4017 Direct drilling -82 1

-4027 Tillage depth in ploughless tillage -91,-95 2

-4 Time of primary tillage in the autumn -99 1

Tyre inflation pressures in tillage systems with and

ALE without ploughing = e
-8407 Nitrogen efficient tillage systems -99 1
Division of Hydrotechnics
-138 Subsidence of peat soils and copper fertilisation -86
-143/-143M Long term effect of liming on soil structure -89, -91,-99
Division of Water Quality Management
Leaching measurements at the following fields
Lanna Leaching in conventional systems -74 1
Leaching in organic systems -96 1
Fotegarden Manure and catch crops -93 1
Mellby Manure and catch crops -83 1
Leaching in organic systems -90 1
Lonnstorp South Swedish crop rotations -92 1
Division of Cropping Systems
-0002 Crop sequences and cropping strategies -59 1
-0906 Monocropped spring cereals -67
-1103 Rotations with/without ley -64,-67,-68 3
Division of Weed Science
Minimising use of herbicides -81
Long-term effects of herbicide use -79 2
Flora diversity in semi-natural grassland -54
Aggressive weeds in semi-natural grassland 992 5
2Focus on new species from 1999.
Division of Landscape Ecology
Establishment and management of broadened field
boundaries 3
Division of Entomology
Population dynamics of a perennial herb and its
insect herbivores 2
Department of Agricultural Research for Northern Sweden
-71B Different crop rotations -56
-74 Monoculture cropping -65 3

Table 2. Long-term field experiments supported by the SLU faculty of Natural Resources and Agricultural Sciences .
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Currently running faculty supported
experiments

In table 1 the ongoing faculty supported pro-
jects with LTEs in Plant Nutrition and Soil
Fertility are listed. Table 2 lists the remaining
faculty supported LTEs. Most details in table
2 originate from the evaluation carried out by
Goulding and Snapp (2006) on behalf of the
faculty. Serial ID and serial names indicate the
topics that are studied. Two other experimental
series, not faculty supported, should be added.
These are continuous sewage sludge application
(2 sites, started in 1981) and crop rotations and
harvest residue treatments (1 site, started 1951).
These are run by the local farmers association
in south Sweden.

Details for the plant nutrient experiments

The experimental sites are located between 55°
24’ N and 65 © 22’ N, with annual mean tempe-
ratures from 7.5 °C in the south to 0.5 °C in the
north (figure 1). Soils with clay contents from
10 to 60% are dominating on the experimental
sites. Some of the sites are located on private
farmer’s fields, but the main part resides on
SLU’s experimental fields. A soil fertility expe-
riment is the most southern located experiment
and the most northern one is a lime experiment
(figure 1).

Cropping systems with and without live-
stock and their influence on soil fertility and
humus balance have been investigated and fol-
lowed during many years. These series form
the dominating part of the program. Lime and
liming effects on soil properties and soil che-
mical reactions and the possibilities to exploit
P from P-rich soils are other topics studied. All
experiments are primarily designed to demon-
strate sustainability directly or indirectly. More
information is given in Mattsson (2005, 2006a,
2006b).

Comments on lay-out and results

As mentioned the soil fertility experiments
comprise the most extensive experimental series
(Carlgren & Mattsson 2001). In 12 experiments
throughout the country N, P and K-levels are
compared in two cropping systems. One is de-
signed for dairy production with a clover/grass
ley and manure included in the nutrient mana-
gement. In the other system only arable crops
are grown. With the exception of the clover/
grass ley, crops are similar in the systems. NPK
supply is equivalent.

LOCALISATION OF LONG-TERM PLANT

NUTRIENT AND SOIL FERTILITY EXPERIMENTS

Figure 1. Localisation of long-term plant nutrient and soil
fertility experiments. Larger dots indicate more than one
experiment at the same site.
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In rotations with arable crops without app-
lication of FYM or NPK, yield reductions with
more than 50% have taken place (figure 2). The
reduction was slightly less the first 15 years or
approximately 45%. In other words a weak ne-
gative trend. In similar cropping systems but
with FYM applied and clover/grass leys inte-
grated in the rotation yield reductions were 25%
under similar circumstances.

Today soil organic C is 0.2 percentage units
higher in systems with FYM and clover/grass
leys than in systems without. The level of NPK
supply also plays a role especially in the latter
systems. Increasing the nutrient supply from nil
to normal rates (i.e. 90 N, 15 P, 25 K, kg ha yr?)
increased soil organic C with 0.15 percentage
units (Carlgren & Mattsson 2001).

Humus balances are studied in 2 experimen-
tal series with contrasting rotations, one with
cereals only and one with three clover/grass ley

years followed by a cereal crop etc. In the cereal
dominated rotation the effects of straw remo-
ved is compared with straw returned. FYM is
not applied. In cereal rotations soil organic C
content is less than in rotation with clover/grass
leys (Mattsson 2002a).

In simple experiments with annual P-dres-
sings, the effects of exploiting soils for P are stu-
died. Sites were chosen on purpose where high
soil P status according to ammonium-lactate
extraction were known. Three experiments, all
started in 1983, are currently running. Swedish
soils are well supplied with P, and accumulated
soil P can be exploited for crop production. On
soils with high P-test values around 30 kg P ha™
yr’ can be mobilised and used by the crop over
a 20-year-period without yield losses (Mattsson
2002b).

In the experiment FRAMES6 treatments

with organic matter application of various origins

RELATIVE YIELD DEVELOPMENT WITH TIME
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Figure 2. Relative yield development with time. Average for 10 experiments in south and central Sweden. Rotation with arable
crops (left) and with arable crops and clover-grass production (right). AO=no mineral NPK applied, B2=annually 90 kg ha' N and
replacement of PK. Replacement was annually 13 kg P and 25 kg K (left), 15 kg P and 55 kg K (right).
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are compared. There are 60 small plots, 2x2 m,
surrounded by wooden frames to 50 cm depth.
This ensures that no soil movement takes place
but requires on the other hand manual labour.
Manure, peat, sewage sludge and saw-dust are ex-
amples of organic matters applied. Characteristic
and clear differences in soil organic C have been
obtained (Kirchmann et al. 1994).

Lime and phosphorus experiments started
in 1936 and 1941 are the two oldest field expe-
riments on agricultural land all categories now
running in Sweden. Effects of P under diffe-
rent liming regimes are studied. Considerable
amounts of lime were applied at the beginning
and once again in the mid 1970s (Ohlsson
1979). It makes the experiments three-factorial
namely, start lime, re-lime and P application.
There are currently liming effects 70 years after
the first liming. Plots that were limed at the
experimental start and not later have pH-va-
lues 0.3 units higher than those plots that have
never received lime. A 10% yield difference is
also measured.

Final remarks

Established contrasting soil conditions side by
side on a variety of soils in different climate
zones and with a well documented history,
are valuable assets. Each individual plot offers
unique study environment. In one way it is a
laboratory building ready to occupy. All the
equipment is there. Investigations and compa-
risons between soils and plants can be carried
out based on today’s situation, but there are also
excellent possibilities to study the dynamics in
a historical perspective in many cases with a
documented history of 50 years or more. On a
national scale, many questions have been asked
and many have been answered based on results,
experiences and observations. Still many re-
main to be focused.
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Survey of the Swedish soil fertility sites with electrical

methods

ERIKA LUCK, DR., UNIVERSITY OF POTSDAM, INSTITUTE OF GEOSCIENCES, GERMANY
AND JORG RUHLMANN, DR., INST. VEGETABLE AND ORNAMENTAL CROPS, GROSSBEEREN, GERMANY

Introduction

The spatial variability of soil properties was
previously basically estimated either via soil
samples taken by a corer from different soil lay-
ers with following analyses of physical, chemi-
cal, and biological properties or indirectly via
long-term mapping of the annual plant yield
patterns. Both methods are time-consuming
and expensive and have a relative low spatial
resolution. In contrast, geophysical methods,
especially electrical and electromagnetic mea-
surements, have a relatively high spatial resolu-
tion and allow a fast data acquisition. However
and similar to the yield mapping, geophysical
methods provide us with indirect information.
The measured parameters are often affected
by a system of interrelating factors, and con-
sequently, these measured parameters are not
well defined. Therefore, our aim was to perform
geophysical measurements in very well descri-
bed systems — in long-term experiment’s soils.

Material and methods

Long-term experiment’s sites

As published by Carlgren & Mattsson (2001),
twelve long-term soil fertility experiments have
been established in south, central, and north
Sweden in the period 1957-1969. They are situa-
ted at both favourable sites and sites with less fa-
vourable climatic conditions and native soil pro-
perties. All experiments are uniformly treated
according to the scheme: two crop rotations, one

Success Stories of Agricultural Long-term Experiments

with and the other without life stock, each com-
bined with 16 combinations of inorganic NPK
fertilisers. These experiments have been partly
extensively investigated regarding the physico-
chemical properties and the soil classification de-
rived for certain soil profiles (Kirchmann 1991,
Kirchmann & Eriksson 1993; Kirchmann et al.
1996, 1999, 2006). However, spatial aspects of
the assessment of soil properties are new field in
investigating these long-term experiments. The
sites cover a wide range of soil texture amounting
from 78% sand to 70% clay as well as of climatic
conditions — the annual mean of air tempera-
ture decreases from 7.1-8.1 °C in the south up
to 2.4 — 2.8 °C for the northern sites Offer and
Robicksdalen.

The geophysical measurements were made
in spring and autumn 2005 and 2006, respec-
tively. Representative for all sites, the results of
the measurements in Orja were presented here
more in detail.

Geophysical equipment

To investigate the long-term experiment’s sites
as mentioned above, we applied two difterent
measurement systems - the Canadian EM38
(GEONCS Ltd), and the German multi-elec-
trode apparatus Geolom (GEOLOG). Using
the EM38, we are able to measure the electri-
cal conductivity (EC) of soils (given in units
of milliSiemens/meter [mS/m]) whereas the
Geolom measures the electrical resistivity (gi-
ven in units of Ohm meter [(Om]) which is the
inverse of EC. Both measures are fundamental
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CONDUCTIVITY MAPS FOR THE SITE IN ORJA

w I

soil properties that vary with mineral type and
particle size distribution of the soil matrix, po-
rosity, as well as with temperature, and quality
and quantity of water.

The electromagnetic principle of the EM38
bases on induction processes. Whereas the
transmitter coil generates an alternating mag-
netic field, the receiver coil measures the mag-
netic field changed by the electrical conduc-
tivity of the soil. The penetration depth of the
magnetic field depends on the distance between
the transmitter and receiver coil and on the fre-
quency of the transmitted electromagnetic field.
The EM38 has a fixed inter-coil distance of 1
m and a fixed working frequency of 14.6 kHz
which results in a penetration depth of about 1.5
m using the vertical dipole mode and of about
0.75 m using the horizontal dipole mode. The
EM38 is preferred applied to horizontal area-
wide scans (electrical conductivity maps).

The resistivity method applied using the
Geolom is based on a direct contact four-

Spring 2006

Autumn 2{6

Figure 1.
Conductivity maps
for the site in Orja

15 measured with
EM38 (vertical dipole
mode) in spring and
in autumn 2006.

electrode system. Whereas a direct current is
supplied in the soil between one pair of elec-
trodes, the resulting voltage is measured bet-
ween the other pair of electrodes. The depth
of the measurements depends on the electrode
spacing as well as on the geometry of the four
electrodes. Working with different increments
along a linear array of electrodes produces so
called pseudosection images — vertical electrical
resistivity profiles along a transect; in our case
along a linear Wenner-Array of 100 electrodes
with a spacing of 0.5 m. In contrast to the
area-wide scan with a higher horizontal resolu-
tion (EM38), the Geolom is favourably used
to resolve vertical soil structures (strata, clay
pans, etc.) along the transect. We combined
both methods to get a survey of the whole site
(EM38), complemented by the detailed verti-
cally information derived by the GeoTom. The
measured resistivity values were transformed
to conductivity values to make them directly
comparable.
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CONDUCTIVITY MAP AND ELECTRICAL PSEUDOSECTIONS
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Results and discussion

We mapped the electrical conductivity of the
long-term experiment’s field area-wide up to
1.5 m depth and measured a vertical electric
profile (pseudosection) in 0.25 m steps up to 2
m depth along the total length of the field.

Repeated mapping of soil conductivity of
the Orja site in 2006 (figure 1) produced a very
similar pattern of the measured values indepen-
dent of the season.

The maps visualise two different kinds of
signals: strong signals of about 50 mS/m de-
rived from a metallic pipe, and more or less
diffuse heterogeneities corresponding to the
variation of soil texture. Always, electromag-
netic data are strongly influenced by metallic
compounds in the underground or on the sur-
face. Because of the high amplitudes of metallic
structures in soil, the surrounding soil volume
can not be analysed concerning its physico-
chemical properties.

'The visual comparison of both maps shows

Figure 2.
Conductivity map
(EM 38, above)
and electrical
pseudosections
i across transects
1and 2 (GeoTom,
below) of the Orja
site measured in
spring 2006.

that the main structures are reproducible by re-
peating the measurement. The slightly higher
conductivities in autumn compared to spring may
be caused by differences in soil temperature and
water content. The regions with low conductivity
values can be characterised by loamy sand whereas
the regions with high conductivities consist of silt
and clay. To analyse the vertical structure of the
different textured areas, we measured electric pro-
files along two transects (figure 2).

The comparison between the two measure-
ment principles visualises clearly that the low
conductivity areas as shown in the conductivity
map (figure 2) are resulting from channel, hol-
low or lens structures in the surface of the domi-
nating clay and silt material that were secondary
filled with sandy-loamy material via melt water
transport. Additionally to this surface phenome-
non, the turbulent pattern of the electrical con-
ductivity profiles (figure 2), especially of transect
2, indicates that this site is very highly disturbed
and documents its changeful glacial history.



ELECTRICAL CONDUCTIVITY OF SOIL SAMPLES
50 1 EC [mS/m]

40
30

20

101 o

17 1% 19 20
Water conient [mass®s]

Figure 3. Electrical conductivity of soil samples as affected by
soil water content.

To show, that the affecting factors of soil
electrical properties are interrelated, we related
the electrical conductivity values to the water
content measured in different textured soil
samples of transect 2 (figure 3).

Higher contents of silt and clay were related
to slightly increasing moisture contents which
were positively correlated with differences in
electrical conductivity of soil samples.

Conclusions

Geophysical, especially electrical and electro-
magnetic methods represents a modern tool
to detect spatial distribution patterns of phy-
sico-chemical soil properties. Once measured,
the main structures will be stable and repro-
ducible by repeated measurements, however
in most cases on a different conductivity level.
Geophysical measurements provide us with
indirect information. At present, it is impos-
sible to quantify e.g. clay and water content
only from the electrical conductivity of soils.
Therefore, additional information is necessary
to explain differences in conductivity values. To
make progress in this field, multi sensor stra-

tegies have to be developed in order to relate
parts of the total variance in conductivity to
the single, the conductivity influencing factors.
Furthermore, conductivity maps may, especi-
ally in the case of the behaviour of the plant-
soil-system in long-term experiments, be used
as co-variable to separate treatment effects from
soil heterogeneity effects.
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Comments on the Swedish soil fertility experiments

JAN PERSSON, PROFESSOR EMERITUS, DEPARTMENT OF SOIL SCIENCES, SWEDISH
UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN

This will be some isolated comments around
fertility field experiments in Sweden, but very
few results will be presented. The Swedish
long-term soil fertility experiments were set up
fifty years ago. In the 1950s, soil fertility was
an important topic of discussion. Soil organic
matter and soil structure were key factors to be
taken into consideration. Changes were occur-
ring in agriculture, with many farms turning
to farming without livestock. As a result, ma-
nure disappeared, combine harvesters appea-
red and straw was burned in the field. Uppsala
University owns many farms. At that time,
tenants were not allowed to cultivate the farm
without cattle. However, later on they were al-
lowed to cultivate the farm without animals,
provided that they analysed the soil and stored
the soil samples. Many years later we found a
great number of such soil samples in a cellar
belonging to the university. There was also a
sampling map. Guided by this we made a new
sampling and new analyses. This work resulted
in an undergraduate thesis and later on a pub-
lished paper.

Against the background of changing farm
management practices, the Swedish soil fertili-
ty experiments were started in 1957. Although
they are now 50 years old, in an international
comparison they are relatively recent. For exam-
ple, in 1967 a symposium was organised in
Grignon to present the results of field experi-
ments that were older than 50 years at that
time. Many well-known field experiments were
presented, e.g. Askov 1894, Weihenstephan,
Rothamsted and Ewiger Roggenbau, but the

Swedish fertility experiments were not included
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as they were too young.

In fact there is reason this year to celebrate
another jubilee relating to Swedish field ex-
periments The Swedish Central Institute of
Agricultural Research (Centralanstalten for
forsoksvisendet pd jordbruksomradet) was es-
tablished in 1907. It originated from an experi-
mental farm owned by the Swedish Academy of
Agricultural Science. The farm was situated in
Stockholm where the University of Stockholm
is now located. The aim of Centralanstalten was
to co-ordinate field trials throughout Sweden.
It was reorganised on several occasions and
other institutes were incorporated, e.g. the
Peat Cultivation Society. Finally it ended up as
the National Agronomy Experimental Station
(Statens jordbruksforsok). It was moved to
Uppsala and later split up into different parts
which were included in departments at the
Swedish University of Agricultural Sciences.

Soil fertility trials - start and development

The soil fertility trials were established by
Professor Lars Agerberg (1961). He designed
an NPK intensity trial with two crop rotations.
He selected six sites in Skdne and he analysed
the soil profiles down to 1 m. Further, he sho-
wed harvest data from the first four years. The
experiments were performed according to the
design shown in table 1.

After four years Professor S.L. Jansson took
over the management of the trials and changed
the experimental design. The new design was
based on content of nutrients in harvested
crops, and thus on removal of nutrients. This
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NUTRIENTS

N(kgha') P,0, (kgha') K,O (kgha?)

APPLIED
0 0 0
40 40 30
80 80 60
160 160 120

Table 1.

was an important improvement, and the new
experiment treatments were and still are:
* Without P and K
* Maintenance based on nutrient content
in harvested crops
* Maintenance + 15 P + 40 K per year
* Maintenance + 30 P + 80
K per year

Figure 1. Quaternary deposits of
Western Skdne.

There were four nitrogen levels and two crop
rotations, in a total of 384 plots (Skéne trials).

The aim of these field trials was to describe
the relationship between cultivation measures
and soil quality, and to determine changes in
soil parameters (Jansson 1970, 1975, 1983,
Gunnarsson 1982).

The first six trials were distributed in Skéne.
Later additional trials were started in other
parts of the country. Skine is a suitable area
for such studies as there is great variation in
soil type. There are some sedimentary glacial

QUATERNARY DEPOSITS OF WESTERN SKANE
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clays but mostly different kinds of glacial till,
created as different land ice streams moved over
the landscape. The fertility of these soils is also
very variable (figure 1, Ekstrom 1946, Agerberg
1961, Jansson 1975, Ivarsson & Bjarnason 1988,
Kirchmann & Eriksson 1993, Kirchmann et al.
1999).

Jansson used results from the fertility ex-
periments in many journals to discuss plant
production, soil conservation and environment
aspects. Data from the experiments were also
used in a couple of PhD theses and degree pro-
jects.

As an example of the work performed, we
aimed to demonstrate soil fertility status and
changes in fertility over the time in two of the
fields. We chose one site on a till formed from
Palaeozoic shales and Archaen rocks (Orup)
and one site with soil formed from Cambro
silurian rocks (Fjirdingslév). At Orup, the
plough layer is poor in especially phosphorus

but also potassium, whereas Fjirdingslov is a
Baltic till of high agricultural quality. We exa-
mined differences in sugar beet yields and soil
fertility during 40 years of trials at these two
sites (figures 2 and 3).

‘We chose two treatments:

1. 140 kg ha™ N No PK

2. 140 kg ha* N Maintenance + 120 kg ha™
P and 320 kg ha™ K per crop rotation

Orup Without PK, sugar beet yields were
fairly good in the first years but very soon these
yields declined and during later years they were
very low and sometimes zero. However, with
PK supplied the yields remained good during
the whole period. Jansson (1983) analysed the
situation and found that the reason for decli-
ning yields was primarily lack of phosphorus.
There was rather much phosphorus in the sub-
soil of this Archaen till but apparently the soil
had no capacity to deliver phosphorus during
the whole period.

SUGAR BEET HARVEST AT ORUP

+ NOPK
= PK

—Poly. (PK)

—Poly. (NO PK)

Figure 2. Sugar

1960 1965 1970 1975 1980 1985
YEAR

1990 1995 2000 2005 2010

beet harvest at
Orup.
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Figure 3. Sugar
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beet harvest at
Fjérdingslov.

Fjardingslov The situation was quite diffe-
rent at this site. In the PK treatment yields were
somewhat higher than at Orup. Without PK
yields declined but not to the same extent as at
Orup. The soil at the Fjirdingslov site resisted
P-depletion much better.

Phosphorus status at different sites
In the period 1929-1934 all Swedish farms gro-

wing sugar beet were analysed in terms of soil
phosphorus. These analyses were performed by
Olof Arrhenius, son of the Nobel Prize winner
Svante Arrhenius. Soil samples were extracted
with 2 9% citric acid. Based on the results obtai-
ned, soils were divided into six classes as regards
phosphorus status and these classes were recor-
ded as different blue tints on 1 m? map. There
were large differences concerning phosphorus
condition between the poor soil at Orup and
the rich soil Fjardingslov. Every farmer was gi-
ven a map showing the phosphorus condition

on his own farm. This map was an excellent tool
for the extension service in improving cultiva-
tion techniques.

From the phosphorus status map it is clear
that very few farms north of Lake Ringsjon
were growing sugar beet in 1930. In fact this
is still the case, as the area to some extent is
forested. The area south of Lake Ringsjon was
dominated by agriculture and sugar beet was
grown frequently when Arrhenius made his
map. It is clear that continuous phosphorus
fertilisation is necessary when sugar beet crops
are grown.

Arrhenius also measured pH on the sugar
beet farms and found it to be fairly good, with
most soils having a pH of 6-6.5 or even higher
(7.5-8.0). A check carried out about 20 years
later showed that acid soils had become more
acid. As expected soils with high pH resisted
acidification better. Soils with high pH often
contain calcium carbonate, which stabilises pH
at a high level. Arrhenius also found that soils
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close to sugar factories had a very high pH. The
reason was that factory lime was distributed in
large quantities close to the factory.
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Soil carbon changes in Swedish arable soils

— present and future

OLOF ANDR]::N, PROFESSOR, DEPARTMENT OF SOIL SCIENCES, SWEDISH UNIVERSITY OF
AGRICULTURAL SCIENCES, SWEDEN AND TSBF-CIAT, NAIROBI, KENYA®

Carbon in Swedish arable soils

Soil carbon balance calculations in a 30-year
perspective for greenhouse gas reporting are
based on two cornerstones, i.e., results from
long-term field experiments and systems ana-
lysis. The parameter values for the ICBM mo-
del (Andrén and Kitterer 1997) used here are
derived from Ultuna long-term frame trial re-

AGRICULTURAL PRODUCTION
REGIONS IN SWEDEN

sults (Kirchmann et al. 1994) as well as from
other long-term trials. Systems analysis and
first-order equations are necessary for balance
calculations, but the results from long-term ex-
periments are equally necessary for connecting
the equations to the real world.

Sweden has about 3 Mha of arable land, and
the topsoil, including organic soils, contains
about 94 t ha' in the topsoil, 0-25 cm depth
(Eriksson et al. 1997, 1999). Average yields of
winter wheat are 8 t ha' in Southern Sweden
(about 56° N, annual mean temperature ca 7.5
°C)and 5 tha'in Central Sweden (about 59° N,
annual mean temperature ca 6 °C). The cold win-
ters with little or no decomposition paired with
the high yields and thus C inputs result in high
carbon contents in an international perspective.
A partial explanation is also the organic soils,
e.g., drained and cultivated peat bogs that still
have a high carbon content due to previous wa-
ter-logging. However, even if organic soils (here
defined as a carbon content > 6.7%) are excluded,
the carbon content is high (figure 1).

(t/ha) (kg/L) (kha) (t/ha, 0-25cm)

PO8 Input h r, BD AREA Topsoil C

8 2.57 0.16 0.67 1.26 110 91.08

7 259 016 069 127 156 90.25 Figure 1. Agricultural production
regions in Sweden (PO8). Results

© 26 OB 088 13 o0 g only for mineral soils, C < 6.7%.

5 3.01 017 099 130 463 91.41 Mean annual input of C 1990-
2004, humification (h) and climate

4 2.68 0.14 1.04 1.36 579 80.86 4
factor (r ) for the ICBM model, bulk

3 3.08 0.15 1.04 1.36 428 81.84 density fBD), arable land area,

2 307 016 105 138 304 79.08 and carbon mass in topsoil.

1 329 015 122 142 338 70.80 ?e?isa from Andrén et al. (submit-

* CO-WRITER: THOMAS KATTERER, PROFESSOR, DEPARTMENT OF SOIL SCIENCES, SWEDISH
UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN
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ANNUAL TOTAL C MASS DYNAMICS IN
MINERAL AGRICULTURAL SOILS

~

|

Fopendl G ek oeyvhad

Figure 2. Annual total C
mass dynamics (0-25 cm
depth, t ha) in mineral
agricultural soils for each
region, calculated using
ICBMregion (Andrén et

al. 2004). Note that the
X axis is cut at 65 tons,
which exaggerates the

The ICBMregion concept for calculations of
annual Swedish arable soil C balances (Andrén
et al. 2004) was based on three data sets: 1.
Regional yield data bulked into 9 crop types
1989-2003. 2. Daily data from 22 weather sta-
tions 1990-2004 (temperature, precipitation,
reference evapotranspiration). 3. A nation-
wide sampling of agricultural soils (Soil type
and C concentration, Eriksson et al. 1997).
4. Pedotransfer functions for calculating bulk
density developed from another Swedish data
base (Kitterer et al. 2006).

ICBM, a five-parameter soil C balance mo-
del is used for the actual calculations (Andrén
and Kitterer 1997), and it calculates the trends
in arable soil C in Sweden during 1990-2004 as
well as future scenarios.

A daily decomposer activity factor, 7, is
calculated from relative water content and soil
temperature. This factor is the product of three
sub-factors, which represent soil temperature,
water and degree of cultivation. Soil tempera-

Success Stories of Agricultural Long-term Experiments

dynamics. From Andrén et

- ok h al. (submitted).

ture affects decomposer activity according to a
quadratic relationship where activity is zero at
-3.8 °C (Kitterer et al. 1998). The temperature
response factor is approximately doubled by a 10
°C increase in temperature, and the correspon-
ding water response factor is about 10 times
higher just below field capacity than at wilting
point. See Andrén et al. (2004 and in press) for
more details. The daily 7, values were averaged
to annual means, which then in one value gives
the average decomposer activity for that year,
including daily interactions between effects of
soil temperature and water content (Andrén
and Kitterer 1997, Andrén et al. 2007).

Figure 2 is an example of the carbon dy-
namics in different parts of Sweden during 15
years. The lines show model outputs, but these
are based on initial carbon mass data presented
by Eriksson et al. (1997). Clearly, the mineral
soils are not far from balance, and the trends
vary between years, depending on the balance
between i and 7.



PROJECTIONS OF SOIL CARBON BALANCES IN SWEDISH AGRICULTURAL SOILS

0 20 40

mc, mc, oc, |

60 80 100 120

Business as usual e

+2°C

+2°C 1.28xi

Resistant crops

30 cm topsoil

—_—-
_

No crop #—f

Scenario i h r, G, G, C,

Business as usual 265 0.157 0.905 836 83 80.3
+2°C 265 0.157 1.158 836 79 627
+2°C, 1.28 x i 3.39 0157 1.158 836 829 803
Resistant crops 265 0.188 0.905 836 853 954
30 cm topsoil 265 0.157 0.905 100.3 96.6 80.3
No crop 0 0.157 1.2 836 64.8 0

Figure 3. Projections of soil carbon balances in Swedish agricultural soils(0-25cm depth, organic soils excluded) 30 years into the
future (C,)) and at steady-state (C ). Based on data from Andrén et al (submitted). See text for further explanation.

We have also made projections into the fu-
ture assuming climate change etc., and these
are summarised in figure 3. An increase in an-
nual mean temperature with 2°C will increase
decomposition rates so we will lose almost 5
t C/ha during 30 years. Note also how far from
steady-state the soils will be after 30 years;
the loss will continue for a very long time. If
we make the reasonable assumption that the
temperature increase also will result in higher
yields, we can see that a 28% increase in yields
and thus C inputs to soil (not unlikely, see re-
gional input table in figure 1) will counterba-

lance the increased decomposition rates. An
interesting approach to sequester more carbon
would be to select for crop varieties that yield
residues with a higher humification quotient
— this would have a major impact in the long
term. To illustrate the sensitivity of assump-
tions made in the calculations we can assume
that the active topsoil layer is thicker than we
have assumed — this would result in major los-
ses. In the very unlikely case that all arable land
is kept free of vegetation (no carbon input) for
30 years, as much as 77% of the present carbon
amount would remain.

Kungl. Skogs- och Lantbruksakademiens TIDSKRIFT nr9 2007



References
Andrén, O & Kitterer, T. 1997. ICBM: The introduc-

tory carbon balance model for exploration of soil
carbon balances. Ecological Applications 7: 1226-
1236.

Andrén, O & Kiitterer, T. 2001. Basic principles for
soil carbon sequestration and calculating dynamic
country-level balances including future scenarios.
In: Assessment Methods for Soil Carbon. Edited by R.
Lal, J.M. Kimble, R.F. Follett, and B. A. Stewart,
Lewis Publishers, pp. 495-511.

Andrén O, Kitterer T' & Karlsson T. 2004. ICBM
regional model for estimations of dynamics of
agricultural soil carbon pools. Nutrient Cycling in
Agroecosystems 70: 231-239.

Andrén O, Kitterer T, Karlsson T & Eriksson, J.
Submitted. Soil C balances in Swedish agricultural
soils 1990-2004, with preliminary projections.
Nutrient Cycling in Agroecosystems.

Andrén, O, Kihara, ], Bationo, A, Vanlauwe, B &
Kitterer, T. 2007. Soil climate and decomposer
activity in sub-Saharan Africa estimated from
standard weather station data — a simple climate
index for soil carbon balance calculations. Ambio
36:379-386.

Eriksson ], Andersson A. & Andersson R. 1997.
Tillstandet i svensk dkermark (Current status
of Swedish arable soils). Stockholm, Swedish
Environmental Protection Agency, Report 4778.

Eriksson ], Andersson A & Andersson R. 1999.
Akermarkens matjordstyper (Texture of agricul-
tural topsoils in Sweden). Stockholm, Swedish
Environmental Protection Agency, Report 4955.

Kitterer T, Andrén O & Jansson P.-E. 2005.
Pedotransfer functions for estimating plant availa-
ble water and bulk density in Swedish agricultural
soils. Acta Agriculturae Scandinavica 56: 263-276.

Kitterer T, Reichstein M, Andrén O & Lomander A.
1998. Temperature dependence of organic matter
decomposition: A critical review using literature
data analysed with different models. Biology and
Fertility of Soils 27(3): 258-262.

Success Stories of Agricultural Long-term Experiments

Kirchmann, H, Persson, J & Carlgren, K. 1994. The
Ultuna long-term soil organic matter experi-
ment, 1956-1991. Department of Soil Sciences,
Reports and Dissertations 17, Swedish University of
Agricultural Sciences, Uppsala, Sweden.

53



54

Long-term soil tillage experiments

JOHAN ARVIDSSON, DEPARTMENT OF SOIL SCIENCES, SWEDISH UNIVERSITY OF

AGRICULTURAL SCIENCES, SWEDEN™

Introduction

SLU finances 13 long-term experiments on
soil tillage, which are run by the Division of
Soil Management at the Department of Soil
Sciences. The experiments are used to study
the effects of different soil tillage and soil ma-
nagement systems from environmental as well
as agronomic aspects. They are situated all
over Sweden, although the majority is located
in Uppsala. Results from all long-term expe-
riments are published annually in the Annual
Report from the Division of Soil Management.
'The results are also to be found on http://www.
mv.slu.se/JB/jb.htm and www.ffe.slu.se.

Most of the experiments deals with the ef-
fects of reduced or non-inversion tillage compa-

red with conventional tillage including mould-
board ploughing (figure 1). In the following,
we will discuss some of the questions where
answers hopefully can be found in the long-
term tillage experiments. These include:
* Which tillage depth should be used
in ploughless tillage?
* What is the energy requirement in
different tillage systems?

Should either continuous ploughing

or ploughless tillage be used or can

the systems be mixed?

* Can better tyre equipment be used to
improve soil structure and crop yield,
and are the effects different in ploughless
compared with conventional tillage?

Benefits

Reduced evaporation,

crusting and slaking

Good unsaturated
hydraulic conductivity
under dry conditions

High biological
activity

Increased conductivity
in plough sole

GENERALISED BENEFITS AND DRAWBACKS OF NON-INVERSION TILLAGE
COMPARED WITH MOULDBOARD PLOUGHING

Drawbacks

Slow drying, reduced soil
temperature, plant pathogens
in straw, technical problems
during sowing

Sometimes reduced saturated
conductivity in compacted soil

Reduced root growth in the
topsoil

Increased number of weeds

Figure 1. Generalised benefits and drawbacks of non-inversion tillage compared with mouldboard ploughing.

* CO-WRITERS: TOMAS RYDBERG, ASA MYRBECK AND ARARSO ETANA, DEPARTMENT OF SOIL
SCIENCES, SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN
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Depth (cm)

PENETRATION RESISTANCE

Penetration resistance (MPa)
2 4

25

30

35

Mouldboard ploughing
—— Chisel 10 cm
Chisel 15 cm
—>— Chisel 20 cm
—®— Disc

Figure 2. Penetration resistance in exp. 517/91 in series R2-

4027, measured in June 2006, 15 years after the start of the

experiment.

* What are the long-term effects of
tillage systems on soil structure and
biological activity, such as earthworm
populations?

* What are the environmental effects of
different tillage systems, for example
on nitrogen leaching, losses of
phosphorous and pesticide transport?

Which tillage depth should be used in
ploughless tillage?

Five of the long-term experiments include dif-
ferent tillage depths in ploughless tillage treat-
ments. Figure 2 shows the penetration resistance
in one of the experiments, and clearly demon-
strates a better loosening effect for a larger tillage
depth. Crop yield in all experiments are shown
in table 1. On average, yield eftects were small.
Generally, on heavier soil, and where ploughless
tillage gives good yield relative to mouldboard
ploughing, there seems to be little benefit from
increased tillage depth. Table 2 presents mea-
surements of fuel consumption in experiments
517/91 and 618/95 during 2005. Increasing
tillage depth from 10 to 20 cm increased fuel
consumption from 13 to 37 1/ha, and the deep
chisel plough tillage required almost twice as
much fuel as mouldboard ploughing.

EXPERIMENTS WITH DIFFERENT TILLAGE DEPTHS IN PLOUGHLESS TILLAGE

EXP.NR
PLACE

SOILTYPE ML

EXP. YEARS 12

PLOUGHI

\[€ 100

SHALLOW CHISELLING (10 CM) i3]

DEEP CHISELLING (20 CM) 92

517/91 524/91 618/95 141/74 253/74 Average
Ultuna Ultuna Ultuna Ultuna Lonnstorp
ML SL SL LL
12 8 32 "
Table 1.
100 100 100 100 100 Experiments
with different
97 104 105 98 98 tillage depths in
ploughless tillage.
99 100 105 101 99 From Arvidsson et
al. (2003).
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DIESEL CONSUMPTION AND CALCULATED COST FOR PRIMARY TILLAGE

DIESEL,

A=MOULDBOARD PLOUGHING 21
B=CHISEL TO 10 CM, 2 PASSES 13
C=CHISEL TO 15 CM, 2 PASSES 21
D=CHISEL TO 20 CM, 2 PASSES 37
E=DISC 2 PASSES 1

CALCULATED COST,
I/ha SEK/ha

729
362
459
714 Table 2.
Diesel consumption and calculated cost
370 for primary tillage in 2005. Average for two
experiments in series R2-4027.

Should ploughing or ploughless tillage be
continuous or can the systems be mixed?

Ploughless tillage will increase organic matter
content in the surface layer, which may improve
seedbed properties and reduce the risk for sla-
king and crusting. Occasional ploughing will
level out these differences in organic matter
content within the topsoil, and may therefore
be detrimental to soil structure. One question
often asked by farmers is: if I apply ploughless
tillage, should it be continuous or could it some-
times be mixed with mouldboard ploughing? A
series of experiments included these systems as
treatments, where occasional ploughing meant
ploughing every third to fourth year (table 3).
On average, the system with occasional ploug-

hing gave the highest crop yield. The system
with continuous ploughless tillage was clearly
beneficial only in one experiment, which was
situated on a silty soil, sensitive to crusting.

In figure 3, the number of earthworms
(Lumbricus terrestris) in 2005 is shown for the
experiment at Ultuna. The number was highest
for continuous ploughless tillage, and with app-
roximately the same number for continuous and
occasional mouldboard ploughing.

Effects of low tyre inflation pressures in
conventional and ploughless tillage

In 1997, three long-term experiments were star-
ted to study the effect of low inflation pressure,

RELATIVE YIELD IN EXPERIMENTS WITH CONTINUOUS AND OCCASIONAL
MOULDBOARD PLOUGHING AND CONTINUOUS PLOUGHLESS TILLAGE

COUNTY/PLACE ULTUNA UGERUP  AC

EXP. SERIES 4007 4009 4009
SOIL TYPE ML I mo I mo
EXP. YEARS 27 9 18

CONT. PLOUGHING 100 100 100
OCC. PLOUGHING 105 97 99

CONT. PLOUGHLESS 105 95 94

S R E LA M AVERAGE

4010 4010 4010 4010 4009
mo LL ML mo LL SL LL
1 7 8 26 1

100 100 100 100 100 100
105 105 99 98 104 102

109 107 92 95 98 99

Table 3. Relative yield in experiments with continuous and occasional (every third to fourth year) mouldboard ploughing

and continuous ploughless tillage.
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B Continuous ploughing

O Occasional ploughing

O Ploughless tillage

Figure 3. Number of earthworms (Lumbricus

terrestris) in series R2-4007 on a clay soil at
Ultuna. Measurements in 2005, 21 years after

NUMBER OF EARTHWORMS
12 7
10
g 6
)
= 4 -
2 m
| 1
0-10cm 10-20cm

the start of the experiment.

primarily on soil structure and crop yield (series
R2-7115). The experiments are situated at Ultuna
on soils with clay contents ranging from 18 to 36
%. There are two tyre treatments, one with single
wheels at 0.9 bar inflation pressure and one with
dual wheels at 0.4 bar inflation pressure, both
tested in conventional (mouldboard ploughing)
and ploughless tillage. The hypothesis when
the experiments started was that improved tyre
equipment should be more beneficial in plough-
less compared with conventional tillage, due to a
smaller depth of soil loosening.

Crop yield for low compared with normal
inflation pressure (average for both tillage sys-

tems) is shown in figure 4. The low ground pres-
sure was most beneficial on the heaviest soil.
There also seems to be a trend that the effect of
low ground pressure has increased with time,
at least on the lighter soils. Despite the original
hypothesis, no interaction has so far been found
between the effect of tyre inflation pressure and
tillage system on crop yield.

Environmental effects of tillage systems

‘What are the environmental effects of different
tillage systems? Important processes that might
be affected are leakage of nitrogen, phospho-

120

CROP YIELD FOR LOW TYRE INFLATION PRESSURE

110

100

920

> &
>
2

—— - 26 % clay

Relative yield
>
>

VAN #38 % clay

A A 18 % clay

Figure 4. Crop yield for low tyre
inflation pressure (normal inflation
pressure=100) in series R2-7115, three

1997 1999 2001 2003

Year

experiments at Ultuna. Average for
2005 2007  treatments with and without mould-
board ploughing.

Success Stories of Agricultural Long-term Experiments

57



NITROGEN LEAKAGE IN ONE EXPERIMENT ON A SANDY SOIL IN HALLAND
Nitrate O Conventional tillage M Nitrogen efficient tillage
(kgNha ™)
i Green
. @ manure
Leaching 50 1 Spring oil Winter Wi
inter
autumn -, | seedrape wheat Spring wheat
winter after
crop: 30 7
20
10
0
99/00 00/01 01/02 02/03 03/04 04/05
5 . ; . * Earl di
Figure 5. Nitrogen leakage D_'r?d - Catch crop !Early seeding - Catch crop i: rsgrs;ﬁg -
i one experiment on a drilling of : mautumn + - o ing
sandy soil in Halland, series winter wheat  -Spring . fjlrectly after ploughing  * Catch crop
R2-8007 (Myrbeck et al., -Early ploughing incorp. of ley
2006). seeding

rous and pesticides. All these issues have been
addressed in the long-term experiments, but fu-
ture research in this area is needed. Concerning
climate change, arable soils have sometimes
been pointed out as a possible sink for carbon
dioxide, and that reducing tillage may increase
storage of carbon in the soil.

Nitrogen leakage

The effect of tillage on nitrogen mineralization
and leakage has been studied in a large number
of experiments. It has generally been found that
delaying the time of tillage has reduced nitrogen
mineralisation. Of these experiments, R2-8047
on a sandy soil (Mellby) in southern Sweden is
one of the long-term experiments financed by
SLU. In this, nitrogen leakage is studied in drai-
ned plots with three replicates in a whole crop
rotation. Two treatments are included: one “con-
ventional” system and one “nitrogen-efficient”
system. The nitrogen-efficient system includes
delayed or reduced tillage and catch-crops when
this is found possible within the crop rotation.
During the first 6 years, the measured nitrogen

leakage was in total 92 kg/ha lower in the nitro-
gen efficient system (figure 5).

Phosphorous

Tillage systems may have an impact on trans-
port of phosphorous to surface waters, by runoft
and by transport processes in the soil. Generally,
reduced tillage increases aggregate stability
and may thereby reduce particle transport of
phosphorous. In experiment R2-4017 on a clay
soil at Lanna, Vistergotland, lysimeters were
collected from treatments with mouldboard
ploughing and from treatments that had been
direct-drilled for 22 years. The concentration
of phosphorous in the drainage water from the
lysimeters was significantly lower for the direct-

drilled soil (figure 6).

Pesticides

At present, one research project is carried out to
study pesticide transport in two long-term experi-
ments at Ultuna. The results are not yet published,
but indicates more rapid transport of pesticides in
ploughless compared with conventional tillage.
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TOTAL P IN DRAINAGE WATER FROM LYSIMETERS
0.2
"5 016

£
3 012
o
<
x
S 0,081
<
Q.
&
S 0,041

0 i

Ploughing Direct drilling

Figure 6. Total P in drainage water
(mg I) from lysimeters in series
R2-4017, direct drilling on a clay
soil at Lanna in Vdsterg6tland.
From Etana & Rydberg (2006).

Carbon sequestration

Increased carbon storage in arable soil would
make it act as a sink for greenhouse gases. This
could possibly be achieved by reduced (non-in-
version) tillage systems, which are known to
increase the carbon content of soil close to the
surface (Rydberg, 1987). However, to quantify
the total amount of carbon in the soil requires
careful measurements of carbon concentration
and bulk density for different layers of the soil
profile. Etana et al. (1999) examined the total
amount of soil carbon in Swedish long-term ex-
periments, 15-20 years after they were started.
They found no significant difference in carbon
storage between treatments with continuous
mouldboard ploughing and non-inversion till-
lage, respectively (table 4). For non-inversion

tillage, the carbon concentration of the top five
to ten centimetres was higher than for mould-
board ploughing, but lower in deeper soil lay-

€rs.

Conclusions

The long-term experiments are a very valuable
resource, used in research as well as in under-
graduate and postgraduate studies. The effects
of tillage on soil structure and crop growth
are very often truly long-term and cannot be
studied in short-term experiments. When new
questions arise, for example new environmental
issues, the long-term experiments are our natu-
ral laboratory that can often help us in finding
answers.

TOTAL QUANTITY OF SOIL ORGANIC CARBON IN EXPERIMENTS WITH
SHALLOW NON-INVERSION TILLAGE AND MOULDBOARD PLOUGHING

Table 4. Total quantity of SOC (soil organic
carbon, Mg ha') in experiments with shallow
(12-15 ¢cm) non-inversion tillage compared
with mouldboard ploughing (24-29 cm).
Measurements were made 15-20 years after
the start of the experiments (after Etana et al.,
1999).

TOTAL QUANTITY OF SOIL ORGANIC CARBON Mg ha™

Shallow tillage Mouldboard ploughing
LANNA 64.5 67.6
ROBACKSDALEN 94.5 99.6
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Long-term conventional and organic farming systems
on a previously nutrient-depleted soil in Sweden

HOLGER KIRCHMANN, PROFESSOR, DEPARTMENT OF SOIL SCIENCES, SWEDISH UNIVERSITY

OF AGRICULTURAL SCIENCES, SWEDEN™

Introduction

Several European long-term field studies have
shown that yields of arable crops are typically
lower in organic systems than in conventional
systems (Ivarson & Gunnarsson 2001; Eltun
et al. 2002; Mider et al. 2002; Torstensson et
al. 2006). In Sweden, Ivarson & Gunnarsson
(2001) showed significant yield reductions for
all types of crops, averaging 25% in systems that
included livestock and 45% in those that did
not. However, most of the results available on
organic systems were obtained from arable soils
with a history of inorganic fertiliser application
for one to several decades before organic crop-
ping principles were applied and were, there-
fore, influenced by soil fertility improvements
from previous management. Few, if any, orga-
nic farming experiments have been carried out
on arable soils that had never received any inor-
ganic fertiliser. In our study, no fertilisation had
occurred for the 40 yrs prior to the initiation of
the experiment. These conditions made the site
particularly suitable to investigate the impact
of different nutrient application strategies used
in organic and conventional production systems
on soil fertility characteristics. The objective of
the study was to compare the performance of
organic and conventional crop-livestock sys-
tems with respect to: (i) crop yield and nutrient
uptake; (ii) changes in pH, plant-available ni-
trogen (N), phosphorus (P) and potassium (K);
(iii) changes in soil C; (iv) crop nutrient use ef-
ficiencies and (v) leaching of N to surface and
ground waters. The complete results are publis-

hed by Gesslein (2001) and Kirchmann et al.
(2007) elsewhere. In this summary, the most
central findings are highlighted.

The Bjarrod soil, experimental design and
nutrient inputs

A long-term (18 year) experiment was establis-
hed at the Bjirréd farm in southern Sweden
(55°42’N, 13°43’E, altitude 105 m) on a sandy
loam soil (Oxiaquic Hapludoll, coarse-loamy,
mixed, mesic) (Slanberg & Hylander 2004)
with a rather constant texture throughout the
profile: 13-14% clay (<0.002 mm), 23-24% silt
(0.002-0.02 mm) and 62-64% sand (0.02-2
mm).

'The plough layer and subsoil layers of the soil
were sampled before the start of the experiment
in 1979 to determine the soil fertility status.

Soil analysis of the whole field in 1979
showed that the plough layer (0-0.3 m) was
highly depleted in plant-available P (7-14 mg
P kg? soil) and K (mean 57 mg K kg™ dry soil)
before the start of the experiment. A pH of 5.6
(H,O) in the plough layer indicated that the
soil was acidified in the top layers, which is cor-
roborated by a 1930 report that indicated a pH
value of 6.4 in the topsoil of the same experi-
mental area. In the topsoil of the whole field,
mean soil C concentrations were 25.3 + 3.5 g
kg™ (range 18-32 g C kg™ soil; n=29) and total
N was 2.5 = 0.3 g kg (range 2.0-3.2 g N kg™
soil; n=29), resulting in a C/N ratio of 10:1
0.54. The organic matter content was somewhat

* CO-WRITERS: LARS BERGSTROM, THOMAS KATTERER, LENNART MATTSSON, DEPARTMENT
OF SOIL SCIENCES, SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCES AND SVEN GESSLEIN

(DECEASED APRIL 2007)
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higher than that of adjacent cultivated soils due
to the earlier use of the field for perennial grass-
land.

After 1979, soil samples were collected in the
autumn of 13 different years spread over the 18
year experimental period and analysed for pH
and AL extractable K and P. Concentrations
of ammonium (NH,)- and nitrate (NO,)-N in
soil were measured in spring and autumn each
year; triplicate soil samples were taken at 0.3-
m intervals down to 0.9 m depth. The carbon
balance for the topsoil (0-30 cm depth) of the
two systems were calculated using the ICBM
model (Andrén & Kitterer 1997), which was
adapted to handle discontinuous annual carbon
input (Kitterer et al. 2004). The model was also
used to calculate C balance scenarios whereby

differences in management practices between
organic or conventional farming systems were
eliminated.

'The cropping systems were laid out in plots
with a net size of 35 m by 90 m each surround-
ed by a buffer zone of 5 m width. Lysimeters,
similar to those described by Bergstrom (1987),
were installed in each cropping system. One
organic plot and one conventional plot, both
aimed at supporting dairy production but with
different crop rotations, were established (figure
1). Two unfertilised and non-limed plots from
a different study with a similar crop rotation
as that in the conventional system (forage crop
replaced by barley) and a net size of 8 m by 40
m were used as the control treatment. Weeds
in the control and conventional systems were

SIX-YEAR CROP ROTATIONS OF THE CONVENTIONAL AND ORGANIC SYSTEMS
Cattle slurry
Barley Mixed Wint
+ insown e Inter -1 Winter Sugar :
clover/ | clover/ | oilseed | \heat Oats be%ts Conventional
arass grass rape
1 2 3 4 5 6
Solid cattle manure

Figure 1. The six-year
crop rotations of the Barley Red W. wheat Beans Peas
conventional and + insown Al +Insown | + insown Potato + insowr Organic
organic systems in- | red clover red clover| red clover rye grass|
cluding cover crops.
Both rotations were
grown 3 times during 1 2 3 4 5 6
the experimental
period of 18 years.
Note that the organic . W. Oil o
system included 3 arley inter Sugar
cover crops and an iggg wheat | Barley be?et Oat Control
in-sown forage crop
acting as a cover
crop, but the conven-
tional included only ! 2 : a : ° >
one in-sown forage
arefe Year in rotation
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treated with herbicides, mainly phenoxy acids.
In the organic system, tillage was used for weed
control.

Over the 18 years of the experiment, the
mean annual nutrient input to the organic sys-
tems was 108 kg N, 38 kg N was from solid
manure and 70 kg N was from cover crops and
legume residues, plus 50 kg P and 43 kg K ha!
yr’. In the conventional system, the mean an-
nual input was 147 kg N ha’, 113 kg N was
from inorganic fertiliser, 23 kg N from liquid
animal manure (slurry) and 11 kg N from N,-
fixation, plus 29 kg P and 82 kg K ha yr™.

Yield determinations were made on three
subplots (25 m?) in each cropping system.
Nitrogen, P, and K was determined on harvest-
ed and removed products using a CNS Analyser
(LECO) and an ICP-AES (Perkin Elmer,
Optima 3000 DV). The presence of weeds was
quantified. Drainage water from the lysimeters
was collected during drain-flow periods in au-
tumn/winter/spring on a weekly basis and ana-

lysed for NH,-N and NO3—N.

Results and discussion

Soil data

A comparison between the organically-mana-
ged and control soils showed that the control
soil, despite no lime addition, had significantly
higher (P < 0.001) soil pH-values (6.0) than
the organically-treated soil (5.7) after the 18
years. This indicated that the organically-ma-
naged soil was more susceptible to acidifica-
tion. Lower soil pH values in organic cropping
systems compared to conventional systems were
also observed by Gosling and Shepard (2004)
and decreased soil pH values have been mea-
sured after frequent or long-term cropping of
legumes in other studies (e.g. Aguilar & van
Diest 1981, Mengel & Steffens 1982, Haynes
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1983). One can conclude that organic cropping
systems, which rely heavily on legumes in the
rotation, will acidify soils faster than systems
with less legumes in rotation.

Concentrations of soil organic C (SOC)
decreased over time in both the organic (27 to
25 g C kg soil) and the conventional system
(24 to 19 g C kg soil) due to the conversion of
previous grassland into arable production. The
decrease of SOC was less in the organic system
because it received about 40% higher C inputs
(3.8 Mg C ha' yr?) than did the conventional
system (2.6 Mg C ha' yr?'). The changes in
SOC between the two cropping systems require
further attention as they were affected by some
C input factors (manure vs. slurry, return ws. re-
moval of crop residues, cover vs. no cover crops)
that need not necessarily be different between
the cropping systems. The question arises how
would SOC change among cropping systems if
the C inputs would have been more similar such
as (i) the application rate of animal manure was
related to the level of feed production; (ii) cover
crops were used in both cropping systems; (iii)
crop residues were removed in both cropping
systems; and (iv) the animal stocking densities
were related to actual crop yields? We simulated
the differing scenarios and when all the pre-
requisites for an unbiased comparison between
systems (i.e. pitfalls (i) to (iv) listed above) were
adjusted for in the present study, total C inputs
were 3.4 and 3.8 Mg C ha yr' in the organic
and conventional systems, respectively, and the
corresponding steady state SOC concentrations
were 15 and 17 g C kg™ soil, respectively despite
considerably higher crop sales from convention-

al system (table 2).

Yield and weed data

The comparisons of mean dry matter yields
between the first and third crop rotation cycles
within each cropping system indicated no sig-
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AVERAGE CROP YIELDS DURING THE PERIOD 1981-1998

MEAN DRY MATTER YIELD

WINTER

TYPE OF SYSTEM ALL CROPS IN THE SIX-
YEAR ROTATION CYCLE#
CONVENTIONAL 6380 (+755)a+
ORGANIC 3170 (+436)b
CONTROL 2080 (+336)c

BARLEY WHEAT GRASS/CLOVERt
kg ha
3745 (£650)a 6075 (£524)a 7480 (£755)a
2105 (£176)b 4200 (£544)b 6140 (+ 146)a
1119 (£75)c 3680 (+644)c Not grown

# Column refers to all six crops in rotation incl. winter oil seed rape, sugar beet and oats in the conventional and beans, peas

and potatoes in the organic system.
T Grass/clover includes weeds.

F Within columns, mean values followed by different letters are significantly different at P < 0.05.

Table 1. Average crop yields (+ standard error) during the period 1981-1998.

nificant changes over time. We conclude that
the characteristic yield level of each system was
reached within a few years without any ‘conver-
sion period’. The non-existence of a ‘conversion
period’ was due to the low initial nutrient status
in the soil and not having a residual effect of
earlier fertiliser (nutrient reserves) or pesticide
applications (depression of weeds).

Differences in total yields between the or-
ganic and conventional treatments were highly
significant (P= 0.0008), see table 1. The mean
yield level from the organic system (3170 kg dry
matter ha™ yr') was 50% of that from the con-
ventional system (6380 kg dry matter ha™ yr?).
Further evaluation of yield data revealed that
mean yields of grass/clover were not significant-
ly different between the two systems (organic:
6140 kg dry matter ha? yr'; conventional: 7480
kg dry matter ha™ yr), whereas yields of cereal
crops were significantly lower (P = 0.02) in the
organic treatment. Even when peak values for
sugar beet yields were excluded from the com-
parison, the conventional rotation produced sig-
nificantly higher yields (P=0.002), on average
5140 kg dry matter ha™ yr?, than the organic
rotation, which was 62% of that total.

Weed biomass was a significant component
in the organic system averaging 1021 + 918 kg
dry matter ha? yr' with peak values of around
3 Mg dry matter in beans. The organic sys-
tem weed biomass was significantly (P=0.001)
greater than in the conventional system which
averaged 27 + 45 kg dry matter ha® yr’.
Furthermore, the presence of weeds in the or-
ganic system did not decrease over time despite
intensive mechanical weed control, whereas the
weed biomass in the conventional and control
systems decreased significantly over time (- 5
kg dry matter ha yr'; P=0.019). There was
also a change in weed species over time in the
organic treatment. Perennial species became
dominant in the organic system and these were
even more difficult to control. During the first
half of the experiment, the three most frequent
(in respect to their mass) weed species in the
organic system were charlock (Sinapis arvensis
L.), spurry (Spergula arvensis L.), and red shank
(Polygonum persicaria L.). During the second
half of the experiment, field thistle (Cirsium
arvense Scop.) and couch grass (Agropyron re-
pens L.) became more frequent and were, to-
gether with charlock, the most abundant spe-
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COMPARISON OF MAIN CROP AND SOIL CHARACTERISTICS
BETWEEN THE CONVENTIONAL AND ORGANIC SYSTEMS

CHARACTERISTICS CONVENTIONAL SYSTEM ORGANIC SYSTEM SIGNIFICANCE
Crop production
Relative yield 100% 50% P=0.0008
S;?i;‘;{fnﬁsahs;?cmng LR 3536 kg dry matter ha'yr' 670 kg dry matter ha™ yr' q
Weed biomass production 27 kg dry matter ha' yr' 1021 kg dry matter ha' yr! P=0.001
Long-term N efficiency$§
Barley 18 kg yield increase kg' N 9 kg yield increase kg* N P=0.01
Winter wheat 16 kg yield increase kg™ N 10 kg yield increase kg™ N P=0.01
Long-term nutrient use efficiency#

P 36% 7% P=0.004

K 63% 63% Not signif.
Carbon input to soil
Original data 2.7 Mg Cha'yr' 3.9MgCha'yr' q
Unbiased modellingt 3.8MgCha'yr' 34MgCha'yr’ q
Soil carbon at steady state
Modelling original data 12 g C kg soil 19 g Ckg™ soil q
Unbiased modellingt 17 g C kg™ soil 15 g C kg™ soil q
Inorganic N in soil
After harvest 49 kg N ha” 66 kg N ha Not signif.
In spring 60 kg N ha™ 55 kg N ha™ Not signif.
Nitrate leaching (1981-1994) 10.7 mg N L 131 mgNL’ P=0.7*

§ The long-term agronomic efficiency of N by barley and winter wheat (1981-1998) was calculated as the increase in
grain yield as compared to the control divided by the N input.

$ The long-term use efficiency of P and K by all crops (1981-1998) was derived from nutrient removal (nutrient yield of
treatment - nutrient yield of control) divided by the nutrient input and multiplied by 100 to express it as a percen-
tage.

t Modelling enabled an unbiased comparison presupposing that (i) the application rate of animal manure and
removal of crop residues was proportional to a stocking density of 0.4 animal units ha” in both systems; and (ii) cover
crops were used in both systems as an integrated countermeasure to reduce N leaching.

9 Output from modelling cannot be tested statistically as different crops were used in the systems involving different
algometric relationships.

* Only in a single year, N concentrations were significantly higher in the organic treatment.

Table 2. Comparison of main crop and soil characteristics between the conventional and organic systems. Values refer to means over three
six-year crop rotation cycles.
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cies. During years with clover/grass, dandelions
(Taraxacum vulgaris L.) were frequent.

Nutrient use efficiency and inorganic N in soil
and leaching water
Long-term measurements of nutrient use ef-
ficiency are useful if organic nutrient sources
(manures, slurries, cover crops) and untreated
minerals (apatite, potassium aluminium silica-
te) are included as in this study. In general, the
use efficiency of inorganic N and P fertilisers
was higher than that of organic sources or un-
treated minerals over the long term (table 2). In
particular, crop utilisation of P was extremely
low in the organic system (7%) compared to the
conventional (36%). It is reasonable to assume
that the large application of apatite-P, which
is sparingly soluble, greatly reduced the P use
efficiency. However, excluding apatite-P from
the calculation increased the utilisation to 20%
in the organic system, which is still only about
half the recovery in the conventional system (ta-
ble 2). The use efficiency of K was 63% in both
the organic and conventional systems, probably
because in both systems K was mainly added in
easily soluble forms (manure, yeast wastes, basic
slag) and not at excessive rates. The agronomic
efficiency of N was lower in the organic system
(10 kg cereal yield kg™ N) than in the conven-
tional system (17 kg cereal yield kg™ N). The
lower efficiency of N in the organic system is
probably due to both nutrient competition bet-
ween the crop and weeds, and lack of synchrony
between mineralisation of organic sources of N
and crop demand.

Data on inorganic N in the soil profile and
N concentrations in leaching water corroborate
the assumption that availability of N during the
growing season rather than lack of N in the sys-
tem is the main reason for low nutrient use ef-
ficiency. Inorganic N (NH, and NO,) contents

in soils sampled in autumn after the crop har-

vest were not significantly different (P=0.08)
between the organically managed (66.0 kg N
ha; mean of all years) and conventionally man-
aged treatment (48.8 kg ha'; mean of all years).
Also, in spring (n=15 years) inorganic N in soil
showed no significant differences (P > 0.05) bet-
ween the conventional (mean 59.6 kg N) and
organic treatments (mean 54.8 kg N).

'The analysis of drainage water showed that
mean N concentration for the experimental pe-
riod was 13.1 mg N L7 in the organic treat-
ment and 10.7 mg N L7 in the conventional
treatment (table 2) but the means were not
significantly different (P=0.7). During some
periods (1992), concentrations increased in the
organic treatment (P=0.02) but, during other
periods (1993) they tended to increase in the
conventional treatment (P=0.25). Difference
in drainage water N between the two cropping
systems could usually be attributed to the spe-
cific crop being grown in the cropping system.
Growing legumes, potatoes, sugar beet and
cereals resulted in higher N concentrations in
the drainage water. The highest N concentra-
tion (34 mg N L?) occurred when potato was
grown in the organic system. This is in line with
the high levels of inorganic N left in soil after a
potato crop obtained in another Swedish study
comparing organic and conventional cropping
systems (Torstensson et al. 2006).

Conclusions

This long-term comparison between organic
and conventional mixed crop-livestock systems
showed that: (i) mean organic yields were signi-
ficantly lower, which require the greatest atten-
tion and must be viewed from the perspective
of demand for food and land; (ii) the biomass
of weeds was not reduced over time and was
a substantial component of C input to soil in
the organic system; (iii) the organic system
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did not sequester more carbon into soil taking
into account the boundary conditions in an un-
biased system comparison; (iv) the agronomic
efficiency of N and the P use efficiency were
considerably lower in the organic system; and
(v) N leaching was not reduced by the organic
cropping system.
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Long-term leaching trends from Swedish arable soils
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Introduction

Leaching of nutrients from agricultural soils has
for many years been considered as one of the
most serious environmental problems, causing
deteriorating surface water and groundwater
quality. Pesticides are also found today in various
water bodies at concentrations of concern (e.g.
Adielsson et al. 2006). Much effort has there-
fore been taken to reduce agricultural non-point
source pollution to acceptable levels, including
use of cover crops to minimise leaching of N
(Aronsson 2000) and erosion control measures
to reduce P losses (Sharpley et al. 1994).

In order to follow the long-term effect of
conducted preventive measures, monitoring
programs are needed. In Sweden, a water quali-
ty monitoring program “agricultural observa-

tion fields” was started in 1972 by the Division
of Water Quality Management at SLU, with
the objective of monitoring the influence of cul-
tivation practices on surface water and ground-
water quality (Johansson and Gustafson 2006).
At present (2007), there are 13 experimental
fields included in this program, located within
selected agricultural areas of Sweden. From the
1980s, long-term trends in nutrient and pesti-
cide levels in surface waters have been moni-
tored in small Swedish catchments (Adielsson
et al. 2006; Kyllmar and Johnsson 2006).
Results from these catchments also provide im-
portant information on the effects of changing
agricultural policies and preventive measures.
In parallel to the monitoring programs, we
have carried out long-term field experiments in

CHARACTERISTICS OF THE OBSERVATION FIELDS

TYPE OF PRODUCTION

FIELD COUNTY  SOILTYPE
1 AC Loam
2 Z Loam
3 D Clay
4 E Clay
5 E Loamy sand
6 E Clay
7 E Loam
8 R Sand
9 R Loam
10 N Sand
1 M Clay
12 M Sand
13 M Clay loam

Dairy cows

Dairy cows, organic since 1988
Cattle

Arable crop production
Cattle, pigs

Arable crop production
Arable crop production
Cattle

Dairy cows

Dairy cows

Cattle

Arable crop production

Table 1. Some characteristics of the observation fields.

* CO-WRITER: GORAN JOHANSSON, DEPARTMENT OF SOIL SCIENCES, SWEDISH UNIVERSITY

OF AGRICULTURAL SCIENCES, SWEDEN
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tile-drained plots, with the objective of testing
new and innovative methods to reduce leach-
ing of nutrients and pesticides from agricultural
soils.

In this brief overview, selected results ob-
tained in the ‘agricultural observation fields’ are
summarised and discussed.

Description of the observation fields

Each tile-drained field is connected to a mea-
suring station, which contains devices for samp-
ling of drainage water and continuous registra-
tion of discharge rates. From the beginning,
the objective has been to monitor the influence
of various activities carried out by the farmers
in their regular operation of the fields, and the
influence of weather, soil type, and cropping
and fertiliser regimes (table 1). The size of the
fields varies between 4 and 34 ha. Samples of
drainage water are collected every other week,

or in some cases on a weekly basis during in-
tensive drain-flow periods. The water is analy-
sed for nutrient concentrations and the loading
rates are calculated. In eleven fields, samples of
groundwater are also collected on a regular ba-
sis in pipes, which function as both sampling
pipes and piezometers. Nutrient concentrations
in the groundwater samples are determined and
piezometer readings are done once a month.

In this overview, only nitrogen and phos-
phorus are considered.

Leaching of N and P from Swedish
agricultural soils during the last 30 years

Based on the results shown in table 2 and the
information given in table 1, it is obvious that
some patterns in leaching behavior could be re-
cognised. The annual drainage rates tended to
be higher in the southern fields (fields 10-13)
than in the fields further north (fields 1-9), i.e.

ANNUAL AVERAGE DRAINAGE AND LEACHING LOADS DURING THE PERIOD 1977-2004

SOILTYPE ANNUAL DRAINAGE TOTAL-N LEACHING TOTAL-P LEACHING
(MM) (KGHA") (KG HA")
1 Loam 300 4.2 0.19
2 Loam 273 15.4 0.10
3 Clay 234 12.5 1.02
4 Clay 294 11.0 0.29
5 Loamy sand 91 1.7 0.07
6 Clay 116 7.4 0.27
7 Loam 116 17.0 0.02
8 Sand 248 41.8 0.29
9 Loam 187 19.2 0.23
10 Sand 406 43.1 0.09
1 Clay 237 18.1 0.65
12 Sand 306 72.3 1.47
13 Clay loam 240 31.3 0.15

Table 2. Annual average drainage and leaching loads of total-N and total-P during the period 1977-2004.
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NITRATE-N AND TOTAL-N CONCENTRATIONS IN
DRAINAGE WATER FROM SOME OF THE FIELDS
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Figure 1. Nitrate-N (unfilled dots) and total-N (filled dots) concentrations (mg L") in drainage water from the
fields at site10 (upper graph), site 3 (middle graph), and site 2 (lower graph).
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on average 297 vs. 206 mm. This is largely due
to the fact that the soil is unfrozen during long-
er periods in winter in southern Sweden, and
water is thereby percolating through the soil
profile to a larger extent than in the central and
northern parts of the country. This is also one
of the major reasons why N leaching loads were
much larger in the south than further north,
i.e. on average 41.2 vs. 15.6 kg N ha'and year.
The same tendency was also true for P, but this
was mainly attributed to the very high P loads
in field 12 (table 2). Excluding this field from

the average calculation, P leaching loads were

similar in the two regions. The major reason
why both N and P leaching were large from
field 12 was application of very large amounts
of manure over the years on this field, which
stresses the importance of production system
(with or without animals) for leaching losses.
Several studies have shown that use of animal
manure causes larger N leaching loads than in-
organic N fertilisers when they are applied at
the same amounts (Bergstrom and Kirchmann
1999, 2006). A further factor of great impor-
tance for leaching of N and P is the type of

soil. Considering N, leaching was considerably
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higher from sand than clay fields located in
the south (i.e. on average 58 vs. 25 kg N ha™
and year). This is mainly due to the fact that
percolating water is flowing through a much
larger pore volume in a sandy soil than a clay
soil (Bergstrom and Shirmohammadi 1999),
and thereby more N is leached through the soil
profile.

The trends in N concentrations in drai-
nage water, from the 1970s to today, were quite
different between the sites. This is exemplified
here by the N concentrations at sites 2, 3 and 10
(figure 1). At site 10 in southern Sweden, which
is a sand field with typically high N concentra-
tions, they were reduced from a level exceeding
20 mg N L to below 5 mg N L™ over the 30-yr
period. This was largely attributed to introduc-
tion of preventive measures such as cover crops
at this site. The N concentrations at the two
other sites (2 and 3) further north were lower,
but no decreasing trend over time could be ob-
served. However, distinct concentration peaks
occurred in connection to breaking perennial
forage crops. This indicates that precautionary
actions to avoid N leaching have to be taken
when large amounts of crop residues are incor-
porated into soil.

Conclusions

Long-term monitoring studies of nutrient leach-
ing from agricultural soils provide important
information on the effects of preventive mea-
sures practiced within agriculture. Considering
N, such measures to reduce leaching have been
very successful and have lowered the levels of
N in drainage and groundwater over the past
few decades. However, the reduction in P con-
centrations is not obvious, which indicates that
more effort to reduce P losses from agricultural
soils is needed.

Success Stories of Agricultural Long-term Experiments
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Soils’ response to different P fertilisation treatments
in Swedish fertility experiments

FARUK DJODJIC, DR., SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN

Introduction

Phosphorus (P) is an important nutrient for agri-
cultural crops but also main limiting nutrient
causing eutrophication in both inland lakes
and the Baltic Sea. Agriculture is an important
contributor of P to these systems and therefore it
is utterly important to reduce P losses from arab-
le land and simultaneously maintain both crop
yields and soil P status at optimal levels.
Understanding depletion, maintenance and
build-up of soil P content in different soils is
consequently important not only for agricul-
tural production and soil fertility, but also for P
release and losses to water recipients.
Agronomic soil P tests are often the only
available information about soils P status and
therefore used not only for fertilisation recom-
mendations but also for environmental risk as-
sessment and modelling of P release and trans-
port from arable land to water recipients. The
main method for determination of plant-avai-
lable P in soils in Sweden is extraction with am-
monium lactate/acetic acid at pH 3.75 (P-AL;
Egnér et al. 1960). According to this method
soils are divided into 5 soil P classes (class I
— lowest soil P content, class V - highest soil
P content). The current recommendations for
P additions in Sweden are based on the repla-
cement principle where the amount of added
P should correspond to amounts removed by
yield for soils in class III (satisfactory soil P).
Additions of P in classes I and II (low soil P)
should exceed P removal by yield in order to rai-
se soil P and reach class III while P additions in
classes IV and V (excessive soil P) should be lo-
wer than P removed by yields. Subsoil P content

is also included in evaluation of P fertilisation
strategy, but on the other hand, no considera-
tion is taken to other soil properties such as soil
P sorption capacity, P saturation degree or the
quantity of P in less labile forms.

A positive relationship between agronomic
soil P tests and P losses has been found in a num-
ber of studies (Heckrath et al. 1995; Vadas et
al. 2006). Borling et al. (2004) found a positive
correlation between P-AL and CaCl,-extrac-
table P for soils included in Swedish long-term
fertility study. CaCl -extractable P is assumed
to simulate P in soil solution. However, a conse-
cutive lysimeter leaching study could not show
any simple correlation between P-AL status and
P losses (Djodjic et al. 2004). These at first look
contradictory results show that P-AL correlates
to P release (Borling et al. 2004) but should
not be used alone for risk assessment since the
fate of released P depends on other factors such
as water transport mechanisms and properties
of subsoil (Djodjic et al. 2004). In either case,
soil P status remains an important factor for P
risk assessment and our understanding of its
dynamics is crucial for proper description of
processes leading to enhanced P losses from

arable land.

Using results from long-term fertility expe-
riments to predict changes in soil P status

Long-term soil fertility experiments at 10 sites
in southern and central Sweden were started
between 1957 and 1966. At these sites, appli-
cations of P are based on the principles of re-
placement, with four P input levels at each site.
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As well as a control without P application, re-
ferred here to as treatment A, and a treatment
in which P removed by the crops is replaced,
treatment B, two levels of higher P additions
are included. These two levels are intended to
achieve slow (treatment C) and rapid (treatment
D) increase of the soil P status (Carlgren and
Mattsson 2001). Phosphorus fertiliser was app-
lied in the form of superphosphate and incor-
porated into the soils immediately after appli-
cation either at sowing or ploughing. The fields
in Southern Sweden were included in 4-yr crop
rotations with cereals, oilseeds and sugar beet,

whereas the fields in a Central Sweden had 6-
yr crop rotation with cereals and oilseeds. Crop
residues were incorporated into the soil after
harvest.

More detailed studies including lysime-
ter leaching studies (Djodjic et al. 2004) were
conducted for 5 of the 10 sites described above;
three in Central Sweden: Hogésa (sandy, mix-
ed Humic Dystrocryept), Klostergirden (very
fine, mixed, semi active Oxyaquic Haplocryoll)
and Kungsingen (fine, illitic, frigid Typic
Haplaquept) and two in Southern Sweden:
Fjirdingslov  (coarse-loamy, mixed, mesic

P-AL DEVELOPMENT IN DEPLETION AND SURPLUS TREATMENTS AT EKEBO SITE
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Oxyaquic) and Ekebo (coarse-loamy, mixed,
mesic Oxyaquic Eutrocrept).

Considering the importance of agronomic
soil P test for P management and its use for
evaluation and modelling of both P plant avai-
lability and P losses, it is important to quantify
response of different soils to different levels
of P additions. The fertility experiments offer
us a possibility to study long-term changes in
soil P status in relation to different P addition
treatments but also to relate soils responses
to certain soil properties. Although general
trends of P-AL development at sites included
in Swedish long-term experiments were expec-
table in regard to applied P fertiliser (Djodjic et
al. 2005), Carlgren and Mattsson (2001) found
large differences in soil P dynamics measured
by P-AL between individual soils. The rate at
which P-AL increased or decreased was thus
highly variable in different soils. The question
is if it is possible to explain and quantify these
differences with some measurable soil proper-
ties? In other words, is it possible to predict
and model the development of P-AL status in
different soils based on known P fertilisation
strategy and measurable soil properties? Results
of multiple regression analyses for prediction of
P-AL changes based on input variables inclu-
ding different P fertiliser additions, soils sorp-
tion capacity and soils initial content of stabile
P are presented here.

Regression analysis of the data for each treat-
ment (A-D) from the five above-mentioned si-

tes was done for period between 1966 and 2005.
An example of the long-term development of
soil P content and regression analysis is shown
in figure 1.

Although the individual P-AL measure-
ments are to some extent scattered along the
regression lines, the slopes of calculated regres-
sion lines indicate general trends of how dif-
ferent sites (soils) responded to different treat-
ments during an almost 40 years long period of
time. In general, depletion (A) and replacement
(B) treatments showed negative slopes whereas
P surplus treatments (C and D) had positive
slopes. In order to study which soil properties
can explain behaviour of different soils slope
values were related to certain measurable soil
properties and the multiple regression analyses
were performed to examine whether the diffe-
rences in slopes can be explained by chosen soil
properties, such as the initial content of stabile
P forms, measured by soil extraction with 2M
hydrochloric acid (P-HCI), and soils” sorption
capacity (PSCmax). The analyses of multiple
regressions were computed with Minitab 14.1
Statistical Software in two steps. Firstly, mul-
tiple regression calculations were performed se-
parately for each treatment. Secondly, all soils
and treatments (n = 20) were then included in
calculations of the general model.

In the first step, the average P yield was in-
cluded in calculations to describe the amount of
P removed from each site and treatment. Table 1
shows the results of this first calculation step.

MULTIPLE REGRESSION EQUATIONS FOR FOUR FERTILISER TREATMENTS

TREATMENT  EQUATION R?
A Slope =0.0182 + 0.00501 P-HCI - 0.0169 PSCmax - 0.0122 Ave P yield 0.93
B Slope = 0.0716 + 0.00423 P-HCI - 0.0191 PSCmax - 0.00879 Ave P yield  0.99
C Slope = 0.336 + 0.00371 P-HCI - 0.0250 PSCmax - 0.0130 Ave P yield 0.98
D Slope = 0.461 + 0.00296 P-HCI - 0.0317 PSCmax - 0.0084 Ave P yield 0.90

Table 1. Multiple regression equations for four fertiliser treatments included in Swedish long-term fertility experi-

ment.
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Although strictly empirical, the equations
are reasonable even conceptually. Slope of P-
AL is directly proportional to P-HCI as a
measure of P storage in soil and inversely pro-
portional to soils” sorption capacity and avera-
ge P yield which both serve as P-AL sinks.
Additionally, as level of P inputs increase (from
treatment A to D) the importance of P-HCI
decreases whereas the importance of soils sorp-
tion capacity increases. Obviously, in P deple-
tion and replacement treatments, changes in P-
AL values depend on P already available in the
soil (P-HCI), which serves as a buffer against
P-AL decrease, i.e. softening negative slopes.
In P surplus treatments, soils sorption capacity
becomes more important as a factor regulating

how much of the added P is kept in more labile,
plant available form, i.e. as P-AL. In this case,
sorption capacity acts as a buffer against P-AL
increase, i.e. reducing raise in P-Al values.

In order to compare simultaneously all sites
and P treatments, the average P yield variable
was substituted with another variable “P bal-
ance”. This variable stands for the difference
between P additions and P yield. Hence, P
balance will be negative for depletion treat-
ment (A), zero for replacement treatment (B)
and positive for surplus treatments (C and D).
Figure 2 shows the results of the multiple re-
gression analyses for all sites and treatments.

The p-value (0.000) from the analysis of

variance shows that the model estimated by the

SLOPE MODELLED WITH A MULTIPLE REGRESSION EQUATION
PLOTTED AGAINST CALCULATED SLOPE VALUES
Slope =0.0244 - 0.0181* PSCmax+ 0.00301 *PHCI + 0.00596 *P balance
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regression procedure is significant at an a-level
of 0.05. Additionally, p-values for each variable
(PSCmax =0.001, PHCI = 0.007 and P balance
= 0.000) indicate that they all are significantly
related to the slope of P-AL curves.

Concluding remarks and future
implications

Soil P content in Swedish long-term fertility
experiments behaved in a quite expectable man-
ner but with significant differences between
sites and treatments. Proper explanation and
quantification of these differences might help us
to scale-up the results from long-term fertility
studies and thereby provide valuable knowledge
which can be used not only in agronomy and
soil sciences but also for environmental model-
ling and pollution control. The results presented
here indicate that the long-term response (mea-
sured as soil P test (P-AL)) of different soils
to different P fertilisation treatments could be
explained with a few, measurable soil proper-
ties. These results, if confirmed for other sites
and soils could be used both to adjust current P
fertilisation recommendations and to improve
modelling of soils’ P status and subsequently of
P release as a function of soil P content.
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Monitoring of Swedish arable soils

JAN ERIKSSON, ASSOCIATE PROFESSOR, DEPARTMENT OF SOIL SCIENCES, SWEDISH
UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN

Introduction

The monitoring programme for agricultural
soils was initiated by Professor Arne Andersson
and started in 1995. The programme includes a
systematic mapping of Swedish arable soils with
regard to organic matter content and the most
important chemical properties. Grain samples,
mainly seen as indicators of the influence of soil
properties on element composition of crops, are
also collected. The programme is financed by the
Swedish Environmental Protection Agency.
The aims of the programme are:
* to describe the current soil status,
* to produce data to be used in planning
of measures to improve soil fertility or
to handle management and environ-
mental problems and
* to produce base-line data that make
it possible to monitor future changes
in soil properties.

Description of the programme

The first sampling within the programme was
made in 1995. Samples collected in a survey of
soil Cd concentrations in 1994 were also in-
cluded in the analyses. In total, topsoil (0-20
cm) samples from 3140 sites evenly spread over
the Swedish arable land were analysed. Subsoil
(40-60 cm) samples from about 1700 of the sites
and grain samples of winter wheat, spring bar-
ley and oats from about 1100 sites were likewise
collected and analysed.

A resampling round was started in 2001.
Since we received funding for the first sampling
with very short notice and the GPS technique

Success Stories of Agricultural Long-term Experiments

was not commonly in use at that time, there
was not enough time to establish the exact co-
ordinates of the sampling points. However, in
the ongoing sampling round GPS is used to
find the exact position of the sites which will
make resampling of the same point possible in
the future. The plan is that each individual site
should be sampled every 10 years. The continu-
ed sampling scheme includes topsoil and sub-
soil samples from 2000 sites evenly distribu-
ted over arable land and grain samples from
approximately 40 % of these sites. Sampling
is made with a rolling scheme, with sampling
of one fourth of the sites every second year. In
the ongoing round the sampling is/was made in
2001, 2003, 2005, 2007 and the next round is
planned to start in 2011.

Soils analyses include organic C and N, car-
bonate-C, pH (H,O), base cations, exchange
acidity, titrable acidity, P-AL (ammonium
lactate/acetate at pH 3.75), K-AL, P-HCI, K-
HCl and HNO,-extractable As, Cd, Cr, Cu,
Hg, Mn, Pb, Se and Zn. Cobolt, Cs, Mo, Nj,
Sr and V are included without extra cost in the
ICP-analysis package, but the analyses of these
element do not have the same quality check as
the regular elements. The whole analysis pack-
age is only made on the top soil. Subsoils were
only analysed for pH, P and trace elements in
the first round. Subsoils sampled in the second
round are presently stored and not analysed
due to lack of funding. The analyses of grain
samples include total concentration of Ca, K,
Mg, Mn, N, P, Cd, Cu and Zn. Arsenic, Co,
Cr, Cs, Mo, Ni, Pb, Sr and V are also included

without extra costs (see above).
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Some results

The second sampling round is not yet fully
evaluated since the last sampling will take
place this summer. An interesting question is
whether any changes in the status of the arab-
le land can be detected when comparing the
first and the second sampling round. However,
there are few such indications so far and further
indications are probably not to be expected.
Most changes in soil properties occur slowly
and there is a certain “background noise” espe-

pH IN TOPSOIL
pH
(percentiles)
I > 7.3 (>90)
6.7-7.3 (90)
6.3-6.7 (75)
K 5.9-6.3 (50)
I 5.6-5.9 (25)
<5.6(10)
Statistics
Observations 3105
Min. value 42
Max. value 8.7
Median value 6.3
Mean value 6.3
Std. dev. 0.6

Figure 1. pH in the topsoil.

cially in a sampling covering a large area. The
time perspective of this monitoring programme
should be decades rather than years. Soil pH
could probably be expected to change most ra-
pidly. However there is no indication that the
present pH-level is different from that in the
mid-1990s. A problem in this project like in
most projects lasting for a long time period is
to keep a constant concentration level in the
laboratory measurements. Measured values of-
ten tend to be systematically higher or lower
at one occasion than at a previous one. This is
due to factors such as new equipment, change
in staff etc. In the monitoring programme these
systematic variations are estimated by repeated
analysis of a number of control samples that are
included in every analysis batch. Any indication
of a trend in a variable should first be checked
against these data in order to discard artefacts.
Another way to confirm a possible trend that
has been detected in a soil property is to re-
analyse a number of selected archive samples
at one particular time. This is of course only
applicable for variables that are not expected to
significantly change their values during a long-
time storage.

Figure 1 shows an example of a map pro-
duced during evaluation of the data from the
first sampling round. It shows the pH-level in
the topsoil. In Sweden the recommended pH-
level for most crops is 6.0 - 6.5. The data in-
dicate that about 70 % of the soils have a pH
within this range or higher. Soils with a lower
pH are mainly found outside the main agricul-
tural areas and often on farms largely based on
animal husbandry and less demanding crops.
For a long time it has been claimed that the sale
of lime in Sweden only corresponds to approxi-
mately 2/3 of the total estimated acidification
of arable soils. This would imply an ongoing
pH-decline. We have found little evidence of
such an effect. The probable explanation is that
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the estimated acidification of the soil is based
on the assumption that all soils are kept at the
pH-level generally recommended. However, a
higher soil pH also implies a higher leaching of
alkalinity (HCO;). If a farmer has chosen to
manage his soil at a lower pH-level than recom-
mended, liming could be done less frequently.
Thus the gap between sales of lime and estimat-
ed total acidification could be explained by an
overestimation of the actual lime requirement

HYDROCHLORIC ACID SOLUBLE
PHOSPHORUS IN THE TOP SOIL

P-HCl, mg 100 g~
(phosphorus classes)

' >80 (V)
60-80 (IV)

40-60 (Ill)

20-40 (1) Lo e
<200

Figure 2. Hydrochloric acid soluble phosphorus (P-HCl) in the
top soil (n=3096). Classes on the map are those used when
rating soil fertility.

Success Stories of Agricultural Long-term Experiments

rather than by insufficient liming. The overall
impression is that soils in the plain districts with
high yielding cash crops are limed according to
recommendations while soils in more marginal
areas are kept at a lower, but rather constant
pH, probably because more intensive liming is
not profitable enough.

The data from the monitoring programme
have also been used to put actual numbers on
the increase in P-content of arable soils that
has taken place since the end of World War II.
According to the data in figure 2 many top soils
have a P-HCl-value in class 4 or 5 and almost
no soils belong to class 1 or 2. P-HCl-classes
are traditionally used to indicate phosphorus
reserves in soil. Andersson ef a/. (1998) have
estimated that the amount of HCl-extractable
phosphorus has increased by on average 800
kg P/ha since the 1950s based on comparison
between topsoil and subsoil levels and com-
parisons between soil data measured in certain
areas 40-50 years ago and soil data measured
in the same areas within the monitoring pro-
gramme. Data on sales of phosphorus fertili-
sers were also compared with estimated remov-
al with crop and leaching losses. The increase
is partly due to a general effort to increase the
phosphorus level of arable soils in order to get a
larger plant available fraction. Another factor is
the specialisation of farms leading to a segrega-
tion of cash crop production and animal hus-
bandry that has taken place since World War
II. The largest increase in P-level, about 1500
kg/ha has taken place in south-eastern Sweden
in areas with an intensive animal husbandry.
In those areas large amounts of P are imported
to the farms via purchase of animal feed from
other regions. This P is added to the soil with
the manure produced on the farms.

Trace elements were measured in both top-
soil and in subsoil. The intention was to get an
estimate of any accumulation in the topsoil due
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CADMIUM LEVELS IN TOPSOIL AND SUBSOIL

Topsoil

"
)

"
o

to pollution etc. Since the mobility of most trace
elements is low the concentrations in the subsoil
should be little influenced by outside sources
and thus reflect the concentrations of the pa-
rent material. Figure 3 (right-hand) shows as
an example the pattern of Cd concentrations in
the subsoil. The highest levels of Cd as well as
of many other trace metals are found in areas
influenced by alum shales. The latter contain
sulphides which due to their high affinity for
Cd and other trace metals have accumulated
high amounts during their formation. Elevated
levels of soil Cd are also related to high clay

e

Subsoil
P I Cd, mg kg
: >0.37
| 0.27-0.37
~ 0.20-0.27
0.15-0.20

0.11-0.15
<0.11

Figure 3. Cadmium levels in topsoil
and subsoil (n=1717). Only sites
where subsoil samples were also
taken are included in the topsoil
cadmium map.

or organic matter contents. The map of Cd in
topsoil shows that the geographic variation in
concentrations largely reflects concentrations in
the parent material as indicated by the subsoil
map. However, the average level in the topsoil
is about 60 % higher than that in the subsoil
indicating a considerable addition of Cd on top
of the natural levels. Some of the accumulation
in the top soil may be due to natural processes,
e.g. redistribution from subsoil to topsoil by root
uptake and litter fall. However, most of the dif-
ference is presumably due to anthropogenic in-
put mainly by previous phosphorus fertilisation
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and deposition from the air.

Data produced in the monitoring pro-
gramme can be extracted from the data base
at the projects internet site (unfortunately only
in Swedish so far): http://www-jordbruksmark.
slu.se/AkerWebb

The second sampling round will be evalu-
ated and results compared with those from
the first round in 2008-2009 and published in
a report from the Swedish EPA in 2009. The
literature list below also shows the reports pub-
lished so far in connection with the monitoring
programme. Most reports are in Swedish, but
they have a summary and captions in English.

Reports published in connection with the

project

Eriksson ], Andersson A, & Andersson R. 1997.
Tillstandet i svensk dkermark (Current status of
Swedish arable soils). Naturvirdsverket, rapport
4778.

Eriksson ], Andersson A, & Andersson R. 1999.
Akermarkens matjordstyper (Textures of agricul-
tural top soils in Sweden). Naturvérdsverket, rap-
port 4955.

Eriksson J, Stenberg B, Andersson A, & Andersson
R. 2000. Tillstindet i svensk dkermark och span-
nmilsgréda — jordartens betydelse for markegens-
kaperna, samband markfaktorer och elementhalter
i kirna (Current status of Swedish arable soils and
crops). Naturvdrdsverket, rapport 5062.

Andersson A, Eriksson J, Andersson R, & Mattson
L. 2000. Phosphorus accumulation in Swedish
agricultural soils. Swedish Environmental Protection
Agency, Report 5110. (also published in Swedish as
Naturvirdsverket, rapport 4919)
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How to monitor biological properties of arable soils?

THOMAS KATTERER, PROFESSOR, DEPARTMENT OF SOIL SCIENCES, SWEDISH UNIVERSITY

OF AGRICULTURAL SCIENCES, SWEDEN™

Background

During the past 10-15 years the monitoring of
biological status of agricultural soils has come
into focus. This interest is based on various con-
cerns:

* Recognition of the critical ecosystem
functions that soils have and in which
soil organisms play a crucial role.

* A desire to safeguard the world’s
biodiversity, including that of soils.

* A poor understanding of how
farming practices and diffuse
pollution aftect the soil biological
status, particularly in the long term.

* 'The potential effects of climate change
on soil organisms and their activity.

National or regional monitoring schemes
that incorporate soil biological indicators can
address these issues and can form a basis for
environmental and agricultural policy deci-
sions, as well as generate scientific data that will
help our understanding of how environmental
factors affect soil quality, soil biodiversity and
ecosystem functions.

Several reports have recently been pub-
lished dealing with soil monitoring in general
or with soil biological monitoring programmes
in particular. In these reports much of the
relevant primary literature is reviewed: The
Canadian AESA Soil Monitoring Programme
(Anonymous, 2006), the working groups estab-
lished for the development of an EU soil protec-
tion policy (Van-Camp et al., 2003), the OECD
Expert Meeting on Agricultural Impacts on
Soil Erosion and Soil Biodiversity (Francaviglia,
2003), the National Environmental Research

Institute in Denmark (Neiendam Nielsen
& Winding, 2002), and the book entitled
“Microbiological Methods for Assessing Soil
Quality” which was an outcome of the EU
COST Action 831 on “Biotechnology of Soil:
Monitoring, Conservation and Remediation”
(Bloem et al., 2005).

Even though Sweden has a wide range of
environmental monitoring programmes that
cover agricultural soils (Swedish EPA, 2007)
and soil biological indicators in forest soils (soil
respiration and decomposition of forest litter)
there is no monitoring programme that in-
cludes biological indicators in an assessment of
the status of agricultural soils.

The objective of this paper is to highlight
relevant issues pertaining to a possible intro-
duction of soil biological indicators in a moni-
toring programme in Sweden.

Monitoring programmes that include soil
biological indicators

In an extensive review of the literature of soil
quality monitoring programmes, Winder (2003)
compiled information from 52 environmental
or soil monitoring programmes from around
the world. Of these programmes 17 include
monitoring of soil biological indicators and an
additional 7 biochemical indicators. Common
biological indicators that are monitored include
one or more of the following: C and N mine-
ralisation, microbiological indicators, soil fauna
and enzyme activities. Of the 17 programmes
that include soil biological indicators, 15 cover
agricultural soils and all of these programmes

* CO-WRITERS: ERNST WITTER, HOLGER KIRCHMANN AND OLOF ANDRI:IN, DEPARTMENT OF
SOIL SCIENCES, SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCES, SWEDEN
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are carried out in 10 European countries. The
Dutch Soil Quality Network (RIVM, 2006),
started in 1993, is probably the most extensive
soil quality programme, focusing on soil fauna.
This indicator system is based on the hypothesis
that “the threat of vital soil processes can be expres-
sed by comparing the number of species in functional
groups of a certain area with its reference (undis-
turbed locations” (Schouten et al., 1997).

Soil biological indicators in monitoring
programmes

Given the complexity of the soil ecosystem
both in terms of its ecosystem functions and its
(largely unknown) biodiversity, it is a daunting
task to try to identify suitable biological indi-
cators for a monitoring programme aiming at
safeguarding soil functions and biodiversity.
The problem has been addressed in numerous
research papers, but also in reviews and meet-
ings as a result of the wide international interest
in adopting soil quality monitoring program-
mes. The criteria for selection of biological in-
dicators for soil quality have been suggested to
be: 1) sensitive to variation in management; 2)
well correlated with ‘beneficial’ soil functions;
3) useful for elucidating ecosystem processes;
4) comprehensible and useful to land mana-
gers; and 5) easy and inexpensive to measure
(Benedetti and Dilly, 2005).

In the recent discussions on soil monitoring
within both the EU (Van-Camp et al., 2003)
and the OECD (Francaviglia, 2003) indicators
of soil biodiversity are included, although nei-
ther group was able to formulate recommenda-
tions on which biological indicators (of either
biodiversity or function) should be included in
a monitoring programme. The publication from
the EU COST Action 831 (Benedetti et al.,
2005) proposed a hierarchical approach con-

sisting of successive assessment of 1) soil micro-
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bial biomass and soil respiration, 2) functional
diversity and 3) genetic diversity.

Temporal and spatial variation in soil
biological indicators

A considerable obstacle preventing the use of
biological indicators is that the occurrence, di-
versity and activities of soil organisms are both
spatially and temporally highly variable. This
makes it difficult to establish baseline and tar-
get values and detect temporal trends. Indeed,
although temporal trends in soil physical and
chemical properties (including accumulation of
pollutants) were reported in several of the soil
monitoring programmes reviewed by Winder
(2003), no trends in soil biological indicators
were reported.

High spatial variation means that large
numbers of samples, i.e., 320 sub-samples ac-
cording to the framework of the Dutch Soil
Quality Network programme (RIVM, 2006)
are needed to obtain an integrated measure
representing the whole landscape. Sampling
intensity can be reduced if a stratified samp-
ling approach can be used, for example when
some of the spatial variation is related to difter-
ences between soil types or specific physical or
chemical properties of the soil (Cavigelli et al.,
2005). Generally, measures of microbiological
activities show lower variation than those for
microbial populations (Cavigelli et al., 2005).

Temporal variation is often assessed within,
rather than between years. Within-year varia-
tion can to a large extent be taken into account
by sampling at the same time of year and by
pre-incubating soils at a standardised moisture
content and temperature before measurement.
Inter-annual variation of microbial biomass
was found to be around 15-20% in a field ex-
periment with different types of weed control
(Wardle et al., 1999). In the same experiment,
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nematode populations showed across-year tem-
poral variability up to more than 100% (Yeates
et al.,, 1999).

Differences in the abundance of functional
groups of soil mesofauna sampled in Swedish
long-term field experiments (LTEs) were great-
er between sites than between treatments and
the stability of these measurements in one ex-
periment was low when three samplings during
one year were compared. Moreover, there was
an interaction between sampling date and treat-
ment (Andrén & Lagerlof; 1983). Thus, even
under controlled conditions as in long-term ex-
periments, mesofauna measurements seem to
have a low potential as an indicator according
to the criteria mentioned above.

The inter-annual differences in microbial
biomass between treatments in the Ultuna

LTE were reasonably consistent between years
according to published data from the two inde-
pendent studies (figure 1).

The relative differences in CO,-evolution
from soils of four treatments in the same ex-
periments also were consistent between years
according to two compiled studies (figure 2).
Thus, respiration from soil samples taken in
long-term field experiments at the same time
of the year and incubated under controlled con-
ditions may have a somewhat higher potential
of being consistent over time than microbial
biomass.

Soil organic matter content is crucial for
many soil functions such as water holding
capacity, aggregate stability and mineralisa-
tion of carbon and nutrients. However, total
soil organic carbon changes very slowly and is

DIFFERENCES IN SOIL MICROBIAL BIOMASS IN THE ULTUNA LTE
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DIFFERENCES IN SOIL RESPIRATION IN THE ULTUNA LTE
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therefore not a rapid indicator of soil quality,
particularly under management that does not
lead to dramatic changes in soil C and when
initial C stocks are close to quasi-steady state
(Kitterer & Andrén, 1999). However, light and
large fractions of soil C, which can be separated
from total soil C in the laboratory, may pos-
sibly be used as indicators. During a 189 days
incubation in the laboratory, the ‘free light frac-
tion’ constituting only about 5% of total soil C
in average over the treatments in the Ultuna
LTE decreased by almost 40% whereas total C
decreased by less than 2% (Herrmann, 2003).
Similar results on fast changes in the light frac-
tion or in the large fraction (POM) have also
been reported by others (Compton & Boone,

Success Stories of Agricultural Long-term Experiments

2000; Marriott & Wander, 2006). It should be
tested whether these results are consistent bet-
ween years and treatments.

Recommendations for a Swedish
monitoring programme

One of the most crucial and still largely
unanswered technical questions relating to a
monitoring system is whether any of the biolo-
gical indicator systems is capable of discerning
long-term temporal trends in response to chan-
ges in land use, cropping or farming system,
fertiliser and pesticide use, climate change, etc.
in a way that yields interpretable data useful for
policy making. As a first step, it is therefore re-
commended that using a minimum dataset of



biological indicators (soil respiration, microbial
biomass, substrate induced respiration and light
or large-particle fractions of soil organic mat-
ter) to test the sensitivity and reliability of these
indicators in a few existing long-term field ex-
periments. In high-risk areas we also propose
to monitor soil-borne diseases and seed banks
of weeds in organic farming systems. There is
sufficient agreement on the choice of indicators
for a minimum dataset as well as expertise in
Sweden in the application of these methods to
embark on such a pilot study. We also propose
to start new LTEs or introduce new treatments
in existing LTEs focusing on global changes
issues such as soil warming and changes in pre-
cipitation (irrigation/drought).

A second step would be to apply the met-
hods on other LTEs hosted by the Faculty of
Natural Resources and Agricultural Sciences
at SLU that are more representative of differ-
ent types of farming practices. The objectives of
this would be to 1) test whether the indicators
can discern between treatments that are repre-
sentative of different cropping, fertilisation, and
tillage system or of different types of land use,
2) test in how far these are stable across years
over a period of 3 to 5 years, and 3) optimise the
methodologies.

If the outcome of such a pilot study is suc-
cessful, i.e. if the across-year variability is small
relative to the differences due to long-term dif-
ferences in land use, fertiliser or pesticide app-
lication, etc., there will be a sound basis for de-
veloping a soil quality monitoring programme.
'The use of biological indicators could be based
either only on the LTEs, or extended to non-
experimental sites, or linked to the environ-
mental monitoring programme of agricultural
soils (Swedish EPA, 2007), depending on the
specific objectives of the programme and the
resources available.
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Presentation of the proposed EU COST action on long-term field experiments:

Sensitivity of European agro ecosystems as affected
by management intensity and climate

JORG RﬁHLMANN, DR., DEPARTMENT OF PLANT NUTRITION, INSTITUTE OF VEGETABLE
AND ORNAMENTAL CROPS, GROSSBEEREN, GERMANY

Background and aim

Plant biomass production of agro ecosystems
differs greatly within the territory of Europe
due to soil conditions, management and cli-
mate. Different plant productivity is related to
different nutrient balances corresponding to
the fertiliser input as well as to different carbon
stocks of soils. However, currently there is a lack
of knowledge concerning the sensitivity of dif-
ferent agro ecosystems with regards to varying
site conditions, due to, for example, differing
climates and also agricultural management po-
licies. Fortunately, data for plant yield, nutrient
balances and soil properties are available from
agricultural long-term experiments (LTEs) for
most European countries, some of which cover a
period of up to 130 years. Most of these experi-
ments include details about the level of farming
intensity from no fertiliser input to treatments
of high intensity as well as their corresponding
outputs. Consequently, these LTEs provide a
unique opportunity to compare the effects of
different farming intensity levels as well as to
develop benchmarks for agricultural good prac-
tice tailored to individual site conditions.
Long-term experiments represent a uni-
que ‘ecosystem memory. However, currently
no concerted effort to compile and integrate
these data has been made on a European level,
and also in most cases not even on a national
level. To date, much of the valuable data ob-
tained from many national agricultural LTEs
has not been optimally used and therefore re-

presents a pool of untapped scientific resour-
ces. Therefore, a COST Action “Sensitivity
of European agro ecosystems as affected by
management intensity and climate® was pro-
posed; it offers a framework to optimise the
use of these data, bringing benefits to both the
European scientific community and popula-
tion at large.

Organisation and participants

'The workshop was prefaced with three state-of-
the-art presentations of the working groups (WG)
according to the structure of the proposed action:

WG 1: Analysis of agro ecosystems

WG 2: Data handling and modelling

WG 3: Long-term experiments as a future
agricultural knowledge base

Jaromir Kubat (CRI Prague, Czech
Republic) et al. introduced WG1 by their
contribution “Relationships between the effec-
tive N supply, dry matter production, N uptake
and N balance in selected long-term field ex-
periments”. Because most of these LTEs are
fertilisation experiments, it was assumed that
dry matter production of the crop, nitrogen in-
put/output ratio, and carbon stocks of soils and
their accumulation rates are the least common
denominator to compare the LTE’s output.
Before this background, the authors defined a
so called “Effective N supply” which makes the
nutritive effect of mineral fertiliser and organic
amendments directly comparable:
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+ N mineral fertiliser

+ N organic amendments

+ Site typical additional N input
- Delta soil N

where the site typical additional
N input was calculated as follows:

+ Plant N uptake of unfertilised plot (control)
- Delta soil N of unfertilised plot (control)

= Effective N supply

Six LTEs were analysed - Prague (2
Experiments) and Lukavec in Czech Republic
and Grossbeeren (2 Experiments) and Gross
Kreutz in Germany. Each experiment included
organic, mineral and combined organic/mineral
fertilised treatments. In the result, the authors
estimated in all experiments a similar behaviour
of the tested parameters (plant DM yield, N
uptake, N balance) when plotted vs. “Effective
N supply”, however on different levels. Both less
fertile sites and less efficient fertilisation strate-
gies led to lower plant DM yield and N uptake
and to higher N losses than fertile sites if they
were compared on the same level of “Effective
N supply”. Therefore, this measure may have the
future potential to contribute in quantifying the
effect of site specific properties as soil texture
and climate on N efliciency of different sites.

The second presentation given by Uwe
Franko (UFZ Halle, Germany) was related to
WG 2 and dealt with the complex of LTEs da-
tabases WG 2 will be responsible for:

* Producing the requirements for harmo-
nisation of the nationally available LTEs
data,

* assessing the comparability of methods
used to estimate relevant plant and
soil parameters,

* selecting/developing database structures
for potential future use as European
LTEs primary data base,

* defining the requirements for large-
scale modelling of plant-soil-climate
interactions and

* linking retrospective trends with

Success Stories of Agricultural Long-term Experiments

= Site typical additional N input

prognoses of future climatic change.
Why to use databases? Databases are stan-
dardised means to store data. Advantages of
using databases are that the storage and retrieval
is powerful and efficient, the data are available in
the network, and standardised language avail-
able (SQL). In contrast, database related pro-
blems are that the data format may be unusual,
special skill is helpful and may be required, and
re-processing of existing data may be complica-
ted. The following requirements were listed to
be essential for a “good” database:
* Basic information: start, data holder,
experimental design, treatments.
* Soil data (profile, horizons, physical
parameters).
* Management data (actions, devices,
Crops ...).
* Results (objects, attributes, units,
methods).
* Climate data in different time intervals.
* Properties of applied materials.
* Documents: publications about
experiment, result and methods.
Decisions are needed regarding the orga-
nisation structure (access and administration)
as well the working strategy (thematic ordered
blocks — yes/no?, storage of detailed or aggrega-
ted data?). Nevertheless, the concluding device
was: invest in future - use database technology!
The third part was related to WG 3: Long-
term experiments as a future agricultural
knowledge base. The aim of this WG is to find
out modern, powerful, and attractive methods

and technologies applicable in LTE related re-
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search in order to improve the attractiveness
of working in LTEs, especially for early stage
researchers.

S. Ruppel et al. presented in this context re-
sults of their investigations about “Interaction
between nutrient availability and prokaryotic
diversity”. The background of these investiga-
tions was the relationship between the ecosys-
tem function, the abundance of microbial popu-
lations, and the maintenance of a certain level
of biodiversity in the soil. This diversity is an
important factor for ecosystem stability because
1) flows and transformations of mass, energy
and nutrients are biological processes and 2) the
different microbial populations and species are
characterised by specific functions. However,
there is a lack of knowledge about the existen-
ce of a relationship between microbial diversi-
ty and decomposition of organic substances as
well as nutrient mineralisation. For example,
results of investigations in a LTE containing
treatments applied with very different organic
amendments were presented. The author repor-
ted that different fertilisation strategies led to
significant differences in the structure of the
investigated prokaryotic communities (results
of discriminant analysis), whereas increasing
mineral N supply generally led to decreasing
functional prokaryotic diversity. Finally, two
questions were derived which could be answe-
red in the future using LTEs:

1) Are there group specific functions of
prokaryotic communities in the soil or rhizo-
sphere nutrient cycles?

2) Do interactions exist between the proka-
ryotic diversity and soil or plant health?

A second part after the three introducing
interactions was focussed on general problems
related to this COST action. The correspon-
ding concluding remarks were:

'The action should contribute to show the ge-
neral public as well as the scientific community

in Europe that LTEs are able to give us answers
regarding:

* Basic management principles (low

input, organic farming, integrated
production).

* Basic nutrient transformation and

transport processes.

* Risk of environment pollution by

surplus application of mineral fertili-
sers and organic amendments.

Furthermore, the demonstration function
of LTEs regarding the general public, policy
makers, and students was pronounced.

Finally, the question “What is a good LTE”
was discussed. Within the group was consensus
that we have to define LTE quality standards
considering:

* Treatments/plot size/sample archive.

* Documentation of management,

methods, (and their changes).

* Data storing, accessibility of

primary data.

To improve the conditions for future main-
tenance of LTEs, the particular persons respon-
sible for such experiment should ask oneself:
How to make sure that the LTE is attractive?
Are the current LTE results accessible to future
generations?
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LIST OF LONG-TERM EXPERIMENTS INCLUDED IN THE PROPOSED COST ACTION

COUNTRY LOCATION NAME OF THE EXPERIMENT MEAN YEARLY PRECIPITATION  CLAY SAND (%) CONTACT PERSON E-MAIL
AIR TEMPERA- (%)
MM/YEAR 63-2000MM
°C
Austria Vienna I0SDV Vienna 1986 9,4 529 25 28 Adelheid Spiegel adelheid.spiegel@ages.at
Belgium National soil 1982 Stefaan De Neve stefaan.deneve@ugent.be
monitoring
program
Czech Republic Caslav Caslav VOP 1956 8,9 555 22 10 Eva Kunzova kunzova@vurv.cz
Czech Republic Hnévceves Hnévceves 140 1979 8,2 573 21 6 Jan Lipavsky lipavsky@vurv.cz
Czech Republic Humpolec Humpolec 140 1979 6,5 667 17 45 Jan Lipavsky lipavsky@vurv.cz
Czech Republic lvanovice Ivanovice VOP 1956 8,8 549 33 7 Eva Kunzova kunzova@vurv.cz
Czech Republic lvanovice Ivanovice I0SDV 1983 8,8 549 33 7 Martin Kas kas@vurv.cz
Czech Republic Kostelec Kostelec 140 1979 76 681 18 34 Jan Lipavsky lipavsky@vurv.cz
Czech Republic Lukavec Lukavec VOP 1985 7,7 666 15 49 Eva Kunzova kunzova@vurv.cz
Czech Republic Lukavec Lukavec IOSDV 1985 7.7 666 15 49 Martin K&s kas@vurv.cz
Czech Republic Pernolec Pernolec 140 1979 6,6 562 18 51 Jan Lipavsky lipavsky@vurv.cz
Czech Republic Praha - Ruzyné Field IV 1955 79 472 31 12 JanKlir klir@vurv.cz
Czech Republic Praha - Ruzyné Field B 1955 79 472 31 12 Jan Klir klir@vurv.cz
Czech Republic Trutnov Trutnov 1966 7.5 750 17 25 Jan Lipavsky lipavsky@vurv.cz
Czech Republic Vysoké Vysoké 140 1979 6,6 995 15 37 Jan Lipavsky lipavsky@vurv.cz
Estonia Tartu I0SDV Tartu 1989 4,8 582 9 59 Laidvee, Tiina tiina.laidvee@mail.ee
Finland Jokioinen Straw manuring field 1979 4,5 650 41 19 Myllys, Merja merja.myllys@mtt.fi
experiment
Finland Jokioinen Ploughless tillage 1979 4,5 650 42 17 Myllys, Merja merja.myllys@mtt.fi
France Lusignan Grassland, biogeochemical | 1983 15,0 800 16 13 Chabbi, Abad abad.chabbi@lusignan.inra.
cycles and biodiversity fr
France Versailles- essai Deherain 1875 11,0 640 25 50 Bourgeois, Serge serge.bourgeois@grignon.
Grignon inra.fr
France Versailles- 42 plots 1929 10,5 639 17 76,3 Tessier, Daniel tessier@versailles.inra.fr
Grignon
France Versailles- Les Closeaux 1993 10,5 639 17 76,3 Chenu, Claire chenu@grignon.inra.fr
Grignon
France Versailles- LaCage 1997 10,5 639 16.7 27 Doré, Thierry dore@inapg.inra.fr
Grignon
France Versailles- Qualiagro 1998 1,2 570 15 7 Houot, Sabine houot@grignon.inra.fr
Grignon
Germany Bad Lauchstadt Static Fertilization 1902 8,7 484 21 n Schulz, Elke elke.schulz@ufz.de
Experiment
Germany Berlin-Dahlem 10SDV 1986 9,3 545 4 73 Ellmer, Frank frank.ellmer@agrar.hu-ber-
lin.de
Germany Braunschweig Carbon sequestration 1952 9,0 619 7 37 Rogasik, Jutta jutta.rogasik@fal.de
experiment
Germany Darmstadt Long-term fertilization trial | 1980 9,5 590 5 87 Raupp, Joachim raupp@ibdf.de
Darmstadt
Germany Giessen Nutrient Depletion 1954 9 650 30,5 5,0 Honermeier, Bernd bernd.honermeier@agrar.
Experiment Giessen uni-giessen.de
Germany Giessen Biological Nitrogen 1982 9 650 33,1 41 Honermeier, Bernd bernd.honermeier@agrar.
Fixation Experiment uni-giessen.de
Germany Gross Kreutz P60 1959 89 537 3 77 Zimmer, Jorg joerg.zimmer@lvlf.branden-
burg.de
Germany Gross Kreutz M4 1967 89 537 3 77 Zimmer, Jorg joerg.zimmer@lvlf.branden-
burg.de
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Germany Grossbeeren Box Plot Experiment 1973 84 527 4 84 Ruehlmann, Joerg ruehlmann@igzev.de
Grossbeeren
Germany Grossbeeren Box Plot Experiment 1973 8,4 527 22 52 Ruehlmann, Joerg ruehlmann@igzev.de
Grossbeeren
Germany Grossbeeren Box Plot Experiment 1973 8,4 527 9 14 Ruehlmann, Joerg ruehlmann@igzev.de
Grossbeeren
Germany Halle/s. Eternal Rye 1878 9,2 466 8 69 Merbach, Wolfgang | wolfgang.merbach@landw.
uni-halle.de.de
Germany Halle/s. Lime fertilization trial 1949 9,8 481 12 55 Merbach, Wolfgang | wolfgang.merbach@landw.
(Field A) uni-halle.de.de
Germany Halle/S. Potassium Fertilization Trial | 1949 9,8 481 12 55 Merbach, Wolfgang | wolfgang.merbach@landw.
(Field C) uni-halle.de.de
Germany Halle/s. Phosphate Fertilization 1949 9,8 481 12 55 Merbach, Wolfgang | wolfgang.merbach@landw.
Trial (Field D) uni-halle.de.de
Germany Halle/s. Organic-Mineral 1949 9,8 481 12 55 Merbach, Wolfgang | wolfgang.merbach@landw.
Fertilization Trial F1 uni-halle.de.de
Germany Halle/s. Organic-Mineral 1949 9,8 481 12 55 Merbach, Wolfgang | wolfgang.merbach@landw.
Fertilization Trial F2 uni-halle.de.de
Germany Halle/s. Organic-Mineral 1949 9,8 481 12 55 Merbach, Wolfgang | wolfgang.merbach@landw.
Fertilization Trial F3 uni-halle.de.de
Germany Meckenheim Meckenheim VI 1960
Germany Meckenheim Meckenheim VIl 1960
Germany Rauisch- 10SDV 1984 8,0 583 17 7 Wegener, Hans- | Hans-R.Wegener@agrar.uni-
holzhausen Richard giessen.de
Germany Rauisch- International Long- 1984 8 604 16,1 16,6 Honermeier, Bernd bernd.honermeier@agrar.
holzhausen Term Organic Nitrogen uni-giessen.de
Application Experiment
Germany Rauisch- Crop Rotation Experiment 1983 8 604 23 16,0 Honermeier, Bernd | bernd.honermeier@agrar.
holzhausen uni-giessen.de
Germany Scheyern Agroecosystems Scheyern 1991 74 833 23 22 Munch, Jean- | munch@gsf.de
Charles
Germany Speyer HUMUS-Versuch 1958 9,8 583 5 80 Armbruster, Martin | armbruster@lufa-speyer.de
Germany Speyer Sewage sludge experiment | 1981 9,8 583 5 80 Armbruster, Martin | armbruster@lufa-speyer.de
Germany Speyer I0SDV Speyer 1983 9,8 583 5 80 Armbruster, Martin | armbruster@lufa-speyer.de
Germany Speyer Nitrogen mangement 2004 9,8 583 5 80 Armbruster, Martin | armbruster@lufa-speyer.de
vegetables
Germany Thyrow Nutrient Deficiency 1937 8,7 514 3 83 Ellmer, Frank frank.ellmer@agrar.hu-ber-
Experiment lin.de
Germany Thyrow Soil Fertility Experiment 1938 8,7 514 3 83 Ellmer, Frank frank.ellmer@agrar.hu-ber-
lin.de
Hungary Keszthely Five course crop rotation 1963 10,2 687 21 34 Kismanyoky, Tamas | kis5556@ella.hu
field experiment
Hungary Keszthely FYM-mineral fertilizer 1963 10,2 687 21 34 Hoffmann, Sandor hoffmann-s@georgikon.hu
equivalence field expe-
riment
Hungary Keszthely Straw manuring field 1963 10,2 687 21 34 Hoffmann, Sandor hoffmann-s@georgikon.hu
experiment
Hungary Keszthely P effect-after effect field 1963 10,2 687 21 34 Hoffmann, Sandor hoffmann-s@georgikon.hu
experiment
Hungary Keszthely K effect-after effect field 1963 10,2 687 21 34 Hoffmann, Sandor hoffmann-s@georgikon.hu
experiment
Hungary Keszthely N fertilisation field expe- 1965 10,2 687 21 34 Hoffmann, Sandor hoffmann-s@georgikon.hu
riment
Hungary Keszthely Maize monoculture field 1969 10,2 687 21 34 Kismanyoky, Tamas | kis5556@ella.hu
experiment
Hungary Keszthely Soil tillage field experiment | 1972 10,2 687 21 34 Kismanyoky, Tamas | kis5556@ella.hu
Hungary Keszthely 10SDV 1984 10,2 687 21 34 Kismanyoky, Tamas | kis5556@ella.hu
Island Akureyri Residual effects of P 1938 3,2 489 Thorvaldsson, gudni@lbhi.is

fertiliser

Gudni
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Island Akureyri Comparison of different N 1945 4,6 1236 Thorvaldsson, gudni@lbhi.is
fertilisers Gudni
Island Geitasandur N fertiliser on sand 1958 3,8 1261 Thorvaldsson, gudni@lbhi.is
Gudni
Island Geitasandur Phosphous on sand 1959 3.8 1219 Thorvaldsson, gudni@lbhi.is
Gudni
Island Geitasandur K fertiliser on sand 1959 38 1219 Thorvaldsson, gudni@lbhi.is
Gudni
Island Hvanneyri Deficiency syndrom in 1973 3,6 874 Brynjolfsson, rikhard@lbhi.is
grasses Rikhard
Island Hvanneyri Sheep manure and mineral | 1977 3,6 874 Brynjolfsson, rikhard@lbhi.is
fertilizer Rikhard
Island Samsstadir Comparison of different N 1945 4,6 1236 Thorvaldsson, gudni@lbhi.is
fertilisers Gudni
Island Samsstadir Residual effects of P 1949 4,6 1236 Thorvaldsson, gudni@lbhi.is
fertiliser Gudni
Island Samsstadir P fertiliser on peat soil 1950 4,6 1236 Thorvaldsson, gudni@lbhi.is
Gudni
Island Samsstadir K fertiliser on peat soil 1950 4,6 1236 Thorvaldsson, gudni@lbhi.is
Gudni
Island Samsstadir N fertiliser on peat soil 1956 4,6 1236 Thorvaldsson, gudni@lbhi.is
Gudni
Island Samsstadir NH4NO3 N fertiliser 1964 4,6 1236 Thorvaldsson, gudni@lbhi.is
Gudni
Israel Bet-Dagan Permanent Plot Experiment | 1963 29,0 480 52 16 Bar-Yosef, Beni vwbysf@agri.gov.il
Israel Gilat Permanent Plot Experiment | 1965 30,0 250 15 17 Bar-Yosef, Beni vwbysf@agri.gov.il
Italy Padova DAAPYV long-term rotation 1962 1,7 806 19 40 Berti, Antonio antonio.berti@unipd.it
Norway Moystad Long term fertilizer expts. 1922 4,5 580 14 52 Riley, Hugh hugh.riley@bioforsk.no
Mgystad
Poland Czarny Potok Czarny Potok 1968 58 853 23 40 Kope¢, Michat mkopec@ar.krakow.pl
Poland Skiernievice Long-term static fertilizer 1921 79 528 6 Tomasz Sosulski tomasz_sosulski@sggw.pl
experiments
Poland Skiernievice Long-term static 1922 79 528 6 Sosulski, Tomasz tomasz_sosulski@sggw.pl
fertilizer experiments in
Skierniewice
Republic of Novi Sad 10SDV Novi Sad 1984 1,2 571 Strarcevic, Ljubinko | dragana@polj.ns.ac.yu
Serbia
Romania lasi 10SDV lasi 1985 9,5 552 39 32 Slabu, Cristina cristinaslabu@yahoo.com
Romania Livada Long-term liming expe- 1961 9,3 723 19 Kurtinecz ,Paul paul_kurtinecz@rdslink.ro
riment
Slovenia Jable 10SDV Jable 1993 8,4 1348 17 28 Tajnsek, Anton tone.tajnsek@bf.uni-lj.si
Slovenia Rakic¢an 10SDV Raki¢an 1992 9,4 810 15 54 Tajnsek, Anton tone.tajnsek@bf.uni-lj.si
Spain Madrid 10SDV Madrid 1985 14,5 430 27 66 Maria Teresa Pardo mt.pardo@ccma.csic.es
Sweden Fors Soil fertility experiment, 1963 5,0 635 18 24 Mattsson, Lennart lennart.mattsson@mv.slu.se
Fors
Sweden Robéckdalen Soil fertility experiment, 1969 2,7 650 28 10 Mattsson, Lennart lennart.mattsson@mv.slu.se
Robéckdalen
Sweden Bjertorp Soil fertility experiment, 1966 6,2 571 31 13 Mattsson, Lennart lennart.mattsson@mv.slu.se
Bjertorp
Sweden Ekebo Soil fertility experiment, 1957 8,2 568 18 6 Mattsson, Lennart lennart.mattsson@mv.slu.se
Ekebo
Sweden Fjardingslov Soil fertility experiment, 1957 75 590 14 10 Mattsson, Lennart lennart.mattsson@mv.slu.se
Fjérdingslov
Sweden Hogasa Soil fertility experiment, 1966 6,1 523 7 77 Mattsson, Lennart lennart.mattsson@mv.slu.se
Hogasa
Sweden Kungséngen Soil fertility experiment, 1963 57 544 56 4 Mattsson, Lennart lennart.mattsson@mv.slu.se
Kungsangen
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Sweden Orja Soil fertility experiment, 1957 7.8 594 23 52 Mattsson, Lennart lennart.mattsson@mv.slu.se
Orja

Sweden Ultuna Ultuna soil organic matter 1956 55 528 37 23 Mattsson, Lennart lennart.mattsson@mv.slu.se
experiment

Sweden Vreta Kloster Soil fertility experiment, 1966 6,1 516 47 9 Mattsson, Lennart lennart.mattsson@mv.slu.se
Vreta Kloster

Switzerland Bois de Chénes Bois de Chénes - Long-term | 1991 10,1 1031 27 43 Jeangros, Bernard bernard.jeangros@acw.
evolution of extensified admin.ch
grassland

Switzerland Frick DOK 1978 9,5 785 15 15 Méder, Paul paul.maeder@fibl.org

Switzerland Nyon P11 - organic fertilisation 1963 9,5 947 19 17 Charles, Raphaél raphael.charles@acw.
systems admin.ch

Switzerland Nyon P20 - crop rotation and soil 1967 9,5 947 25 27 Charles, Raphaél raphael.charles@acw.
tillage admin.ch

Switzerland Nyon P29ca - soil tillage 1969 9,5 947 51 17 Charles, Raphaél raphael.charles@acw.

admin.ch
Switzerland Nyon P 29cl - soil tillage 1969 9,5 947 26 30 Charles, Raphaél raphael.charles@acw.
admin.ch

Switzerland Nyon P29b - PK fertilisation ina 1970 9,5 947 54 16 Charles, Raphaél raphael.charles@acw.
heavy claiy soil admin.ch

Switzerland Nyon P24a - organic and nitro- 1977 9,5 947 n 46 Charles, Raphaél raphael.charles@acw.
gen fertilisation admin.ch

Switzerland Nyon P24b - efficiency of organic | 1995 9,5 947 16 44 Charles, Raphaél raphael.charles@acw.
manure admin.ch

Switzerland Nyon P32 - Mosaic agroeco- 1995 9,5 947 29 29 Charles, Raphaél raphael.charles@acw.
systems admin.ch

Switzerland Ronde Ronde - PK fertilisation of 1992 9,5 1600 30 15 Bernard Jeangros bernard.jeangros@acw.
mountain grassalnd admin.ch

Turkey Cukurova Organic Experiment 1996 18,5 622 36 29 Ortas, Ibrahim iortas@cu.edu.tr

United Kingdom | Belfast Long-term slurry expe- 1970 8,8 900 25 32 Christie, Peter peter.christie@afbini.gov.uk
riment

United Kingdom | Rothamsted Broadbalk 1843 9,1 728 23 19 Powlson, David david.powlson@bbsrc.ac.uk

United Kingdom | Rothamsted Hoos Barley 1852 9,1 728 23 19 Powlson, David david.powlson@bbsrc.ac.uk

United Kingdom | Rothamsted Park Grass 1856 9,1 728 23 19 Powlson, David david.powlson@bbsrc.ac.uk
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Summary of the phosphorus workshop and outline of a pre-proposal

Countermeasures in Swedish agriculture to achieve a 50%
reduction in phosphorus losses to water bodies (PRAG 50)

LARS BERGSTROM, PROFESSOR, DEPARTMENT OF SOIL SCIENCES, SWEDISH UNIVERSITY OF

AGRICULTURAL SCIENCES, SWEDEN

A brief description of the problem and
current mitigation strategies

Mobilisation and transport of nutrients from
terrestrial systems to rivers, lakes and marine
environments cause deteriorating water quality
and eutrophication. Indeed, eutrophication is
one of the most serious environmental threats
against Swedish coastal waters and the closed
Baltic Sea, including Kattegat. Unfortunately,
controlling nutrient losses has been more dif-
ficult than anticipated (MVB 2005). In all
countries of Northern Europe, agriculture is es-
timated to be responsible for the greatest contri-
bution of phosphorus (P) to coastal waters. Of

all anthropogenic P loads from Sweden, 46%
originate from farmland (figure 1). In addition,
the gross load of P from agricultural land is es-
timated to contribute 44% of the total load to
the Baltic Sea (Ejhed et al. 2007). This contri-
bution has an exceedingly negative impact on
this brackish and sensitive water body (Boesch
et al. 2006) that urgently needs to be addres-
sed. Humborg et al. (2007) claim that the only
significant potential for reducing the P load to
the Baltic Sea lies in reductions of diffuse (non-
point source) emissions from agricultural land.
In November 2007, ministers in the countries
bordering the Baltic Sea will agree on national

DISTRIBUTION OF ANTHROPOGENIC PHOSPHORUS LOSSES
Industry 12%

Urban surface
water 4%

Private waste
water systems 20%

Figure 1. Distribution
of anthropogenic
phosphorus losses
torivers, lakes and
coastal waters in
Sweden.

Sewage plants 16%

Agriculture 46%

Forests 2%
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allocations with respect to P loads. Since a sub-
stantial reduction in P losses from agricultural
land will have a tremendous effect on the water
quality status of the Baltic Sea over the long
term, new more ambitious targets for these re-
ductions are to be expected. At the same time,
a lack of reliable and cost-effective measures for
the reduction of P losses from agriculture has
been identified in several studies (SEPA 2003;
SEPA 2006; Bergstrom et al. 2007). According
to a report from the Swedish Environmental
Protection Agency (SEPA 2006), more coun-
termeasures, primarily within agriculture, are
needed to reduce P loads to Swedish coastal
waters.

Losses of P from agriculture are of two types:
point sources mainly in connection with animal
husbandry and diffuse sources from agricultural
soils. In Sweden, systematic measures to minimi-
se outflows of P and other nutrients from animal
manure to surface waters have been introduced
during the past three decades, but further efforts
are needed. In other countries around the Baltic
Sea, this work is still waiting to be done. The
other source, P losses from agricultural soils, has
only recently come into focus with the presenta-
tion of an international evaluation of the factors
that have led to increased eutrophication of the
Baltic Sea (Boesch et al. 2006). Since P in soil is
involved in both biological and chemical proces-
ses, losses from soils vary considerably over time
and between fields. Furthermore, the complexity
of these processes and their interactions make P
even more difficult to control than nitrogen (N).
Not only are efficient countermeasures and an
adequate strategy to drastically reduce P losses
from agricultural soils still lacking, but also the
knowledge base needed to implement appropriate
measures is rather limited. These gaps in existing
knowledge are the basis for the proposed research
programme. In addition, the new demands on
the agricultural sector that are expected to fol-

Success Stories of Agricultural Long-term Experiments

low the forthcoming national allocations of the
maximum allowed P loads to the Baltic Sea will
require an investment in programmes that sig-
nificantly reduce these knowledge gaps if targets
are to be successfully met.

The programme challenge
- 50% P reduction

The present Swedish environmental objective
with respect to P losses represents a very low
level of ambition if the objective is to reach a
non-eutrophied Baltic Sea. It states that by
2010, Swedish waterborne anthropogenic
emissions of phosphorus compounds into la-
kes, streams and coastal waters should decrease
by at least 20% from 1995 levels. The largest
reductions should be achieved in the most sen-
sitive areas. However, with this objective, only
slow and insufficient improvements in the wa-
ter quality of the Baltic Sea are likely to occur.
Furthermore, enhanced growth of blue-green
bacteria may follow from warmer than normal
spring and summer periods (MVB 2005). A
more substantial reduction in the P load from
agricultural sources, e.g. by a 50% reduction in
‘edge of the field’ losses, is therefore necessary
to significantly support and contribute to the
resilience of marine ecosystems. To reach this
50% reduction level, drastic measures will be
necessary within Swedish agriculture.

New measures to be evaluated include, for
instance, installation of P-traps in drainage sys-
tems, abandonment of high-risk fields for annu-
al crops, changes in agricultural management
regarding crop rotations, soil fertility and soil
cultivation, P extraction from animal wastes,
and comprehensive guidance to reach an opti-
mal regional distribution of animal production.
In addition to knowledge with respect to the
site-specific environmental effects of measu-
res, evaluation of the costs of such measures at



a field, farm and watershed scale are needed.
International experiences (e.g. Heckrath et al.
2007) indicate that Swedish agriculture, soil
and climate conditions are so specific with re-
spect to P losses that mitigation options have to
be tested nationally in order to determine their
environmental and economic effects.

The objective of the proposed research program-
me is to enable a 50% reduction in the anthropo-
genic level of P from the agricultural sector to the
Baltic Sea to be achieved within the next 10 years.
This level of ‘edge of field’ reduction in P losses will
also lead fo improvement in the quality of inland
waters.

What will be needed in the future for
dealing with the phosphorus problem?

Firstly, a mechanistic understanding of P mobi-
lisation and transport must be attained, at least
conceptually, before appropriate preventive mea-
sures can be selected. Secondly, the relative im-
portance of the processes determining the P load
must be quantified. Special attention also needs
to be given to highly significant problem fields
(hot spots) and critical leaching episodes occur-
ring in conjunction with extreme weather events
(Withers et al. 2003). There are indications that
a few problem fields within a catchment may ac-
count for 90% of the total P load (Sharpley &
Rekolainen 1997). Furthermore, hot spots may
change in time and space as a result of the in-
teractions between agricultural management,
weather and hydrological conditions.

A viable strategy should control both the
sources of the losses and the actual P transport.
However, current Swedish legislation is mainly
directed at source control (amount of manure),
while established subsidy programmes, e.g. re-
garding buffer zones along waterways, are pri-
marily meant to control P transport. A combi-
nation of source and transport control provides

the foundation for development of a risk index
for P (Coale 2000; Bechmann 2005). The con-
cept of a risk index was initially developed and
used in attempts to mitigate nutrient losses to
the brackish and eutrophied Chesapeake Bay
on the east coast of the United States. Since
then, the concept has been extensively used in
other parts of the USA to focus on the efforts to
mitigate P losses from agriculture (Sharpley et
al. 2003). This risk index tool has been adjusted
to Swedish conditions by Djodjic & Bergstrom
(2005). Models developed for the quantifica-
tion of P flows at field ICECREAM) and wa-
tershed scale (SWAT) and used here in Sweden
require inputs both in the form of comprehen-
sive mechanistic understanding and in the form
of high quality data from well-defined experi-
ments that can be used for model calibration
and validation.

Phosphorus is present in water in seve-
ral forms with different availability for biota.
Phosphorus bound to particles is known to be
generally less bioavailable than P present in
dissolved form (Ekholm & Krogerus 2003).
Therefore, measures that lower P loads should
include all forms of P losses. Dissolved P may
be released from particle-bound P at a later sta-
ge, with a significant impact on the growth of
blue-green bacteria in lakes and coastal waters.

Identification of risk fields and hot spots by
using a risk index ofters a method by which the
most appropriate countermeasures can be se-
lected. Risk identification should include both
topsoil and subsoil characterisation, i.e. the en-
tire soil profile all the way down to tile-drainage
depth must be considered. Three Swedish ‘risk
profiles” have been identified, together with some
theoretically interesting countermeasures (Ulén
& Jakobsson 2005). This approach should be
extended to a classification system covering all
main types of agricultural soils. Special atten-
tion should be given to drained clay soils on the
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Swedish east coast that are known to be a central
part of the problem behind eutrophication of the
Baltic Sea. At the same time, the effect on N
leaching should be evaluated along with P aba-
tement measures, since the interactions between
P and N are an important part of the eutrophica-
tion problem (Smith 1983; Boesch et al. 2006;
Ulén & Weyhenmeyer 2007).

Countermeasures need to be evaluated with
respect to cost-effectiveness. The EU Common
Agricultural Policy (CAP) reforms and EU pro-
duction subsidies are both important factors that
need to be taken into consideration. A prerequisi-
te for studying cost-effectiveness is to understand
and describe conceptually and mathematically
when, where and how water transport takes place
in the landscape at large and through arable land
in particular. Identification of time periods when
high P losses occur and detection of those areas
in a watershed that are vulnerable to P losses
are important for finding ways towards success-
ful and cost-effective mitigation of P loads and
ultimately, for a reduction in eutrophication in
marine or brackish waters. Performing this type
of evaluation will require a comprehensive da-
tabase. Coupled economic-ecological-landscape
analyses have been developed for entire basins,
such as for the previously mentioned Chesapeake
Bay region (Voinov et al. 1999), but these are too
imprecise for analysing the effect of agricultural
measures on marine eutrophication. Finally, as
indicated above, all countermeasures also need
to be evaluated with respect to N leaching, since
for some parts of the country there may be a goal
conflict between the reduction of P and N loads
to the Baltic Sea.

Research needed

A recent survey of the current state of research
with respect to P losses from farmland to sur-
face waters provides the basis for the outline
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of this research programme (Bergstrom et al.

2007).

Release and sorption of P

The role of different P sources in soil and their
delivery of P to soil solution and surface waters
are poorly understood. A mechanistic under-
standing of phosphate-P release and sorption
in topsoils and subsoils in combination with
the application of mineral fertilisers, manures,
crop residues and other organic amendments is
needed. This requires that the release dynamics
of difterently bound P forms, as well as their
spatial distribution, are well understood. This
knowledge is also a precondition for improve-
ment in P uptake by plants and higher use-ef-
ficiency of added P. It is also critical to gain
a better understanding of, and further investi-
gate, detachment, transport, sedimentation and
delivery of soil colloids and particles.

A second knowledge gap concerns the dy-
namics of organically bound P. Mineralisation
of organic P is undoubtedly a significant contri-
butor to the total phosphate-P that is leached
or transported in surface run-off. Organic P
in soil seems to be dominated by hexainositol
phosphates (HIP), which are strongly adsorbed
to solid or suspended soil particles (Turner et al.
2000). There are a number of questions relating
to HIP and other phosphate esters regarding
the significance of their adsorption/desorption,
mineralisation, and immobilisation that need to
be the subject of further research.

'The following are all specific research areas
that need attention:

* Relationships of agronomic soil P sta-
tus (estimated as e.g. P-AL or Olsen-P) and
other soil chemical characteristics to potential
phosphate release - can soil P tests be used for
environmental purposes?

* Delivery mechanisms for soluble P fol-
lowing application of various P sources, which



need to be understood to minimise episodically
high P losses.

* Role of organic matter and organic P
forms in soil for phosphate amounts in the soil
solution.

* Quantification of soil erodibility, inclu-
ding release of colloidal particles, and the clas-
sification of typical Swedish soils with respect
to these conditions.

* Quantification of factors such as topo-
graphy, intensity of soil tillage, percentage crop
cover and soil hydrology (especially during

storm events) for soil particle transport.

Scales and transport pathways

In Sweden, research, environmental monito-
ring and modelling of P transport from agri-
culture have been conducted on several scales
ranging from soil profiles, plots, single fields
and small agricultural watersheds to river ba-
sins. At smaller scales (experimental plots), P
transport has been modelled with the focus on
P chemistry and soil properties as explanatory
variables (Larsson et al. 2007). At larger sca-
les (river basins), the main focus has been on
hydrology, with weather parameters and topo-
graphy as driving forces, while description of
nutrient cycling on a regional or national scale
is drastically simplified by the use of average or
default values (Brandt & Ejhed 2002; Sonesten
et al. 2004; Arheimer et al. 2005; Larsson et
al. 2005). Taken together, this means that the
quality of input data at the larger scale is rather
poor since spatial variation is not included,
and as a result those data are insufficient for
further analysis regarding implementation of
countermeasures to reduce P losses. Therefore,
the extension of P models currently in use (e.g.
ICECREAM, SWAT, HBV-P, the Fyris mo-
del) to include the quantification of P flows on
a catchment or region scale will require better
inputs both in the form of a more comprehen-

sive mechanistic understanding and in the form
of high quality data from well-defined experi-
ments. At the other end of the scale spectrum,
results from plot and field experiments are dif-
ficult to scale up, as the mechanisms involved
in P losses are not satisfactorily understood.
Consequently, a knowledge gap exists especi-
ally at the medium scale (1-10 km?), where an
equally accurate description of both hydrology
and P biogeochemistry is needed for proper un-
derstanding of nutrient (phosphorus) mobilisa-
tion and delivery processes.

'The knowledge gaps described above can be
bridged only through a broad collaboration bet-
ween several scientific disciplines such as hydro-
logy, soil science and agronomy on one hand,
and stakeholders (managers of environmental
monitoring programmes, agronomists, advi-
sors and farmers) on the other. Furthermore,
the medium scale is not only a natural meeting
point for scientists from different fields. It is
also the most important scale for water mana-
gement according to the guidelines in the EU
Water Framework Directive. With research
and model development focusing on this scale,
problems with heavy loads of P to marine wa-
ters will be less difficult to solve, while at the
same time the involvement of local stakeholders
will be easier to achieve.

The research needed to perform an accurate
apportionment of water and nutrient transport
pathways and shortcuts from agricultural fields
to recipients, accounting for temporal and spa-
tial variability, should take into consideration
the following issues:

* Quantitative apportionment of water out-
flow from fields into surface run-off and leached
water, since reductions in P losses through sur-
face run-oft and leaching flow require different
treatments.

* Quantitative distribution of infiltration
water into preferential flow and matrix flow,
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which will make it possible to assess site vul-
nerability and assist in the selection of proper
countermeasures.

* Identification of hydrologically active
areas (variable source areas), which in turn will
enable the identification of countermeasures
where they will have the greatest effect and
thereby improve their cost-effectiveness.

* Role of tile-drains in agricultural landsca-
pes as elements that alter hydrological regimes
and their subsequent importance for particle
transport.

* Role of groundwater as a source or dilutor
of P in outflow.

New countermeasures and agricultural
management

A 50% reduction in the P load from agricul-
tural soils requires that new countermeasures be
developed and tested. A similar situation exis-
ted 10 years ago when research on measures to
reduce N leaching from agriculture resulted in
the introduction of catch crops. However, the
pattern of P losses, the transport pathways and
the fact that sources are both organic and in-
organic make resolution of the problem more
complex for P than for N. Both the mass flow
of dissolved P and the particle-bound flow need
to be controlled with respect to leaching and
surface run-off.

New countermeasures and agricultural ma-
nagement practices to reduce diffuse P losses
and that need to be evaluated include:

* Removal of dissolved P from tile-drainage
water through the use of precipitation traps in
open agricultural ditches, in which P is preci-
pitated with lime, iron salts or aluminium salts
attached to a carrier material; trapped P will be
harvested and recycled as a fertiliser.

* Application of lime close to existing tile
drains to precipitate dissolved P before water
enters drains.

Success Stories of Agricultural Long-term Experiments

* Removal of fine particles from drainage
water in ditches through construction of simple
sedimentation systems, through improved and
new types of carefully designed wetlands that
will enhance both particulate-P and colloidal-P
sedimentation, and through advanced filter sys-
tems in drainage wells including flocculation.

* Design of efficient buffer strips capable
of completely removing particle-bound P from
surface flows (even during heavy rainfall) by
combining vegetation and mechanical measures
(e.g. sedimentation barriers) within the strips,
and the placement of optimally designed buffer
strips within and along fields.

* Evaluation of agronomic measures that
strengthen soil aggregates and thereby reduce
colloid losses, such as the addition of black car-
bon residues from gasification of bio-energy
sources to increase soil carbon content, the use
of lime to stabilise clay soils and improve their
structure, and reduced soil tillage.

* Testing the potential of organic cropping
practices to reduce P losses.

* Innovative treatments of animal wastes to
separate inorganic P from the organic material
to enable distribution of P to greater distances
at a reasonable cost and to improve crop availa-
bility and uptake of P where it is needed.

* Soil management in order to promote
gentle water infiltration and thereby avoid
channel flows.

Cost-effectiveness of countermeasures

Knowledge is needed for evaluating the cost-
effectiveness of countermeasures in relation to
production costs and especially site-specific
conditions. There is a hierarchy of information
that needs to be followed in order to enable wa-
ter management plans for reducing P loads to
coastal waters to be developed. The lowest step
is the compilation of a list of measures that may
be considered for inclusion in a management
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programme to address watershed specific pro-
blems. The next step is to determine the factors
that drive the cost-effectiveness of these measu-
res and to identify these in a manner that allows
measures to be prioritised with respect to local
site-specific conditions. Only then can the final
step, the realisation of the plans, be performed
for a specific watershed. The weakest link in the
level of information at the present time is the
second step, i.e. there is insufficient knowledge
about the site-specific economic effectiveness of
current measures, in part due to the lack of an
appropriate method for economic evaluation of
possible measures.

To determine the economic effectiveness of
measures two elements are required: the envi-
ronmental effect of the measures and the cost of
implementing measures. Both of these elements
will vary depending upon where the particular
measure is implemented and upon local environ-
mental and economic factors. Thus, even though
a particular measure may be quite costly, if there
is a large site-specific effect on loss reductions it
may be more cost-effective than a low-cost mea-
sure that has a low site-specific effect. Therefore,
what is needed is a method to identify where the
effects may be greatest (hot spots) and those fac-
tors that are relevant for the determination of the
environmental effects and costs associated with
measures at those particular sites.

The following research issues are critical to
study in order to provide knowledge for selec-
tion and implementation of the most cost-eftec-
tive countermeasures to enable a 50% reduction
in the P load from agriculture:

* Effect of spatial variation of soil characte-
ristics and problem fields in watersheds on the
cost-effectiveness of countermeasures.

* Economic evaluation of optimal slurry/
manure localisation, which is currently a fun-
damental problem in Sweden as well as inter-
nationally.

* Effect on costs of single and combined
countermeasures in watersheds in relation to
environmental and EU production subsidies.

* Evaluation of strategies to distribute the
knowledge acquired to enable new countermea-
sures to be implemented by stakeholders at the
local level (i.e. local farmers).

Synthesis

Special attention will be paid to interactions
between, and synthesis of, the abovementioned
research efforts. While the emphasis of this
programme is on the identification of site-spe-
cific countermeasures, the gained knowledge
must also be universal irrespective of location
and time scale. It must also be transferable and
applicable to future changes (changes in land
use, climate change, alternative management
practices). Therefore, testing, further develop-
ment and validation of mechanistic models are
important steps in obtaining a suitable tool for
synthesis, up-scaling and dissemination of the
results obtained in the programme.

Expected benefits

1. The anthropogenic P losses from the agricul-
tural sector will be reduced by 50% within 10
years through implementation of best manage-
ment practices and an improved countermea-
sure strategy, which includes:

a. Identification of problem fields and

hot spots by use of a new P risk

index tool.

b. A 90% reduction in dissolved phos-

phorus through chemical precipitation,

a method similar to that used for

removal of phosphorus in sewage

water treatment plants.

c. A substantial reduction in particu-

late- and colloid-bound P in water

from agricultural fields through
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vegetation and mechanical filtration

in spatially targeted buffer strips.

d. A substantial reduction in the
impact from the use of animal
manures through precision application
of raw manure or conversion of manure
-P to inorganic fertilisers.

e. Removal of extreme high-risk

fields from agricultural production.

2. A significant reduction in the load of P to
marine waters, as well as to inland waters.

3. A substantial increase (>200%) in the
cost-effectiveness of countermeasures if applied
on fields with a high risk for P losses, and with
flexible targeted subsidies.

4, Stakeholders will have access to a set of
new efficient tools to allow implementation
of appropriate countermeasures for individual
high-risk fields.

5. The programme will contribute to ma-
king Sweden a leading nation in the Baltic
region with respect to reducing P losses from
agriculture. Empirically tested information will
be made available to other countries in the re-
gion where P losses are much higher and the use
of preventive measures less developed. This will
result in considerably improved water quality in
the Baltic Sea.

In summary, the results achieved in the pro-
gramme, including the set of economically efficient
measures for reducing P losses from agriculture,
are expected to be a cornerstone in the drive to stop
the flow of excess nutrients to the Baltic Sea and to
Swedish inland waters and to finally make it pos-
sible to realise the Swedish environmental quality
goal of “zero eutrophication’.
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Fifty years ago, the Swedish long-term soil fertility experiments were started by the
late Prof. Sven L. Jansson to “elucidate the nature of soil fertility, to provide a basis for
soil evaluation and soil conservation”. At that time, the use of mineral fertilisers was
still minor and a major concern was the consequences for soil fertility of completely
replacing animal manure with mineral fertilisers due to separation of animal and crop
production. The main questions were the extent to which different cultivation mea-
sures affect yields and the levels of production that could be reached and maintained
under different conditions.

The experiments have provided valuable insights into soil fertility in relation to crop
production and fertilisation. They still answer questions that arise regarding new
practices and their impact on soil and the environment. They are used as a platform
for new research tasks and modelling driven by structural changes in agriculture.
Furthermore, differences developing in soil conditions over time provide valuable
information for addressing complex interactions in an appropriate way.

This report recognises the great significance of long-term field experiments for our
understanding of agricultural production, soil fertility and environmental issues and
illustrates main findings from on-going long-term activities.
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