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Micronutrients in Cereal Crops.
Impact of Nutrient Management and Soil Properties
Abstract
Seven elements essential for plants are defined as micronutrients: boron (B), copper
(Cu), iron (Fe), manganese (Mn), molybdenum (Mo), nickel (Ni) and zinc (Zn).
Deficiency of these nutrients can cause yield losses in crops and impaired crop quality.
The overall aim of this thesis work was to increase the knowledge how micronutrients
in Swedish cereal crops are affected by nutrient management and soil properties in
order to improve crop status and avoid yield losses. Data from long term and short term
Swedish field trials and a Swedish monitoring programme were evaluated to examine
impacts of nutrient management and soil properties on crop accumulation. In addition,
soil depletion was quantified and methods for prediction of micronutrient availability in
soil were assessed.
Although crop production solely with mineral fertilizers may result in depletion of
micronutrients in arable soil, results showed that depletion rate is slow and difficult to
detect, even over decades. Repeated applications of organic fertilizers caused
micronutrient accumulation in soil, but generally did not result in increased
micronutrient concentrations in cereal crops. Instead, soil properties affecting
micronutrient availability were of greater importance for crop accumulation.
High nitrogen (N) fertilization rates resulted in increased concentrations of most
micronutrients in winter wheat, whereas the micronutrient to N ratio generally
decreased. Accumulation of micronutrients during crop growth differed from N uptake
patterns, possibly due to differing availability in soil. Nitrogen fertilization rate had no
or minor effects on the accumulation dynamics or translocation from shoot to grain of
micronutrients, except for Fe.
Easily accessible data such as total micronutrient concentration in soil in
combination with pH or analysis of grain concentrations can be useful tools for
estimation of micronutrient availability in soils. New methods of soil analysis, such as
diffusive gradient in thin films (DGT) also showed promising results in predicting Cu
uptake in wheat.
The results presented in this thesis can be useful in identification of fields with an
elevated risk of micronutrient deficiency in cereal crops.
Keywords: deficiency, DGT, fertilization, field trial, grain, manure, nitrogen, nutrient
accumulation, sewage sludge, soil extraction, trace elements, wheat
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Dedication
To the farmers of Sweden!

Some things count in small amounts
Paraphrased from Depeche Mode
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1

Introduction

For all living organisms, a number of elements are essential for maintaining
growth and cell functions and for completing the life cycle through
reproduction. For plants, there are in total 14 known essential mineral
elements, which are mainly accumulated from the soil (Mengel & Kirkby,
1987). Essential elements accumulating in small amounts in crops, usually in
the order of grams per hectare, are called micronutrients. For most plants,
including cereals, the essential micronutrients are boron (B), copper (Cu), iron
(Fe), manganese (Mn), molybdenum (Mo), nickel (Ni) and zinc (Zn).
Around the world, plant deficiencies due to low micronutrient
concentrations are a major concern and large areas of arable land suffer from
severe yield losses due to insufficient supply of micronutrients to crops
(Alloway, 2008). In addition to reduced yield for farmers, low uptake of
micronutrients in plants also results in food and feed products that are poor in
minerals. This can be an important cause of malnutrition, especially within
populations with a monotonous diet. On the other hand, some areas suffer from
excessive uptake of elements, causing toxicity or imbalances in crops or in
livestock and humans. Wheat and other cereal crops are major staple foods for
billions of people world-wide, and obtaining high yields of high-quality grain
is of major importance in feeding the world´s growing population and
preventing malnutrition.
In Sweden, severe micronutrient deficiency or toxicity problems in plants
occur occasionally, but are not common. However, hidden deficiencies causing
small to moderate yield losses are likely to exist and need attention. In order to
identify fields where crops are at risk of developing micronutrient deficiency,
there is a need for increased knowledge on the extent to which different
micronutrients in soil are available to plants and how different nutrient
management regimes influence crop accumulation and soil concentrations over
time. It is also important to develop analytical methods for accurate and costefficient prediction of crop micronutrient status.
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Micronutrient demand for obtaining optimal yield of major cereal crops grown
in Sweden is the main focus of this thesis. However, this subject is closely
related to quality issues concerning use of cereal grain as food and feed, which
are also partly addressed. The different parts included in the thesis are
illustrated in Figure 1.
The work has been carried out using long-term and short-term field trials in
southern and central Sweden, combined with evaluation of data from the
Swedish monitoring programme on arable soils. Winter wheat was the major
crop evaluated in the studies, but spring barley and oats were also included. All
field trials were located in the major arable regions of Sweden on relatively
fertile soils. The results and conclusions are thereby restricted to cool
temperate conditions and cereal crops adapted to Swedish conditions, although
some of the results can be applicable to other environments as well.

Paper II, III, IV:
Grain quality

Paper III:
Impact of organic
fertilizers

Translocation
Nutrient management
Harvest

Paper IV:
Impact of high
N fertilization

Paper I:
Depletion
in soil

Crop accumulation

Leaching
Cu2+

B(OH)3
Zn2+

Soil properties
Ni2+

Paper II, V:
Prediction of
crop status
Diffusion

Mn2+

pH

Availability
MoO42-

Fe2+

Organic
matter

Figure 1. Schematic illustration of the different parts included in the thesis (K. Hamnér)
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2

Aim and objectives

The overall aim of this thesis work was to increase the knowledge how
micronutrients in Swedish cereal crops are affected by nutrient management
and soil properties, in order to improve crop status and avoid yield losses.
Achieving a cereal crop with optimal concentrations of micronutrients is
important to maximize yield and to produce food and feed products of high
quality. Specific objectives of the work were:
 To quantify depletion of micronutrients in Swedish arable soils over
time following fertilization solely with macronutrients.
 To assess the influence of different organic fertilizers and soil
properties on micronutrient uptake and grain content in major cereal
crops grown in Sweden.
 To increase understanding of how nitrogen fertilization rate influences
crop accumulation of micronutrients and translocation to grain in
winter wheat grown in Sweden.
 To evaluate different methods of soil analysis and grain status for
assessment of micronutrient deficiency in cereal crops.
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3

Background

3.1 Micronutrients, trace elements and heavy metals
A micronutrient can be defined as an element essential for all higher plants
where the requirement and accumulation are small, usually measured in
milligrams per kilogram of soil or biomass or in grams per hectare. Trace
elements are elements, including micronutrients, that are present in small
amounts in soil, water, air or organisms such as microorganisms, plants,
animals or humans (Alloway, 2013). Within this thesis, the term trace elements
is used when elements not essential to plants, but of importance (essential or
toxic) for humans and animals are included.
Heavy metals are often defined as a group of metals with high density (>5 g
-3
cm ) and with toxic effects if they accumulate in organisms (Alloway, 2013).
However, even though heavy metals are most often associated with their
negative impact on organisms, it is important to note that the majority of the
micronutrients also fall within the category of heavy metals.
3.1.1 Macronutrients and micronutrients

Carbon (C), oxygen (O) and hydrogen (H) are the most abundant elements in
plants and are recovered mainly as carbon dioxide and water. Beside these
elements, plants need a number of mineral nutrients that are accumulated
mainly from the soil. For higher plants, such as cereal crops, 14 elements have
been proven to be essential to fulfil the life cycle of these plants (Mengel &
Kirkby, 1987). The essential mineral nutrients are often divided according to
the amounts recovered by plants, where nitrogen (N), potassium (K), sulphur
(S), phosphorus (P), calcium (Ca), magnesium (Mg) and chlorine (Cl) are
considered macronutrients and iron (Fe), zinc (Zn), manganese (Mn), copper
(Cu), molybdenum (Mo), boron (B) and nickel (Ni) are considered
micronutrients. Chlorine is sometimes included among the micronutrients, but
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this nutrient is often accumulated in plants in amounts equivalent to
macronutrients and is thus not dealt with in this thesis.
The amount of nutrients taken up by plants varies to a large degree. For
example, a winter wheat crop can accumulate 150-200 kg of N and K per
hectare, whereas the corresponding figure for the micronutrients B and Ni is
often only a few grams per hectare. Despite the small amounts present in
plants, micronutrients play essential roles in many cell processes and
components within the plant (Marschner, 2012). All of them except B are
involved in a number of enzymatic reactions, e.g. Fe, Cu and Mn are important
within several redox systems including photosynthesis and Zn plays an
important role in protein synthesis and detoxification of superoxide radicals.
Molybdenum and Ni are components within enzymes regulating nitrogen
metabolism, whereas B is crucial to the structure of cell walls and membranes.
3.1.2 Trace elements of importance for humans and animals

All the micronutrients essential to plants, with the possible exception of B, are
known to be essential also to humans and animals (Hunt, 2012; Mertz &
Underwood, 1986). In addition, plants accumulate a number of trace elements
not of major importance for the plant itself, but for the humans and animals
that consume the harvested product. For elements essential for the consumer,
plant accumulation can thereby be an important source to fulfil the nutritional
need. Or the other hand, it can also imply a risk when plants accumulate
elements considered to be toxic for humans. Two examples of elements within
this category are selenium (Se) and cadmium (Cd), both of which have
received attention in Sweden and elsewhere due to their impact on human
health.
Selenium is a trace element proven to be essential to humans and animals.
There are indications that it is also essential to plants, but this has not been
proven (Sors et al., 2005). Even though daily dietary intake of Se is small in
humans (40-50 µg day-1; NFA, 2014; WHO 1996) it has been shown to be of
great importance for the immune system and Se deficiency can cause disease
susceptibility and problems in maintaining optimal health (e.g. Rayman, 2000).
Cadmium is a heavy metal known to be toxic to humans even at very low
concentrations and accumulation has been related to e.g. kidney disorders and
cancer (Johri et al., 2010; Julin et al., 2012). Even though Cd can also be toxic
to plants, this is not a major concern since plants are much less sensitive to
elevated Cd levels than humans. Despite successful agronomic measurements
in Sweden to reduce the content of Cd in crop production, the issue of Cd
accumulation in soils and crops is still a concern for Swedish agriculture.
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3.2

Micronutrients in arable soils

Soil is of major importance for life since it represents a source of both water
and nutrients for plants and soil-living microorganisms and animals.
Quantitatively, micronutrients are negligible constituents of soils, but the
concentrations and availability of these nutrients are still of great importance
for plant development and for obtaining high yields in crop production.
Soil micronutrients are derived from minerals in the geological parent
material, where the composition of the bedrock, the texture and the degree of
weathering of the mineral soil have a large influence on the amount of
micronutrients stored and released. In addition to these background
concentrations, total micronutrient concentrations in arable soils are influenced
by anthropogenic inputs such as mineral and organic fertilizers, liming
products, agrochemicals and atmospheric deposition. Unwanted heavy metals
such as Cd can also accumulate in soils through these pathways.
3.2.1 Concentrations in Swedish arable soils

Due to the latest glaciation of Scandinavia and northern Europe, Swedish
arable soils can be considered relatively young compared with those in many
other areas of the world. This means that Swedish arable soils are less leached
and depleted in nutrients than e.g. many tropical soils. However, the majority
of Swedish arable soils originate from granite and gneiss, which are known to
be low in several essential micronutrients and slow in weathering (Alloway,
2013). Since the Swedish climate is relatively humid, there can also be
substantial leaching of some nutrients through the soil profile, especially in
coarse-textured soils (Andersson et al., 1988).
Repeated surveys of the concentrations of micronutrients and trace elements
in Swedish arable soils have been conducted in recent decades within the
Swedish monitoring programme on arable soils (Eriksson et al., 2000; 2010).
Average topsoil concentrations of micronutrients in arable soils according to
these surveys are shown in Table 1. When comparing mean values from the
surveys with average soil concentrations in other parts of the world (KabataPendias, 2001), it can be concluded that Swedish micronutrient concentrations
in soil are in the low or average range. However, the variation is large, both in
Sweden and in other countries.
3.2.2 Impact of specialisation in agricultural production on long-term changes
in soil

During the past 50 years, there has been a specialisation within agriculture
into farms with and without animal husbandry. Crop production without
animals is often characterized by large inputs of mineral fertilizers, no addition
17

Table 1. Average topsoil and wheat grain concentrations (mg kg-1), removal with harvested grain
(g ha-1) and field balance for mineral fertilization (20 kg P ha-1) and fertilization with cattle
manure (g ha-1) for the micronutrients B, Cu, Mn, Mo, Ni and Zn (data from Hamnér et al., 2012;
Eriksson et al., 2010)
Element

Average concentration (mg kg-1)

Amount (g ha-1)

Topsoil

Wheat graina

Removal with
graina

Balance for
mineral P

Balance for
cattle manure

B

MDb

0.9

4.5

(+16)

+180

Cu

15

3.9

20

-14

+128

Mn

461

29

148

-72

+541

Mo

1.5

1.0

5.2

-5.0

+10

Ni

13

0.2

0.9

-0.6

+7.7

Zn

59

26

136

-58

+488

a) Corresponds to a grain yield of 6 000 kg DM ha
b) Missing data

-1

of organic material and low inputs of micronutrients. This may lead to slow
depletion of essential micronutrients in arable soils on farms without manure
application.
The risk of micronutrient deficiency and reduced crop yield, as well as
decreased quality of food crops for human consumption, could thereby
increase. Several studies have indeed reported declining trace element
concentrations in crops over recent decades (Ekholm et al., 2007; Kirchmann
et al., 2009). Depletion of trace elements in soil, together with high usage of
NPK fertilizers to increase yields, has been suggested as one possible
explanation for this decline (Thomas, 2003).
On the other hand, farms with livestock often have intensive production
with large numbers of animals. On these farms, minerals added to feeds and
application of large amounts of manure cause accumulation of micronutrients
in soil. On arable farms without animals, application of sewage sludge to fields
can be an alternative to manure addition, providing both organic matter and
nutrients. The supply of micronutrients with sewage sludge can indeed be
positive for both yield and crop quality, but also raises concerns about
unwanted heavy metals such as Cd, which may accumulate in soils and crops
in the long term (McBride, 1995).
3.2.3 In- and output flows for a Swedish wheat field

On a field scale, major flows of micronutrients to and from fields are governed
by inputs through fertilizers and atmospheric deposition and outputs through
removal with the harvest product and leaching through the soil profile (Figure
2).
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Atmospheric
deposition

Fertilizer

Concentration
change in
topsoil

Leaching

Harvest
Figure 2. Schematic illustration of
sources of inflows and outflows of
micronutrients to a field (K Hamnér).

While the amounts of micronutrients added with deposition or lost by leaching
can be substantial and can vary between sites, most of the variation in the total
balance is determined by differences in fertilization practices and yield levels
(crop removal). Flows and balances for different fertilizers (mineral fertilizer
and different organic fertilizers) at different yield levels were calculated by
Hamnér et al. (2012), using data from the Swedish environmental monitoring
programme on arable soils and other data from national surveys (Eriksson et
al., 2010; Steineck et al.,1999). The results showed that at a normal yield level
for winter wheat in Sweden (6000 kg ha-1), crop micronutrient removal varied
between 1 and 150 g ha-1 and field balances exhibited different trends
depending on type of fertilizer used (Table 1). Crop production with
application of only mineral fertilizers resulted in a negative balance for almost
all micronutrients studied, whereas fields with application of organic fertilizers
such as manure or sewage sludge ended up with a positive balance (Hamnér et
al., 2012). Similar trends have been shown in other studies although the
variation can be large depending on the crops included the calculations
(Bengtsson et al., 2003).

3.3 Crop accumulation of micronutrients
Plants accumulate nutrients mainly from soil by the roots but also through the
leaves. Accumulation of micronutrients through foliar uptake can be
substantial for some elements and atmospheric deposition can thereby be
important for crop concentrations, as shown for Cu and Ni (Dalenberg & van
Driel, 1990; Yläranta, 1996). For Se, large annual variations in crop
concentrations could possibly be due to fluctuations in Se deposition
(Kirchmann et al., 2009). When measuring and comparing crop micronutrient
concentrations, the impact of atmospheric deposition should therefore not be
neglected. Nevertheless, supply and crop uptake of micronutrients from the soil
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are essential to fulfil plant requirements and this pathway is the main focus in
this thesis.
3.3.1 Mass flow, diffusion and active uptake

Mass flow of nutrients, whereby nutrients in the soil solution are taken up by
roots through water flow, is driven by root pressure and plant transpiration
(White, 2012). For anions such as nitrate and sulphate and the cations Ca and
Mg, the concentration in the soil solution is often high enough to fulfil crop
requirements. However, for the micronutrients (as well as for P and K), the
crop nutrient requirements can most often not be fulfilled by uptake through
mass flow only. Instead, crops are dependent on the diffusion of ions moving
through soil across a concentration gradient. The supply to the crop is thereby
determined by both the rate of mobilization of nutrients at the surface of soil
particles and the diffusion rate of the ion through the soil matrix (Kirkby &
Römheld, 2004). The diffusion rate is dependent on the specific ion, but also
on the water content of the soil. Since diffusion rates in general are often slow
for these elements, the importance of large root volume has been pointed out
(Luster et al., 2009). The presence of roots is also important for active nutrient
uptake, where roots exude chelates and phytosiderophores to increase nutrient
uptake. Presence of arbuscular mycorrhiza can also be of importance for plant
nutrient uptake, where the external fungal hyphae can absorb non-mobile
nutrients and translocate them to the plant (Smith & Read, 2008).
3.3.2 Importance of plant availability in soil for crop uptake

The total concentrations of micronutrients in arable soils are often high in
comparison with crop uptake. However, for plants to utilize these nutrients,
they need to be in accessible form and thus only a small fraction of the total
soil content can be utilized by the plant during the growing season. To
optimize crop yields in both the short and long run, it is therefore important to
achieve sufficient availability of micronutrients in soil during the cropping
season, but also to ensure that the supply of nutrients can continue for a long
time, in order to maintain soil fertility.
There are several soil properties that influence the plant availability of
micronutrients in soils: (1) Soil pH is one of the most important properties.
Since most micronutrients appear as cations in the soil solution, while soil
particles have a net negative charge, their solubility and availability for plant
uptake increases with decreasing pH. The exception is Mo, where the anionic
properties result in increasing solubility at increased pH. Under normal
conditions for arable soils, (2) redox potential is important mainly for Mn and
partly also for Fe. Plants take up these nutrients in divalent forms which are
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created under reducing conditions. When the soil enters an oxidizing state,
these elements are transformed into higher oxidized stages not accessible to
plants; (3) Organic matter (OM) content can release nutrients during
mineralization, but the high adsorption capacity of organic compounds can also
bind micronutrients, making them less plant available; (4) The interactions
with other nutrients can be important, since they can affect binding capacity
and crop uptake of the ions due to competition between elements with similar
properties; (5) mycorrhiza symbiosis can improve nutrient availability to
plants.
Regular application of organic fertilizers such as manure or sewage sludge
often results in accumulation of micronutrients in soil (see chapter 3.2.4) and
annual inputs of micronutrients through these amendments can be substantial
compared with crop requirements. However, since the inputs are often small in
relation to total concentration of micronutrients in soil, the effect of the
amendment on plant availability is crucial for the influence on crop uptake. In
the literature, the reported effects of organic fertilizers on concentrations of
micronutrients and other trace elements are inconsistent. Some studies report
increased uptake of some trace elements (Codling, 2014; Marcato et al., 2009;
Pascual et al., 2004) whereas others have found no significant differences or
even a decline in metal concentrations upon application of organic fertilizers
compared with mineral fertilizer or unfertilized controls (Andersson, 1976;
Hanc et al., 2008; Singh et al., 2010).
3.3.3 Relationship to nitrogen

Nitrogen is one of the most abundant elements in crops and often the most
limiting nutrient in crop production. High N fertilization rates, in conjunction
with advances in plant breeding and pest control, have enabled a major
increase in biomass production and grain yields during recent decades.
An understanding of how nutrients accumulate during crop growth is
essential for good nutrient management and fertilization timing. Concerning N,
this issue has been widely studied, both in theory and in field trials of wheat
within Sweden (e.g. Ågren, 1985; Engström & Bergkvist, 2009). However, the
accumulation dynamics can differ between nutrients, as shown for maize
(Bender et al., 2013; Ciampitti et al., 2013; Ciampitti & Vyn, 2013; Xue et al.,
2014). For cereal crops, studies usually refer to macronutrients only or have
used old varieties that may differ considerably from modern varieties
(Hocking, 1994; Lasztity et al., 1984; Malhi et al., 2006).
Nutrient stoichiometry in plants is an established concept in plant
physiology that is frequently used to describe relationships between elements
in plants and how these are influenced by crop type and environmental factors
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(Sterner & Elser, 2002). Since crop N is of major importance for several
essential processes in plants and most often determines plant growth, it is of
interest to study how other nutrients interact with N. However, most
stoichiometry studies in crops to date have focused on C:N or C:N:P ratios
only (Ågren, 2008; Sadras, 2006). Nutrient stoichiometry studies including
more than the above-mentioned elements are few, but available for willow
(Ågren & Weih, 2012) and maize (Ciampitti et al., 2013; Ciampitti & Vyn,
2013; Riedell, 2010).
There are sometimes indications and concerns about high N fertilization
rates causing lower micronutrient concentrations due to dilution in crops at
high yields (Jarrell & Beverly, 1981; Thomas, 2003). However, the opposite
effect has also been shown in several studies for Zn and Fe (Cakmak et al.,
2010) and nitrogen fertilization has thereby been proposed as a way to
biofortify cereal grain.

3.4 Micronutrient concentrations in cereal crops grown in
Sweden
Within the Swedish monitoring programme on arable soils, numerous samples
of winter wheat, spring barley and oat grain have been analysed for
micronutrients and other trace elements. Average grain concentrations from
this survey are presented in Table 1. The results reveal that, like in the
neighbouring countries Finland, Denmark and Norway, average grain
concentrations of Cu, Mn, B and Ni are relatively low in Sweden compared
with in other parts of Europe (Hamnér et al., 2012; Kabata-Pendias, 2001). The
concentrations of Mo and Zn are in general moderate or high compared with
those in many other countries, although there are large variations within
regions and countries.
While severe yield losses due to lack of micronutrients are considered rare
in Sweden, a number of field trials and observations report low concentrations
and deficiencies caused by micronutrients. Concerning Cu, low concentrations
in cereal crops grown on organic and coarse-textured soils was reported
already in the 1940´s (Stenberg et al., 1949) and this issue have received
attention since then. Critical threshold concentrations for grain have not been
determined, but the literature suggests that Cu concentrations below 2-3 mg
kg-1 could cause yield limitation (Fageria et al., 2002; Kabata-Pendias, 2001;
Kirchmann & Eskilsson, 2010; Sinclair & Edwards, 2008). Using these figures
to evaluate the Cu status of Swedish cereal crops, up to 25% of the arable land
in Sweden has too low Cu concentrations for obtaining optimal crop yield.
Older Swedish field trials have indeed reported yield increases upon Cu
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fertilization on several sites (Carlgren, 2003; Lundblad & Johansson, 1956).
Furthermore, in nearby countries such as Denmark, Finland and Germany, 2025% of the arable land is considered to cause Cu deficiency in susceptible
crops such as cereals (Sinclair & Edwards, 2008).
Yield losses due to low Mn concentrations in cereal crops are known to
occur in different parts of Sweden, mainly on alkaline and coarse textured soils
(Swedish Board of Agriculture, 2015). Visible deficiency symptoms are not
uncommon and foliar fertilization with Mn is regularly applied to cereals and
other sensitive crops. Grain samples from the monitoring programme also
indicate Mn concentrations within the critical range of deficiency, 10-15 mg
Mn kg-1 DM, according to Alloway (2008) and Bergmann (1992).
Zinc concentrations in Swedish cereals are often above the critical range
and deficiency problems are not a major concern. However, studies from recent
field trials have observed low Zn concentrations at some sites (unpublished
data).

3.5 Methods of analysis for assessment of micronutrient
deficiency
The ability to predict and assess the micronutrient status in crops is essential in
order to avoid and counteract deficiencies and thereby yield losses. Analysing
plant tissue during the growing season gives a good indication of the current
status and concentrations can be related to critical thresholds for deficiency
(Bussink & Temminghoff, 2004). However, these analyses are time-consuming
and expensive and only give a picture of the momentary status of the crop. In
addition, if low tissue concentrations are detected, yield losses may already be
inevitable. It would therefore be useful to be able to predict the availability of
micronutrients in soil. A number of different methods for soil analysis have
thus been developed for this purpose.
3.5.1 Soil analysis based on extraction methods

There are a number of different soil extraction methods for determination of
micronutrient concentration and availability. Extraction with strong acids such
as HNO3, HCl or a combination of these (aqua regia) extracts a major part of
the soil micronutrient content, often referred to as the pseudo-total. Although
the pseudo-total content of micronutrients can give some information about the
potential supply from soil, it does not determine the proportion available to
plants. In Sweden, pseudo-total analysis (extraction with 2M HCl) is
nevertheless performed to estimate Cu supply and a soil concentration below 7
mg Cu kg-1 is considered to imply a risk of deficiency in susceptible crops,
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such as cereals (Swedish Board of Agriculture, 2015). Results from the
Swedish monitoring programme show that while there seems to be an
increased risk of deficiency at low Cu soil concentrations, there is large
variation in crop concentrations at these low soil levels (unpublished data).
To get a better estimate of the plant-available content of micronutrients in
soil, extractants using weaker acids with chelating agents (EDTA; DTPA),
dilute salt solutions (CaCl2, KCl) or water (hot or cold) have been developed
and are used in different parts of the world. Sometimes two different
extractions are combined, one measuring the directly available micronutrient
concentrations in soil solution (intensity) and one the quantity that can readily
be mobilized and enter the soil solution to replace the ions removed by crop
uptake (capacity) (Bussink & Temminghoff, 2004). However, a general
problem with all soil extraction methods is their inability to represent plant
conditions, as they involve destruction of soil structure through shaking of the
sample, use a high solution to soil ratio and do not take into account the extent
of plant roots within the soil.
3.5.2 Soil analysis using diffusive gradient in thin films (DGT)

The diffusive gradient in thin film (DGT) technique is based on the diffusion of
ions through the soil matrix. The DGT device contains a diffusive gel that
allows free movement of ions, while a resin gel accumulating the ions acts as
an infinite sink and thereby mimics nutrient root uptake (Figure 3). The contact
between the device and soil locally lowers element concentrations in the soil
solution and ions of the element are then resupplied from the labile pool in the
solid phase (Zhang et al, 2001). Thus, this technique measures both element
concentrations in the soil solution and the mobilization capacity of ions from
the solid phase (Degryse et al., 2009). Another advantage compared with
extraction methods is that DGT more closely resembles plant conditions, since
the soil structure is kept more or less intact. Therefore, the DGT technique has
been proposed as a way to predict the plant availability in arable soils of
micronutrients, as well as phosphorus and heavy metals such as Cd (e.g. Mason
et al., 2010; Nolan et al., 2005; Tandy et al., 2011).

Figure 3. Schematic cross-sectional diagram of
the device used in the diffusive gradient in thin
film (DGT) technique deployed in a pot of soil
(Zhang, 2001).
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4

Material and Methods

The studies presented in this thesis were based on long-term and short-term
field trials and on data from the Swedish monitoring programme on arable
soils. Winter wheat (Triticum aestivum L) was the major crop evaluated in the
studies, but spring barley (Hordeum vulgare L) and oats (Avena sativa L) were
also included. The following paragraphs provide an overview of the methods
used within each study. For full details, see the paper(s) referred to in each
headline.

4.1 Evaluation of monitoring data (Paper II)
The monitoring programme was started in 1988 to evaluate the status of
Swedish arable soils at ten-year intervals and to detect possible changes over
time by analysing soils and crops. Sampling points were fixed and selected
using a stratified method to represent all arable land throughout Sweden. The
data used within this project included approximately 1 900 soil and grain
samples (approximately 900, 600 and 400 samples of winter wheat, spring
barley and oats, respectively) from two sampling periods (1988-1995 and
2001-2007). Samples were analysed within the programme for all major trace
elements as well as a number of soil parameters, such as pH, organic matter
and clay content. Compilations of the data-sets have been published in national
reports (Eriksson et al., 2010; 2000).

4.2 Field trials, description and sampling
Several long-term and short-term field trials in southern and central Sweden
were selected to evaluate the different objectives set for this thesis work
(Figure 4). All trials selected were situated on mineral soils with a clay content
of 11-56%, low to moderate organic matter (OM) content (2.1-10.5%) and
slightly acid to neutral pH (Table 2). All trials had a randomized block design.
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Table 2. Soil properties (soil type, clay content in topsoil (%), organic matter content, OM (%)
and pH at start (H2O) for the field experiment sites
Site

Soil type

Clay (%)

OM (%)

pH (H2O)

Long-term field trials (Papers I, II, III)
Bjertorp

Silty clay

30

4.4

6.4

Ekebo

Sandy loam

14

6.2

6.8

Fjärdingslöv

Sandy loam

17

2.8

7.5

Fors

Silt loam

18

4.4

7.7

Högåsa

Silty sand

10

4.8

5.9

Kungsängen

Gyttja clay

56

4.2

7.1

Lanna

Silty clay

42

4.0

6.7

Mellby

Loamy sand

6

5.2

6.0

Orup

Sandy loam

13

4.8

6.2

Petersborg

Sandy loam

14

2.4

6.8

S:a Ugglarp

Silty loam

8

3.0

6.6

Vreta Kloster

Silty clay

50

4.2

6.7

Örja

Sandy clay loam

15

2.2

7.2

N fertilization trials (Papers IV, V)
Falkenberg

-

14

3.2

7.3

Glyttinge

-

31

2.8

6.8

Grillby

-

38

5.8

6.4

Grästorp

-

33

4.3

6.5

Höjagården

-

29

3.5

7.1

Karlsfält

-

23

10.5

6.1

Klagstorp

-

19

1.5

7.5

Kårby

-

22

4.8

6.8

Nybble

-

32

3.1

6.6

Skofteby

-

11

2.7

6.3

Skultuna

-

20

2.1

6.7

Strömsholm

-

49

5.0

6.0

Teckomatorp

-

16

3.0

7.6

Tjustorp

-

15

3.6

6.3

4.2.1 Swedish long-term soil fertility experiments (Papers I-III)

The Swedish long-term soil fertility experiments were started between 1956
and 1966. For the studies described in this thesis, 10 different sites in southern
and central Sweden were used (Figure 4). A detailed description of the
experimental design is given by Carlgren & Mattsson (2001). The sites differ
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(a)

(b)
Fors

Strömsholm

Kungsängen

Skultuna
Grillby

Nybble
Högåsa

Lanna

Vreta kloster

Bjertorp

Orup
S Ugglarp

Petersborg

Kårby

Grästorp
Skofteby

Glyttinge

Falkenberg

Mellby
Ekebo
Örja

Karlsfält

Fjärdingslöv

Höjagården
Teckomatorp
Klagstorp

Tjustorp

Figure 4. Experimental sites in southern and central Sweden used in (a) Papers I, II and III
(blue=soil fertility experiments, red=other sites) and (b) Papers IV (green) and V (green and
purple) (K. Hamnér).

in terms of climate and soil properties (Table 2). For grain analysis, archived
samples were used.
For Paper I, the trial at Örja in the very south of Sweden, on a sandy loam
soil, was used. Two treatments were included in this study: (A) No fertilization
and (B) NPK fertilization (150 kg N, 30 kg P, and 60 kg K ha-1). Soil sampling
was carried out in May 2010 in the two replicate plots of each treatment, with
five mixed subsamples taken from each experimental plot. Topsoil (0-20 cm)
and subsoil (20-25, 25-30, 30-35 and 35-40 cm) samples were taken with an
auger.
For Paper II, 10 sites were included: Bjertorp, Ekebo, Fjärdingslöv, Fors,
Högåsa, Kungsängen, Orup, S. Ugglarp, Vreta kloster and Örja. Treatments
included were the same as in Paper I (see above). Since only one pooled grain
sample from each year was available, stored samples of winter wheat grain
collected on 5-6 occasions between 1970 and 1995 were used as replicates.
Topsoil samples (0-20 cm), taken in the same or in an adjacent year to the
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grain samples, were used for soil analysis (five mixed subsamples from each
experimental plot).
In Paper III, nine of the sites listed for Paper II were included (Fors site
excluded) and the following treatments were included: (A) No fertilization; (B)
mineral fertilization with 150 kg N as calcium nitrate, 30 kg P as single
superphosphate and 60 kg K as KCl ha-1 year-1; (C) cattle manure at 25 Mg
fresh weight ha-1 every four years; and (D) mineral fertilizer plus cattle manure
(B+C). Since only one pooled grain sample from each year was available, grain
samples of winter wheat from three different years between 1995 and 2003
were used. Topsoil samples (0-20 cm), taken in the same or an adjacent year to
the grain samples were used for soil property analysis (five mixed subsamples
from each experimental plot).
4.2.2 Lanna site (Papers II, III)

The on-going trial at Lanna research station in south-west Sweden was started
in 1996 to study the effect of different organic amendments and N fertilizers on
soil organic matter content, soil biological properties and crop yield. The soil at
the site is a silty clay (42% clay) and the experiment has four replicate plots per
treatment, with each plot measuring 8 m x 14 m. The treatments included in
Paper II and III were: (A) No fertilization, (B) Ca(NO3)2 at 80 kg N ha-1 year-1
plus single superphosphate at a rate of 40 kg P and 30 kg K as KCl every two
years; (C) (NH4)2SO4 at 80 kg N ha-1 year-1 and PK as in B; solid cattle manure
at 8 Mg DM ha-1 every two years; (E) sewage sludge at 8 Mg DM ha-1 every
two years and (F) as E + addition of metal salts at a rate of 0.1 kg Cd ha-1, 3.0
kg Cu ha-1, 6.3 kg Ni ha-1 and 0.2 kg Zn ha-1 together with sewage sludge
application. The crop rotation consisted of oats, spring barley and winter
wheat. Grain samples of winter wheat and topsoil samples (0-20 cm) were
collected from each replicate plot in 2010.
4.2.3 Petersborg site (Papers II, III)

At Petersborg, in the very south of Sweden, a field trial was started in 1981
with the aim of testing the impact of sewage sludge addition on soil and crop
properties. The soil is a sandy loam (14% clay). The following treatments were
used within the studies: (A) No fertilization; (B) sewage sludge at 4 Mg DM
ha-1 every four years; (C) sewage sludge at 12 Mg DM ha-1 every four years;
(D) mineral fertilizer at 140 kg N as Ca(NO3)2, 18 kg P and 63 kg K as PK
fertilizer; and (E) sewage sludge (as C) plus mineral fertilizer (as D). The
experiment has four replicate plots in each treatment and a plot size of 6 m x
20 m. Grain samples of winter wheat and topsoil samples (0-20 cm) from each
replicate plot were collected in 2010.
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4.2.4 Mellby site (Paper III)

The Mellby experimental site is situated in south-west Sweden on a sandy
loam. The experiment started in 1989 with the aim of investigating the effects
of catch crops and manure addition on nitrogen leaching (see Torstensson &
Aronsson, 2000 for details). Plot size is 30 m x 30 m and there are three
replicates per treatment (unfertilized control has one replicate). Treatments
used in Paper III were: (A) No fertilization; (B) mineral nitrogen at 90 kg N
ha-1 year-1 as NH4NO3 and (C) pig slurry at 113 kg tot-N ha-1 year-1 + mineral
nitrogen at 45 kg ha-1 year-1. Grain samples of spring barley were collected in
2010 and 2013 and analysed. Samples for soil properties (topsoil 0-20 cm)
taken in 2005 were used in the study.
4.2.5 Nitrogen fertilization trials (Papers IV-V)

In Papers IV and V, field trials at seven different sites in southern and central
Sweden were sampled across one growth cycle of a winter wheat crop, while
for Paper V an additional seven sites were included. All field sites consisted of
mineral soils with a clay content of 14-49% and an organic matter content of
1.5-10.5%. The trials had four replicates in each treatment and each plot
measured 3 m x 12 m. Treatments used in the study were: (1) No N
fertilization (N0); (2) 80 kg N ha-1 (N80); (3) 160 kg N ha-1 (N160); and (4)
240 kg N ha-1 (N240). The N fertilizer consisted of NH4NO3 with a sulphur (S)
supplement corresponding to addition of 11, 22 and 33 kg S ha-1 in the N80,
N160 and N240 treatments, respectively.
Crop sampling was performed on four occasions during the cropping season
of 2014 at four different developmental stages according to the Zadok´s scale
(Zadok et al., 1974): 1) At tillering, in the beginning of crop growth in spring
(ZS23); 2) at stem elongation (ZS37); 3) at flowering (ZS65); and 4) at grain
maturity (ZS93). To avoid contamination with soil, all plants were cut
approximately 2 cm above the ground and the lowest, wilted leaf level was
removed from the samples. For the seven additional sites included in Paper V,
sampling was carried out only at ZS37 and in one N treatment (N160).
Topsoil samples (0-20 cm) were taken from each replicate plot on the same
occasion as plant sampling at stem elongation (ZS37). Approximately 15
subsamples were merged into one sample from each plot and used for analysis
of Cu soil concentrations (paper V). For soil property analysis, soil samples
from the different treatments were merged into one pooled sample per site
(paper IV and V).
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4.3 Plant and grain sample preparation and analysis
(Papers II-V)
Papers II and III: Grain samples were digested in concentrated nitric acid
(HNO3) and trace element concentrations were determined by inductively
coupled plasma mass spectrometry (ICP-MS; Elan 6100 ACP-MS; Perkin
Elmer SCIEX instruments). Whole grains were used to avoid contamination at
milling. The elements analysed were Ni, Cd, Cu, Mn, Mo, Se and Zn. Dry
matter content was determined on every fifth sample by drying at 105 ºC for
24 h.
Papers IV and V: Plant samples were dried (45º C for approximately 48
hours) and milled (Retsch Grindomix GM200) prior to analysis. A titanium
blade was used to avoid contamination from the grinder (Dahlin et al., 2012).
Shoot and grain samples were digested in concentrated nitric acid (HNO3) and
analysed using an ICP-OES (PerkinElmer Optima 7300DV) for K, P, S, Ca,
Mg, Fe, Zn, Mn, Cu and B. To avoid contamination, whole grains were used
for the analysis. An LECO analyser (TruMac CN) was used for N analysis. Dry
matter content was determined on every fifth sample by drying at 105 ºC for
24 h.

4.4 Soil sample preparation and analysis (Papers I-V)
The samples were dried (oven-dried at 40 ºC) and sieved (< 2 mm). All soil
samples were analysed for clay content, organic matter (OM) content and pH
(H2O; 1:5 soil to water ratio).
Paper I: Soil samples from Örja were digested in 7M nitric acid (HNO3) and
analysed for trace elements (ICP-MS).
Paper II: Soil samples from the experimental sites and within the
monitoring programme were digested in 7M nitric acid (HNO3) and analysed
for Ni (ICP-MS).
Paper III: Soil samples from Lanna and Petersborg were digested in 7M
HNO3 and analysed for trace elements (ICP-MS).
Papers IV and V: Soil samples were analysed for plant-available
concentrations of P, K and Mg, using extraction with ammonium lactateacetate (AL) (Egnér et al., 1960). For Paper V, extraction with 7M HNO3 and
0.01 M CaCl2 were made and analysed for Cu concentration. Also additional
soil analyses were performed (see section 4.5).
4.4.1 Extraction with HNO3 and CaCl2

For pseudo-total analysis of trace elements in soil, 10 mL of 7M HNO3 were
added to 2 g soil and left for 24 hours. Samples were then briefly shaken and
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boiled in three steps: 60 ºC for two hours, 100 ºC for one hour and 130 ºC for
two hours. After cooling, the samples were diluted with 50 mL Milli-Q water
and filtered. Analysis for Cu content was then performed by ICP-OES.
For extraction with CaCl2 (paper V), 100 mL of 0.01M CaCl2 were added to
10 g soil and samples were shaken for two hours. Samples were then
centrifuged, filtered and analysed for Cu content on an ICP-MS (ALS
Scandinavia, Luleå, Sweden).

4.5 Diffusive gradients in thin film (DGT) technique (paper V)
4.5.1 Deployment of DGT devices

For measurements with the DGT technique, a device for soils with a diffusive
layer thickness of 0.91 mm (0.8 mm diffusive gel plus filter) was used (DGT
Research Ltd, Lancaster, UK). A mixed binding layer (MBL) was used since
phosphorus analysis was performed using the same devices (Mason et al.,
2005). For this, 100 g dry and sieved soil from each replicate plot was placed
in a plastic container and Milli-Q water was carefully added until the soil
reached the saturation point. The samples were left to equilibrate for 24 hours
before deployment of the DGT device. Prior to deployment, the DGT device
was smeared with moist soil to ensure good contact with the soil and it was
then pushed into the soil surface. Two blank samples without soil were left
together with the soil samples during deployment. After a deployment time of
24 hours, the device was taken out, rinsed with Milli-Q water to remove
adhering soil and gently cleaned with clean tissues if necessary. The binding
gel was removed from the device and eluted in 1 ml of 1M HNO3. After 24 h
of elution, the binding gel was removed and the eluate was sent for analysis by
ICP-MS (ALS Scandinavia, Luleå, Sweden)
4.5.2 Calculation of CDGT

The Cu concentration in the eluate is dependent on the volume of the eluate,
the proportion of the total amount of the binding gel that is eluted by the acid,
the surface area of the device, the deployment time and the thickness of the
diffusive gel layer. The average Cu concentration for the two blanks was
deducted from the soil sample concentrations before further calculations.
The mass of Cu accumulated in the resin gel (M) was calculated from the
volume of the eluate and the gel as follows:
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𝑀 = 𝐶(𝑉𝑎𝑎𝑎𝑎 + 𝑉𝑔𝑔𝑔 )/𝑓𝑒

where C is the concentration of Cu measured in the eluate (µg L-1), Vacid is the
volume of acid used for the eluate (L), Vgel is the volume of the resin gel (L)
and fe is the elution factor (0.8).
Measurements made using this technique are often reported as DGTmeasured concentration (CDGT) which is the time-averaged concentration (µg
L-1) of the element at the interface between the DGT device and the soil
solution. CDGT is calculated as follows:
𝐶𝐷𝐷𝐷 = 𝑀 ∗ ∆𝑔/(𝐷 ∗ 𝐴 ∗ 𝑡)

where M is the mass of the element accumulated in the binding gel, Δg the
thickness of the diffusion layer + filter (cm), D is the diffusion coefficient of
the ion (cm2 s-1), A is the area of the exposure window of the device (cm2) and
t is the deployment time (s) (Zhang et al., 2004).

4.6 Other calculations
4.6.1 Bio-concentration factor (Paper III)

Bio-concentration factors (BCF) for Cd, Cu and Zn were calculated using data
from the Lanna and Petersborg trials to evaluate the relative phytoavailability
of trace elements in sewage sludge. The BCF value was obtained for each
element by dividing crop metal concentration (mg kg-1) by total soil metal
concentration (mg kg-1) (Heemsbergen et al., 2010).
4.6.2 Relative nutrient accumulation rate (Paper IV)

The relative accumulation rate is based on the concept of relative growth rate
(RG). The RG is the (exponential) increase in size relative to the size of the
plant present at the start of a given time interval (e.g. growth period).
Expressed in this way, growth rates can be compared among species and
individuals that differ widely in size, and this concept is considered to be the
most widely used way of estimating plant growth (cf. Hunt, 1982). The relative
nutrient accumulation rate (RNu) was calculated for nutrient pools the same
way as RG calculates accumulation rate of biomass, using the formula:
𝑅𝑁𝑁 = (𝑙𝑙 𝑁𝑢2 − 𝑙𝑙 𝑁𝑢1 )/(𝑡2 − 𝑡1 )

where Nu is the amount of nutrient accumulated at t (g) and t is the time (days)
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Calculations of RG and RNu were performed for three different periods for
biomass and all included nutrients: ZS 23-ZS37 (Period I), ZS37-ZS65 (Period
II) and ZS 65-93 (Period III).
4.6.3 Harvest index and nutrient harvest index (Paper IV)

The harvest index (HI) and nutrient harvest index (NuHI) are defined as the
percentage of total plant content of biomass and nutrient, respectively, that is
translocated to the grain at full maturity of the plant.
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5

Results and Discussion

5.1 Depletion of micronutrients in arable soils over time
(Paper I)
On arable farms without regular application of organic fertilizers, the inputs of
micronutrients are often low and field balances negative (Hamnér et al., 2012).
However, results from the experimental site at Örja showed no significant
differences in micronutrient soil concentrations between unfertilized treatments
and treatments with high N fertilization rates at any depth of the profile (0-40
cm). It could be expected that after 50 years of cropping, there would be some
depletion of soil micronutrients at high N fertilization rates owing to greater
crop removal than in unfertilized or manured treatments. Since the soil at Örja
has a relatively low micronutrient concentration compared with many other
Swedish soils (Eriksson et al., 2010), these changes could be assumed to be
more pronounced there than at some other sites.
To examine the rate of depletion, crop removal of Mn and Zn was used as
an example. These nutrients are accumulated in crops at higher rates than other
micronutrients and represent, respectively, relatively high (260-410 mg Mn
kg-1 soil) and low (42-49 mg Zn kg-1 soil) concentrations in soil. The total
difference in yield between the high N treatment (150 kg N ha-1 year-1) and
unfertilized treatment amounted to roughly 480 Mg biomass per hectare over a
52-year period, corresponding to a difference in removal of a few kg Mn and
Zn in total (Table 3). Calculated crop removal for the two nutrients over the
years was 0.14-0.35% and 1.1-2.7% of the total amount in soil for Mn and Zn,
respectively. This is theoretically equivalent to a change in soil concentration
of 0.48 and 1.26 mg Mn kg-1 and 0.53 and 1.36 mg Zn kg-1 soil for the
unfertilized and high N treatment, respectively. Comparisons of these
concentrations with those in soil showed that variations within each treatment
were higher than the decline caused by crop removal (Table 3).
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Table 3. Crop removal of Mn and Zn from the Örja soil over 52 years compared with
concentrations in soil the No N and 150 kg N ha-1 treatments

Treatment
Element (kg N ha-1)

Crop removal
Total
Ʃ52 yrs
amount in
-1
soil (kg ha ) (kg ha-1) (% of tot)

Depletion
Ʃ52 yrs
(mg kg-1)

Concentration in soil
(mg kg-1)
Mean

Min

Max

Mn

0

2387

3.3

0.14

0.48

351

284

407

150

2475

8.5

0.35

1.26

364

294

472

0

326

3.6

1.1

0.53

47.9

40.3

54.1

150

342

9.2

2.7

1.36

50.3

45.2

54.4

Zn

Calculations based on concentration to 40 cm depth, bulk density (Kirchmann & Eriksson, 1993), yield
differences and mean concentrations in crops (Eriksson et al., 2010, 2000; Andersson, 1992)

It is sometimes claimed that the use of mineral fertilizers and intensive crop
production cause depletion of trace elements in soil (e.g. Granstedt et al.,
2009). However, the example from Örja showed that depletion of soil
micronutrients is often very slow and difficult to detect due to the fact that too
small amounts are removed through crop harvesting in relation to natural
variations in these elements in soil. Earlier calculations also showed that the
total amount of micronutrients in soil is equivalent to the amounts removed by
thousands of harvested crops (Graham, 1978; Sippola, 1978). While this is just
an example from one single site, there is reason to believe that the situation is
similar in many other arable soils in Sweden with a relatively high total content
of micronutrients.
Thus, over a reasonable time of crop production, mining and depletion of
micronutrients should not be a major concern, except in cases of extremely low
total soil micronutrient concentrations (White & Zasoski, 1999). However, it
should be noted that the ability of soils to supply micronutrients to crops in
plant-available form is more important and requires special attention.

5.2 Crop micronutrient and Cd accumulation as influenced by
nutrient management
5.2.1 Long-term impact of organic fertilizers on concentrations in cereal crops
(Papers II, III)

Addition of organic fertilizers such as manure or sewage sludge to arable soils
implies accumulation of micronutrients in soil. Even though this accumulation
is often slow in comparison with total soil content, it could have an impact on
crop uptake if the nutrients are in phytoavailable form. However, results from
several Swedish long-term field trials showed that even after 15-30 years of
regular application of different organic fertilizers, there was no general
increase in grain micronutrient concentration compared with treatments with
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mineral fertilizers or in unfertilized controls. For Mn and Se, there was no
impact of treatment at any of the sites studied while some differences for Cu,
Mo and Ni could be assigned to changes in soil properties such as soil pH
rather than effects of the organic fertilizers as such (see section 5.3).
Earlier studies on crop responses to addition of organic fertilizers have
produced inconsistent results, which can be due to: (1) Variable metal
concentrations in the organic amendment, (2) different application rates, (3)
single or repeated application, (4) different impacts on soil properties and (5)
high native soil metal concentrations overshadowing the impact of metals
added with organic fertilizers. Previous studies showing increased crop uptake
of micronutrients have often used amendments with very high trace element
concentrations or applied them in extremely large quantities (Evanylo et al.,
2006; Granato et al., 2004; Hooda et al., 1997). However, studies performed
with application rates more relevant to practical agriculture also show some
inconsistent results. Results from Papers II and III showed that under Swedish
conditions, there is no major impact concerning the above-mentioned elements.
Zinc was the only one of the nutrients studied for which application of
organic fertilizers resulted in a positive response in grain concentrations at
several sites. Treatments with manure or sewage sludge resulted in higher Zn
grain concentrations compared with treatments with mineral fertilizers at both
Lanna, Petersborg and Mellby. However, at four sites of the soil fertility
experiments application of manure alone or in combination with mineral
fertilizers resulted in lower Zn concentrations than in treatments with mineral
fertilizers only. Inconsistent results can also be found in the literature, where
soluble Zn concentrations in soil and Zn uptake in crops are reported to
increase after manure or sludge application (Codling, 2014; Gartler et al.,
2013) or remain unaffected (e.g. Li et al., 2007). The reasons for these
contradictory results could be differing plant availability of Zn in the
amendments or soil Zn availability being altered by the organic amendments.
Also differences in yields could be a contributing factor to the results.
Calculations of BCF indicated that the phytoavailability of Zn in sewage
sludge was not lower than that of native soil Zn. The results indicate that Zn
added with organic materials is plant available to some extent and more mobile
than other trace elements.
Cadmium grain content after long-term sewage sludge application (Paper III)
Cadmium concentrations in wheat grain from the experimental sites varied
between 0.019 and 0.081 mg kg-1, which is within the range reported
previously for winter wheat (Eriksson et al., 2010). Even in the treatment
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spiked with Cd salts, grain Cd concentrations were below the maximum limit
of 0.1 mg Cd kg-1 (EC 1881/2006).
Despite the net input of Cd with manure and sewage sludge amounting to
10-100 g ha-1 over the years of the trials, the concentration of Cd in crops did
not increase in these treatments compared with the mineral-fertilized plots or
unfertilized controls. Considering that the Cd concentration in Swedish sewage
sludge is low compared with those in many other countries and that addition of
Cd is strictly limited by Swedish regulations to a maximum of 0.75 g Cd ha-1
year-1 (SNFS 1994:2), the risk of increased crop Cd concentrations through the
use of sewage sludge can be considered low. Compared with other studies
showing increased crop Cd concentrations after addition of sewage sludge
(Evanylo et al., 2006; Granato et al., 2004; Hooda et al., 1997), both Cd
concentrations and quantities of the sludge added were much lower in the study
in Paper III.
However, calculations of the BCF for Cd showed indications of similar
availability in sewage sludge as when the application was in the form of water
soluble Cd salts. In addition, there were indications that higher soil Cd
concentrations at Petersborg resulted in higher Cd grain concentrations than at
Lanna. Together with earlier studies showing increased crop Cd concentrations
after application of sewage sludge with a high Cd content, these results show
the importance of keeping Cd concentrations low and of maintaining strict
regulations for sewage treatment plants and for sludge application to arable
fields in order to ensure crop quality.
5.2.2 High N fertilization rates influence crop accumulation (Paper IV)

For all micronutrients (Fe, Zn, Mn, Cu and B) included in the study with
different N fertilization rates, the total amounts taken up increased with
increasing N supply to the crop. This result was expected, since a crop with
higher biomass requires a larger amount of each nutrient and therefore crop
uptake through mass flow and increased active uptake by plant roots can be
expected to increase. In addition, the concentrations of Fe, Zn and Cu were
generally positively correlated to increased N fertilization rate and N
concentration throughout crop development (Figure 5). Positive correlations
between N concentration and those of other nutrients in the wheat crop showed
that nutrient uptake increased more than biomass production in high-yielding
crops, i.e. there was a synergistic effect (Jerrell & Beverly, 1981). Positive
nutrient to N uptake correlations have been reported previously for wheat
(Aciksoz et al., 2011; Kutman et al., 2010; Schwartz & Kafkafi, 1978) and
maize (Xue et al., 2014). For Mn and B, no positive response to N
concentration was detected except at single sites.
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Figure 5. Correlations between micronutrients (Fe, Zn, Mn, Cu and B; a-e) and nitrogen
concentrations in whole shoots of winter wheat at stem elongation (ZS37). Closed symbols
indicate significant correlations (p<0.05) and open symbols non-significant correlations.
Diagrams for other developmental stages and macronutrients are included in paper IV.

Despite increased nutrient concentrations, the nutrient to N ratio decreased
at high N fertilization rates for all micronutrients studied across all sites. The
growth rate hypothesis postulates that the ratio between P and N increases at
high yield levels due to increased activity within an organism, and support for
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this hypothesis has been found for microorganisms and also for higher plants
(Ågren, 2004). The same assumption could be made for micronutrients, but
this could not be confirmed by the study. Instead, the micronutrient to N ratio
in general decreased at high N concentrations and this was also noticed for P.
Increased N supply did not have a major impact on the accumulation
dynamics of micronutrients during crop growth. Except for Fe, the
accumulation of micronutrients in the wheat crop more or less followed
biomass production, irrespective of N fertilization rate (Figure 6). Iron
accumulation, unlike that of other micronutrients, more resembled the N
accumulation pattern, where accumulation in shoots up to stem elongation was
proportionally higher than the production of biomass. This was most
pronounced at high N rates. However, unlike N, a high proportion of the total
Fe uptake occurred during early crop growth, before the first sampling
occasion in spring.
For all nutrients, the impact of N fertilization on relative nutrient
accumulation rate (RN) was most pronounced during early crop growth (period
I) (Figure 7). In contrast, accumulation during later stages of crop development
(periods II and III) was not significantly influenced by N fertilization for most
nutrients. This was revealed in a comparison of the different N treatments
within each period (one-way ANOVA; data not shown).

Figure 6. Temporal nutrient accumulation dynamics of N, Fe, Zn, Mn, Cu and B (a-f) versus the
dynamics of biomass production in winter wheat during the cropping season. Percentage of total
nutrient and biomass accumulation on different sampling occasions is shown. Dashed line
indicates a 1:1 relationship. Diagrams for macronutrients are included in paper IV.
40

Period I
Period II
Period III

-1

Relative accumulation rate (day )

(a)
0.06

(b)

0.04

0.02

0.00

DM

Fe

Zn

Mn

Cu

B

DM

Fe

Zn

Mn

Cu

B

Figure 7. Relative accumulation rate of biomass (DM) and micronutrients at a) No N fertilization
(N0) and (b) a high N fertilization rate (N240). Error bars indicate standard deviation. Diagrams
for macronutrients are included in Paper IV.

However, the unfertilized treatment exhibited higher accumulation rates of N
and Fe after flowering (period III) compared with treatments with high N
application.
5.2.3 Do high yields of wheat imply impaired grain quality? (Papers II-IV)

Analysis of grain from the N fertilization trials showed a similar pattern as for
shoots of wheat (Paper IV). When all sites were considered, grain Fe, Zn and
Cu concentrations were positively correlated to grain N (Figure 8). However,
the correlations were weak for Zn and Cu and only significant at single sites
when evaluated separately. For Mn and B, there was no general correlation
with N, although positive correlations to N were observed at single locations.
The effect of increased N fertilization rate on nutrient concentrations in grain
was smaller than in vegetative plant parts. The concentration of Fe increased
by approximately 19% (from 27 to 32 mg kg-1) from the lowest to the highest
N fertilization rate, on average across all sites. As for shoots, the nutrient to N
ratio in grain generally decreased with increasing N concentration.
When comparing treatments with high N fertilization rates with unfertilized
controls of the long-term field trials, there was a negative impact of N on Ni
concentrations at several sites, while there was tendency for increased Cu and
Zn concentrations at some sites (Paper III). Use of N fertilization as a way of
increasing the mineral concentration in grain has been proposed for Fe and Zn
and has been shown to be successful in several studies (Cakmak et al., 2010).
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Figure 8. Correlation between micronutrients (Fe, Zn and Cu; a-c) and nitrogen concentrations in
grains of winter wheat. Closed symbols indicate significant correlations (p<0.05) and open
symbols non-significant correlations. Figures on the other included macro-and micronutrients are
available in paper IV.

A synergistic effect could arise from two factors: increased uptake at high N
supply and/or more efficient translocation of nutrients to grains at high N
concentrations in crops. Results from the N fertilization trials (Paper IV)
showed that high N fertilization rates increased the nutrient harvest index
(NuHI) only for Fe. Therefore, increased Fe grain concentration was a
combined effect of both increased uptake and increased translocation to grain.
For the other nutrients studied, increased uptake was the major reason for
increased grain concentrations.
For Zn, there was a positive correlation to N concentration in grain only at
one single site. This site had the highest Zn concentrations in both the
vegetative plant parts and in the grain, indicating that a high Zn concentration
in shoots is needed to have a positive impact on Zn grain content. This is in
agreement with other studies showing that at limited Zn supply from soil, no
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positive interaction with N in grain is obtained (Kutman et al., 2010; Verma &
Bhagat, 1990).
In summary, high N fertilization rates did not result in lower concentrations
of minerals in cereal grain. Instead, there were indications of increased
concentrations of Fe, Zn and Cu which is consistent with earlier studies (e.g.
Cakmak et al., 2010; McGrath, 1985). However, unwanted heavy metals such
as Cd have also been shown to increase at high N fertilization rate (e.g. Eurola
et al., 2003), indicating that it is not only the concentration of essential trace
elements that may be affected.

5.3 Importance of soil properties for crop micronutrient
accumulation
Although there were some differences in micronutrient concentrations in crops
between treatments in the long-term field trials, in general these could not be
attributed to a direct effect of micronutrient input with organic fertilizers.
Instead it was concluded that soil properties, such as pH and organic matter
content, are often of greater importance.
5.3.1 Influence of pH on crop concentrations (Papers II, III)

Soil pH is an important factor influencing the availability of micronutrients
to crops (e.g. Young, 2013). This was confirmed in the long-term field trials
for Cd, Mn and Mo (Paper III). For Mo, there were large differences in crop
concentrations between sites with differing pH. At some sites, it was obvious
that an indirect effect of fertilizer treatments on soil pH determined Mo
availability, and not Mo addition with manure and sludge as such. Large
effects of pH on Mo crop concentrations have also been reported for forage
crops grown in Sweden (Lindström, 2013).
Nickel concentrations were also found to be affected by soil pH (Paper II).
In the long-term field trials there was a tendency for treatment with NH4SO4 to
result in higher Ni concentrations than treatment with Ca(NO3)2 (representing
low and high pH), although this effect was not statistically significant.
Evaluation of soil and grain data from the monitoring programme showed a
negative correlation between pH and crop Ni concentration (linear regression
R2=0.14; p<0.001). A one-unit increase in soil pH on average resulted in a 33%
decrease in grain Ni concentration, although there was large variation in the
correlation. These results are in agreement with previous findings on the
importance of pH for crop Ni concentrations (Andersson & Christensen, 1988;
Echevarria et al., 2006; L-Baeckström et al., 2006; Yli-Halla & Palko, 1987).
A similar trend was found for Mn and Zn, where the correlations were
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particularly strong for concentrations in oats (linear regression R2=0.54 and
0.26, respectively; unpublished data; Eriksson et al., 2010; 2000). For Mo,
there was instead a significant positive correlation with soil pH (linear
regression R2=0.11 in oats).
5.3.2 Organic matter – source or sink for Cu and Se? (Paper III)

Addition of organic fertilizers resulted in a net input of Cu during the
experimental period (15-30 years) ranging from about 50 g for the low input of
cattle manure up to 35 kg Cu for the highest sewage sludge treatment. For
several of these treatments, addition of Cu was substantial compared with crop
demand. Despite this, there was no significant increase in crop Cu
concentrations after long-term addition of manure or sewage sludge compared
with mineral fertilized treatments or unfertilized controls. Due to increased soil
concentrations and unchanged grain Cu concentrations, the BCF decreased
after application of the organic fertilizers. Low phytoavailability of Cu after
addition of organic amendments has also been found in other studies,
indicating strong Cu adsorption to organic material (e.g. Alva et al., 2005;
Bolan et al., 2003).
Regarding Se, overall grain concentrations were low (0.014-0.106 mg kg-1)
and were not significantly affected by long-term application of organic
fertilizers, despite the fact that manures were enriched with Se through
supplementation of cattle feed. Several studies have reported low plant
availability of Se in organic fertilizers (Ajwa et al., 1998; Gaskin et al., 2003)
and strong retention of Se by soil organic matter (Johnsson, 1991). Selenium is
incorporated into organic matter in soil in a similar way as S and a positive
correlation between soil organic matter and soil Se has been reported for
Swedish soils (Shand et al., 2012). Application of animal manure has been
proposed as a method to increase crop Se content in deficient soils (e.g.
Kabata-Pendias, 2001) and positive correlations between organic matter and Se
uptake in crops have been shown for mineral soils (Eich-Greatorex et al.,
2007). However, this could not be confirmed in Paper III, where no significant
correlation between soil organic matter and crop Se concentration could be
found (p=0.77). Decomposition of organic matter in soil probably controls
plant availability of Se and thus a possible explanation for the lack of positive
response could be the insufficient amount of Se released from mineralized
organic matter. In addition, the application of organic matter also involves
addition of sulphate, which can compete with Se during root uptake and
thereby lower the impact of the amendment on crop Se uptake.
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5.4 Incidence of low micronutrient and Se concentrations in
Swedish cereal crops
The results from the monitoring programme and the numerous field trials
included in Papers II-V indicate that concentrations of trace elements in
Swedish cereals are within a low to moderate range compared with those
reported for other countries. Thus, there is a risk that critical thresholds for
optimal yield, proper seed germination or sufficient food quality are not always
reached.
5.4.1 Reduced crop yield due to micronutrient deficiency? (Papers III, IV)

The results from the different field trials included in this thesis revealed that
crop concentrations of Cu, Zn and Mn were within the critical range for
causing crop deficiency at some sites (Reuter & Robinson, 1997). Evaluation
of the Swedish monitoring programme showed a similar trend (Eriksson et al.,
2000, 2010; Hamnér et al., 2012). Low concentrations and deficiency of these
three micronutrients have been reported in previous field trials and in practical
agriculture. Since most of the experimental sites included in this thesis are
quite fertile in relation to other arable soils in Sweden, this indicates that
hidden deficiencies of these nutrients could be frequent, an issue which
requires further attention. For Mo and Fe, crop concentrations were in general
adequate for crop growth.
Insufficient supply from soil can cause increased risk of deficiency in high
yielding crops
The study on nutrient accumulation during crop growth (Paper IV) revealed
differences in the uptake dynamic between nutrients. Supply from the soil
could be important, as nutrients with high availability in soil, such as K and Ca,
displayed faster accumulation during early crop growth, whereas the
accumulation of micronutrients was slower, following biomass production.
This was most apparent at the high N fertilization rates where at stem
elongation (ZS37) 69% of the N had accumulated (N160) compared with 35,
40, 56 and 43% for Zn, Mn, Cu and B, respectively across sites. At high N
fertilization rates, the relative nutrient accumulation rate (RN) increased during
early growth, whereas in unfertilized crops significant uptake occurred after
anthesis. This indicates a need for a continuous supply from soil throughout the
whole growing period to ensure that crop requirements are fulfilled.
While no decline in nutrient concentrations at increasing N rates could be
detected, crop response to high N supply differed between sites. At two sites,
Cu concentrations in crops did not increase with N supply. These sites also had
the lowest soil Cu concentrations, both when measured as pseudo-total Cu (7M
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HNO3) and when extracted with weak salt solution (0.01 M CaCl2) (Paper V).
When analysing Cu accumulation during crop growth, the proportion of the
total amount of Cu accumulated at stem elongation was only 15-30%,
compared with 45-100% for the other sites (data not shown). A similar trend
was detected for B. Furthermore, in the long-term field trials (Paper III), high
N fertilization resulted in a decline in Cu concentration compared with the
unfertilized controls or manure-treated crops (Figure 9). These three sites
(Ekebo, Orup and S Ugglarp) are known to have dense subsoils (Kirchmann et
al., 1996, 1999; Kirchmann & Eriksson, 1993), resulting in poor root
proliferation and low or no access to nutrients in the subsoil.
It can be concluded that in fertile soils enabling rooting in subsoil, high N
fertilization rates may not cause problems with micronutrients, whereas on
soils with low availability or supply of micronutrients, there is a risk of
deficiency and yield loss at high N input.
5.4.2 Too low Ni concentrations for optimal germination? (Paper II)

Cu concentration in wheat grain (mg kg-1)

The results from the Swedish monitoring programme showed that the mean
Ni concentration in Swedish cereal grain were 0.18, 0.07 and 1.20 mg Ni kg-1
DM for winter wheat, spring barley and oats, respectively. Almost all samples
had concentrations below 5 mg Ni kg-1.
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Figure 9. Copper (Cu) concentrations in wheat grain in response to different fertilization
treatments at Ekebo, Orup and S. Ugglarp compared with the other six long-term soil fertility
experiments. Error bars represent standard deviation.
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Even though there were large differences between the different crops,
concentrations were generally low, particularly in spring barley. Previously,
Brown (2006) reported that Ni concentrations lower than 0.2 mg kg-1 have not
been found in field-grown crops. However, results from a large Finnish survey
reported similarly low Ni concentrations in Finnish as in Swedish cereal grain
(Varo et al., 1980). Furthermore, Baeckström et al. (2006) reported Ni
concentrations as low as 0.14 mg Ni kg-1 in wheat grains from a Swedish field
trial.
Brown et al. (1987) studied the impact of Ni on germination of barley grain
and proposed a limit for optimal germination of 0.09 mg Ni kg-1 DM. Data
from the monitoring programme revealed that as many as 77% of the grain
samples of barley analysed were below this limit. For winter wheat, the
corresponding figure was 29%, while hardly any (0.2%) of the oat samples
analysed had concentrations below the proposed critical limit. Moreover, NPK
fertilization resulted in Ni concentrations below the proposed critical
concentration in the Petersborg trial and at six sites of the soil fertility
experiments. Since only the study by Brown et al. (1987) has identified critical
Ni concentrations for germination and only for barley, more experimental work
is needed to determine whether low Ni concentrations in cereals grown in
Sweden are a serious problem. However, several studies have confirmed that
addition of small amounts of Ni to growth medium increase germination or
seedling growth of sunflower (Ahmad et al., 2009), alfalfa (Peralta et al., 2001)
and mung bean (Srivastava, 2007).
5.4.3 Too low grain Se concentrations to meet daily intake recommendations
for humans? (Paper III)

Grain Se concentrations in the long-term field trials were found to be low
overall (0.014-0.106 mg Se kg-1) and at similar levels as for grain samples
taken within the monitoring programme (0.02 mg Se kg-1; unpublished data).
The threshold concentration to meet the daily recommended Se intake for
animals and humans is often set to 0.05-0.3 mg Se kg-1 fresh weight (Fordyce,
2007). The Swedish population has an average daily intake of Se of about 4050 µg Se, which is within the critical range for fulfilling the recommended
dose (NFA, 2014; WHO, 1996). Among certain groups within the population,
such as vegetarians, the average intake is much lower. In Finland, which has
similarly low soil Se concentrations as found in Sweden, a Se fertilization
programme was implemented in the 1980s and has succeeded in increasing Se
intake from 25 µg Se day-1 in the 1970s to 80 µg Se day-1 in 2013 (Alfthan et
al., 2015). In Sweden, Se supplements are given to livestock to avoid Se
deficiency, which enriches animal products as well as manure. However,
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results from Paper III together with earlier studies (Ajwa et al., 1998;
Johnsson, 1991) show that this is not sufficient to increase Se concentrations in
food and feed and that the issue needs further attention.

5.5 Indicators of micronutrient availability in soil
5.5.1 Methods of soil analysis for prediction of crop status (Papers II, V)

Pseudo-total soil concentrations (measured with e.g. HNO3-extractions) usually
do not show a strong correlation to micronutrient uptake by crops. This was
confirmed on analysing data from the monitoring programme (Paper II), where
total Ni in soil was significantly correlated with Ni concentrations in wheat
grain, but with a low predictive power (linear regression R2=0.13; p<0.001)
(Figure 10a). A similar trend was obtained for spring barley (R2=0.10;
p<0.001), while the correlation for oats was somewhat stronger (R2=0.32;
p<0.001). Similar results were found for Cu, but no or very weak correlations
between total soil Zn and Mn and grain concentrations (unpublished data).
Since several micronutrients are affected by soil pH, a combination of total
concentrations and pH can be used in assessment of micronutrient availability
in soil.
For Ni, grain concentrations were negatively correlated to soil pH, and
multiple regression analysis including both soil Ni concentrations and pH
improved the predictive power of the relationship to Ni in grain (R2=0.34)
(Figure 10b), compared with when only soil Ni concentrations were used.

Figure 10. (a) Nickel (Ni) concentrations in grain of winter wheat versus Ni concentration in soil
(HNO3 extraction) (log-transformed data and scale) and (b) measured Ni concentrations in grain
of winter wheat versus predicted grain Ni concentrations using Ni concentrations in soil and soil
pH as factors in multiple regression (log-transformed data) (n=902).

48

-1

Cu concentration in shoot (mg kg )

For Zn and Mn, inclusion of pH also improved the correlation, whereas pH was
not an important factor regarding Cu. Even though this approach only
explained part of the variation in crop concentrations, the results indicate that
prediction of crop micronutrient uptake can be improved by including pH data,
which are often easily accessible. Similar findings have been presented earlier,
for example in the extensive study by Sillanpää (1982).
In addition, the results from the field trials (Paper V) showed a significant,
correlation between HNO3-extracted Cu in soil and Cu concentration in shoots
of winter wheat, also here with a relatively poor predictive power (linear
regression R2=0.28; p<0.05) (Figure 11a). Again, inclusion of pH did not
improve the predictive power of the relationship.
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Figure 11.Copper (Cu) concentration in soil measured in (a) extraction with 7M HNO3, (b) 0.01
M CaCl2 and (c) diffusive gradient in thin film (DGT) and the correlation with Cu concentration
in whole shoot of winter wheat at stem elongation (ZS37)( n=14).

49

Furthermore, extraction with a weak salt solution, CaCl2, did not improve
the predictive power of the relationship between soil and crop Cu (linear
regression R2=0.26; p<0.05) (Figure 11b) compared with HNO3 extraction.
Earlier studies have reported inconsistent results, with some showing soil
analyses based on CaCl2-extraction to be a better predictor of plant availability
than total soil concentration (e.g. Menzies et al., 2007), and others showing no
or a poor correlation between soil analyses based on CaCl2 extraction and Cu
uptake in roots and shoots of barley (e.g. Feng et al., 2005).
Use of the DGT technique improved the predictive power of the
relationship between soil and crop Cu concentrations (linear regression
R2=0.51; p<0.01) (Figure 11c), as has also been found in earlier studies using
pot trials (Tandy et al., 2011; Zhang et al., 2001). Even though the degree of
unexplained variation was still quite high, the data indicate that this technique
might have the potential to predict Cu availability for crops more precisely
than other methods of soil analysis. Still, there is a need to further evaluate the
method including more field sites and also to test it for other micronutrients.
As can be seen in Figure 11, there was a larger variation within sites for the
DGT measurements, and to some extent also for the CaCl2 extractions, than for
the HNO3 extractions. This might be explained by easily available Cu in soil
varying within short distances, whereas total Cu in soil is more uniformly
distributed. It is also worth noting that some sites deviate more than others
from the regression line. The Kårby site, for example, had high plant Cu
concentrations despite low concentrations measured by all methods of soil
analysis.
There are several limitations with the methods of soil analysis used in this
study and these constraints are often valid for most soil analyses: (1) Sampling
is performed on one occasion only and does not detect changes over time; (2)
normally only topsoil is analysed, even though subsoil can be important for
crop uptake; (3) variations in soil concentrations within short distances in the
field can be difficult to capture; and (4) differing root proliferation due to
varying soil structural conditions is not considered.
5.5.2 The usefulness of grain analysis (Paper V)

Analysing grain micronutrient concentrations over several years could
potentially be a useful approach to assess the micronutrient status of crops.
However, this requires the Cu concentration in grain to actually represent the
Cu status of the growing crop, in order to provide a reliable measure of the
plant availability in soil. In Paper V, the correlation between Cu concentrations
in grain and vegetative shoots of wheat was weak and dependent on the
developmental stage of the wheat crop (Figure 12a-c). At stem elongation and
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Figure 12. Copper (Cu) concentrations in grain correlated to Cu concentrations in whole shoot
of winter wheat at (a) tillering stage (ZS23), (b) stem elongation (ZS37) and (c) at flowering
(ZS65).

flowering, the correlation was significant but with a relatively poor predictive
power (linear regression R2=0.20 and 0.23, respectively; p<0.05), whereas the
correlation at an early growth stage (ZS23) was non-significant. These results
indicate that grain analysis can only give an approximate estimate of the Cu
status of vegetative tissue during crop growth. Even though the results are not
directly comparable to those for soil analysis (due to differences in the data
included), they indicate that grain analysis is a method with larger unexplained
variations, especially compared with DGT measurements in soil (R2=0.51).
A limitation of analysing grain is that translocation of nutrients to grain can
be influenced by a number of factors not related to soil characteristics. For
example: (1) Differences in total concentrations may affect translocation, since
fraction of a nutrient can be bound to structural components not accessible for
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translocation and at low concentrations a relatively small proportion can be
translocated to the grain; (2) crop N concentrations may have a profound
impact. The more N available for translocation, the more micronutrients will
also be translocated, as shown for Fe within this thesis; and (3) crop demand
for proper germination and viability in seedlings can be regulating
translocation which can therefore be limited if sufficient micronutrient
requirements for the seed are already reached.
It can be concluded that while grain analysis could be a simple way of
evaluating the micronutrient status of cereals, it does not seem to have high
accuracy for Cu (Figure 12). However, for Zn and Mn, regression analysis
showed a much stronger predictive power (R2=0.77 and R2=0.85 at flowering,
respectively; unpublished data) and for these nutrients grain analysis could be
of great value.
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Conclusions

This thesis contributed to new insights regarding micronutrients in soil and
cereal crops and can thus enable better assessment of micronutrient deficiency.
Major conclusions are:
 Depletion of micronutrients in arable soils is slow and difficult to
measure due to natural variation in soil content and low removal
rates with the crop in comparison with total soil content (Paper I).
 With the possible exception of zinc, repeated application of organic
fertilizers does not increase crop concentrations of micronutrients
under Swedish conditions (Paper II and III).
 Supplementation of selenium to livestock feed is not an efficient
way to fortify cereal grain with selenium when manure is recycled
(Paper III).
 Applying the Swedish regulations for use of sewage sludge on
arable land, there is no short-term risk of elevated cadmium
concentrations in cereal grain (Paper III).
 High nitrogen fertilization rates increase both total uptake and crop
concentrations of several micronutrients in wheat (Paper IV). No
dilution of mineral concentrations in grains of high yielding crops
could be detected.
 In less fertile soils, high nitrogen fertilization rates may cause
micronutrient deficiency in crops. Dense subsoils and low
availability in topsoils may contribute to this effect (Paper IV).
 Useful methods to predict micronutrient availability in soil may
include total micronutrient concentrations corrected for the impact
of pH or measurements with diffusive gradients in thin films
(DGT) (Paper V).
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Implications and future perspectives

The pool of micronutrients in soils can be divided into total concentration
and the fraction easily available to plants during the cropping season. While the
specialisation in agricultural production systems between arable and animal
farms results in changes in soil micronutrient concentrations, this thesis
showed that the decrease due to inputs of only mineral fertilizers is slow, with
a low risk of micronutrient depletion within a reasonable time scale.
Determining the available pool of micronutrients in soil is of the utmost
importance for predicting crop micronutrient accumulation and possible
deficiencies. This thesis showed that while repeated applications of organic
fertilizers such as manures cause micronutrients to accumulate in soil, the plant
availability of these nutrients is limited and crop accumulation therefore does
not generally increase, even in the long run. Instead, other soil properties seem
to be of great importance and soil pH in particular needs to be taken into
account for some nutrients. Another issue concerning nutrient availability in
soil is the functioning of roots. Since micronutrients move slowly in soil,
vigorous root growth is important for the ability of plants to accumulate
micronutrients. In this thesis, dense subsoils were identified as one possible
explanation for low micronutrient concentrations in crops. Quantification of
the impact of root proliferation on micronutrient uptake would be an interesting
future research topic. Soils compacted by heavy machinery or natively dense
soils can affect micronutrient status in crops. In addition, micronutrient
accumulation from subsoils has not been thoroughly investigated, but is of
interest for a fuller understanding of micronutrient accumulation in crops.
This thesis showed that crop concentrations of several micronutrients
increase in intensive farming systems using high application rates of nitrogen
fertilizers. This indicates that the micronutrient requirements of crops increase
disproportionally to the increase in yield. Thus, micronutrient supply from soil
needs to be sufficiently high to avoid yield losses. Critical thresholds for
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micronutrient deficiency in plant tissue might need to be redefined and
adjusted to the prevailing nitrogen concentration in the crop. However, even
though other studies have shown increased threshold concentrations in highyielding crops, this issue needs to be further evaluated. If a critical nutrient to
nitrogen ratio in crops can be identified, this might be a more accurate tool
when interpreting plant analysis data than using micronutrient concentrations
alone.
Analytical methods are useful tools for predicting micronutrient
concentrations in crops. Regarding soil analysis, the results in this thesis
showed that for some nutrients, analysis of total soil content can be of value if
combined with data on soil pH. However, the ability to use the same method of
analysis for multiple elements is important to keep costs low. The DGT method
showed promising results for Cu in this thesis and in other studies, but still
needs further evaluation and the inclusion of other elements. Here, prediction
of cadmium availability in soil is also of interest. In addition, data from grain
analysis are often easily accessible and can be useful for some nutrients.
In order to identify ʻrisk fieldsʼ that may cause micronutrient deficiency in
crops, there is a need for a holistic approach using both soil and grain analysis
as well as other relevant information about the particular site. Development of
a ʻtoolkitʼ combining easily accessible data such as soil properties, yield levels
and preconditions for root growth with analytical methods can be one way
forward. The results in this thesis can, together with results from other studies,
be used as a starting point for this approach.
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8

Sammanfattning (Swedish summary)

Växtnäringsämnen som tas upp i grödan i små mängder brukar benämnas
mikronäringsämnen. Sju mikronäringsämnen anses vara essentiella för alla
växter, inklusive spannmålsgrödor: bor (B), koppar (Cu), järn (Fe), mangan
(Mn), molybden (Mo), nickel (Ni) och zink (Zn). Låga halter av dessa ämnen i
grödan kan orsaka skördeförluster och medföra försämrad kvalitet när
slutprodukten används som livsmedel eller foder.
Målet med denna avhandling var att förbättra kunskapen om
mikronäringsämnen i spannmålsgrödor och åkermark i Sverige och därigenom
öka möjligheterna att värdera och förutse grödans status och minska risken för
brister. Ett antal fältförsök i södra och mellersta Sverige samt data från
miljöövervakningsprogrammet ”Mark- och grödoinventeringen” utvärderades i
syfte att undersöka hur olika gödslingsstrategier och markegenskaper påverkar
upptaget av mikronäringsämnen i spannmålsgrödor samt om och i vilken
omfattning mikronäringsämnen utarmas i marken. Även olika analysmetoder
för att förutse och bedöma grödans mikronäringsstatus utvärderades.
Även om den totala mängden av mikronäringsämnen i marken ofta är stor i
förhållande till grödans behov så är endast en mycket liten del tillgängligt för
växterna under en odlingssäsong. Att kunna bedöma tillgängligheten är därför
mycket viktigt för att kunna förutse risken för att brist i grödan ska uppstå.
Tillförsel av organiska gödselmedel, som stallgödsel eller avloppsslam, medför
en ackumulering av mikronäringsämnen i marken. Trots detta visade resultat
från långliggande fältförsök att upptaget i grödan generellt inte ökade genom
tillförsel av dessa gödselmedel, med undantag för zink på ett antal platser. Låg
växttillgänglighet för mikronäringsämnen i organiska gödselmedel är en trolig
förklaring till detta. Istället visade det sig att olika markegenskaper påverkar
mikronäringsämnenas tillgänglighet i stor utsträckning där markens pH-värde
är en viktig faktor.
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Intensiva odlingssystem där stora givor mineralkväve tillförs grödan, anses
ibland orsaka en ”utspädning” av mikronärings- eller spårämnen i grödan.
Detta skulle därmed kunna resultera i en ökad risk för brist i grödorna och
försämrad livsmedelskvalitet. Resultaten från denna avhandling visade
emellertid att koncentrationen istället ökade för flera mikronäringsämnen, både
i den växande grödan och i kärnan. Inga tecken på lägre koncentration av
viktiga spårelement i spannmålskärnor kunde påvisas. Däremot visade
resultaten att på jordar med begränsad leveransförmåga av vissa
mikronäringsämnen uteblev haltökningen i grödan vid höga skördar. Detta
kunde hänvisas till jordar med lågt innehåll av mikronäring samt till jordar med
kompakterad alv. Resultaten visar på att man bör vara särskilt uppmärksam på
denna typ av jordar för att se till att det ökade behovet av mikronäringsämnen i
högavkastande grödor kan tillgodoses.
Metoder för analys av mikronäringsinnhåll i jord eller i växten kan vara
värdefulla verktyg för att kunna förutse och bedöma växtens status. Resultaten
visade att analys av det totala innehållet av mikronäringsämnen i marken i
kombination med markens pH-värde kan användas för vissa ämnen, t.ex.
koppar och nickel, men att denna metod bara ger en grov uppskattning av
grödans status. För mangan och zink visade sig kärnanalyser vara en metod för
att långsiktigt bedöma grödans status, medan det för t.ex. järn, koppar och bor
endast fanns en svag korrelation mellan kärnhalter och halter i den växande
grödan. Den nya jordanalysmetoden DGT visade på lovande resultat för att
bedöma tillgänglighet av koppar i marken, men metoden behöver utvärderas
vidare.
För att kunna identifiera ”riskfält” som kan orsaka brister i
spannmålsgrödor behövs en helhetssyn där analysmetoder kombineras med
annan relevant information om den specifika platsen, såsom markens pH,
skördenivåer och förutsättningar för rottillväxt. Resultat från denna avhandling
kan, tillsammans med resultat från andra studier, utgöra en grund för detta
tillvägagångssätt.

58

References
Aciksoz, S.B., Yazici, A., Ozturk, L. & Cakmak, I. (2011). Biofortification of wheat with iron
through soil and foliar application of nitrogen and iron fertilizers. Plant and Soil, 349, 215225.
Ågren, G.I. (1985). Theory for growth of plants derived from the nitrogen productivity concept.
Physiologia Plantarum, 64, 17-28.
Ågren, G.I. (2004). The C:N:P stoichiometry of autotrophs: theory and observations. Ecology
Letters, 7, 185-191.
Ågren, G.I. (2008). Stoichiometry and nutrition of plant growth in natural communities. Annual
Review of Ecology, Evolution, and Systematics, 39, 153-170.
Ågren, G.I. & Weih, M. (2012). Plant stoichiometry at different scales: element concentration
patterns reflect environment more than genotype. New Phytologist, 194, 944-952.
Ahmad, M.S.A., Hussain, M., Ashraf, M., Ahmad, R. & Ashraf, M.Y. (2009). Effect of nickel on
seed germinability of some elite sunflower (Helianthus annuus L.) cultivars. Pakistan Journal
of Botany, 41, 1871-1882.
Ajwa, H.A., Banuelos, G.S. & Mayland, H.F. (1998). Selenium uptake by plants from soils
amended with inorganic and organic materials. Journal of Environmental Quality, 27, 12181227.
Alfthan, G., Eurola, M., Ekholm, P., Venäläinen, E-R., Root, T., Korkalainen, K., Hartikainen,
H., Salminen, P., Hietaniemi, V., Aspila, P. & Aro, A. (2015). Effects of nationwide addition
of selenium to fertilizers on foods, and animal and human health in Finland: From deficiency
to optimal selenium status of the population. Journal of Trace Elements in Medicine and
Biology, 31, 142-147.
Alloway, B.J. (ed) (2008). Micronutrient deficiencies in global crop production. Springer,
Dordrecht, The Netherlands , 353 pp.
Alloway, B.J. (ed) (2013). Heavy metals in soils – Trace metals and metalloids in soils and their
bioavailability (3rd edition). Springer, Dordrecht, The Netherlands, 613 pp.
Alva, A.K., Baugh, T.J., Paramasivam, S. & Sajwan, K.S. (2005). Adsorption/desorption of
copper by a sandy soil amended with various rates of manure, sewage sludge, and incinerated
sewage sludge. Journal of Environmental Science and Health Part B, 40, 687-696.
Andersson, A. (1976). Influence of organic fertilizers on the solubility and availability to plants of
heavy metals in soils. Grundförbättring, 27, 159-164.

59

Andersson, A. (1992). Trace elements in agricultural soils – fluxes, balances and background
values. Report no. 4077. Swedish Environmental Protection Agency, Stockholm (in Swedish).
Andersson, A., Gustafson, A. & Torstensson, G. (1988). Utlakning av spårelement från odlad
jord. Ekohydrologi 26, Swedish University of Agricultural Sciences (in Swedish).
Andersson, P.R. & Christensen, T.H. (1988): Distribution coefficients of Cd, Co, Ni and Zn in
soils. Journal of Soil Science, 39, 15-22.
Bender, R.R., Haegele, J.W., Ruffo, M.L. & Below, F.E. (2013). Nutrient uptake, partitioning,
and remobilization in modern, transgenic insect-protected maize hybrids. Agronomy Journal,
105, 161-170.
Bengtsson, H., Öborn, I., Jonsson, S., Nilsson, I. & Andersson, A. (2003). Field balances of some
mineral nutrients and trace elements in organic and conventional dairy farming – a case study
at Öjebyn, Sweden. European Journal of Agronomy, 20, 101-116.
Bergmann, W. (1992). Nutritional disorders of plants: development, visual and analytical
diagnosis. Fisher, Jena, Germany, 742 pp.
Bolan, N., Adriano, N., Mani, S. & Khan, A. (2003). Adsorption, complexation, and
phytoavailability of copper as influenced by organic manure. Environmental Toxicology and
Chemistry, 22, 450-456.
Brown, P.H. (2006): Nickel. In: Barker, A.V. & Pilbeam, D.J.: Handbook of Plant Nutrition.
CRC Press, Boca Raton, pp. 395-409.
Brown, P.H., Welch, R.M. & Cary, E.E. (1987). Nickel: A micronutrient essential for higher
plants. Plant Physiology, 85, 801-803.
Bussink, W. & Temminghoff, E. (2004). Soil and tissue testing for micronutrient status.
Proceedings No 548, The International Fertiliser Society, York, UK, 41 pp.
Cakmak, I., Pfeiffer, W.H. & McClafferty, B. (2010). Biofortification of durum wheat with zinc
and iron. Cereal chemistry, 87, 10-20.
Carlgren, K. (2003). Fältförsök med koppargödsling. Avd. för växtnäringslära, SLU, rapport 203
(in Swedish).
Carlgren, K. & Mattson, L. (2001). Swedish soil fertility experiments. Acta Agriculturae
Scandinavica Section B – Soil and Plant Science, 51, 49-78.
Ciampitti, I.A., Camberato, J.J., Murell, S.T. & Vyn, T.J. (2013). Maize nutrient accumulation
and partitioning in response to plant density and nitrogen rate: I. Macronutrients. Agronomy
Journal, 105, 783-795.
Ciampitti, I.A. & Vyn, T.J. (2013). Maize nutrient accumulation and partitioning in response to
plant density and nitrogen rate: II. Calcium, magnesium and micronutrients. Agronomy
Journal, 105, 1645-1657.
Codling, E.E. (2014). Long-term effects of biosolid-amended soils on phosphorus, copper,
manganese and zinc uptake by wheat. Soil Science, 179, 21-27.
Commission regulation (EC) No 1881/2006 of 19 december 2006 setting maximum levels for
certain contaminants in foodstuffs [2006] OJ L364/5.
Dahlin, A.S., Edwards, A.C., Lindström, B.E.M., Ramezanian, A., Shand, C.A., Walker, R.L.,
Watson, C.A & Öborn, I. (2012). Revisiting herbage sample collection and preparation
procedures to minimise the risks of trace element contamination. European Journal of
Agronomy, 43, 33-39.

60

Dalenberg, J.W. & van Driel, W. (1990). Contribution of atmospheric deposition to heavy metal
concentration in field crops. Netherlands Journal of Agricultural Sciences, 38, 369-379.
Degryse, F., Smolders, E., Zhang, H. & Davison, W. (2009). Predicting availability of mineral
elements to plants with the DGT technique: a review of experimental data and interpretation
by modelling. Environmental Chemistry, 6, 198-218.
Echevarria, G., Massoura, S.T., Sterckeman, T., Becquer, T., Schwartz, C. & Morel, J.L. (2006):
Assessment and control of the bioavailability of nickel in soils. Environmental Toxicology and
Chemistry, 25, 643-651.
Egnér, H., Riehm, H. & Domingo, W.R. (1960). Investigations on chemical soil analysis as the
basis for estimating the nutrient status of soils. II. Chemical methods of extraction for
phosphorus and potassium determinations. Kungliga Lantbrukshögskolans Annaler, 26, 199215 (in German).
Eich-Greatorex, S., Sogn, T.A., Ogaard, A.F. & Aasen, I. (2007). Plant availability of inorganic
and organic selenium fertiliser as influenced by soil organic matter content and pH. Nutrient
Cycling in Agroecosystems, 79, 221-231.
Ekholm, P., Reinivuo, H., Mattila, P., Pakkala, H., Koponen, J., Happonen, A., Hellström, J. &
Ovaskainen, M-L. (2007). Changes in the mineral and trace element contents of cereals, fruits
and vegetables in Finland. Journal of Food Composition and Analysis, 20, 487-495.
Engström, L. & Bergkvist, G. (2009). Effects of three N strategies on tillering and yield of low
shoot density winter wheat. Acta Agriculturae Scandinavica Section B – Soil and Plant
Science, 59, 536-543.
Eriksson, J., Mattsson, L. & Söderström, M. (2010). Current status of Swedish arable soils and
cereal crops. Data from the period 2001-2007. Swedish Environmental Protection Agency,
Report no. 6349. Stockholm, Sweden (in Swedish).
Eriksson, J., Stenberg, B., Andersson, A. & Andersson, R. (2000). Tillståndet i svensk åkermark
och spannmålsgröda – jordartens betydelse för markegenskaperna, samband markfaktorer
och elementhalter i kärna. Swedish Environmental Protection Agency. Report no. 5062.
Stockholm, Sweden (in Swedish).
Eurola, M., Heitaniemi, V., Kontturi, M., Tuuri, H., Pihlava, J-M., Saastamoinen, M., Rantanen,
O., Kangas, A. & Niskanen, M. (2003). Cadmium content of oats (Avena sativa L.) in official
variety, organic cultivation, and nitrogen fertilization trials during 1997-1999. Journal of
Agricultural and Food Chemistry, 51, 2608-2614.
Evanylo, G., Sukkariyah, B., Eborall, M.A.& Zelazny, L. (2006). Bioavailability of heavy metals
in biosolids-amended soil. Communications in Soil Science and Plant Analysis, 37, 21572170.
Fageria, N.K., Baligar, V.C. & Clark, R.B. 2002. Micronutrients in Crop Production. In:
Advances in Agronomy, 77, 185-268. Elsevier Science, USA.
Fordyce, F. (2007). Selenium geochemistry and health. Ambio, 36, 94-97.
Gartler, J., Robinson, B., Burton, K. & Clucas, L. (2013). Carbonaceous soil amendments to
biofortify crop plants with zinc. Science of the Total Environment, 465, 308-313.
Gaskin, J.W., Brobst, R.B., Miller, W.P. & Tollner, E.W. (2003). Long-term biosolid application
effects on metal concentrations in soil and bermudagrass forage. Journal of Environmental
Quality, 32, 146-152.

61

Graham, R.D. (1978). Nutrient efficiency objectives in cereal breeding. In: Ferguson, A.R.,
Bieleski, R.L., Ferguson, I.B.(Ed.), Plant Nutrition, 1978, Proceedings of the 8th International
colloquium on plant analysis and fertilizer problems, Auckland, New Zealand, 28 August-1
September 1978, Department of Scientific Industrial Research Information Series no. 134,
DSIR, Wellington, New Zealand, pp. 165-170.
Granato, T.C., Pietz, R.I., Knafl, G.J., Carlson, C.R., Tata, P. & Lue-Hing, C. (2004). Trace
element concentrations in soil, corn leaves, and grain after cessation of biosolids applications.
Journal of Environmental Quality, 33, 2078-2089.
Granstedt, A., Ebbersten, S., Ehn, T., Hambraeus, B. & Larsson Sundgren, M. (2009).
Konventionellt jordbruk utarmar jorden. http://www.smmi.nu/news/show_news?id=6977.
Svensk mat- och miljöinformation. Assessed 23/2-2012 (in Swedish).
Hamnér, K., Eriksson, J. & Kirchmann, H. (2012). Micronutrients in Swedish cerealsconcentrations, amounts and flows for winter wheat, spring barley and oats (in Swedish).
Department of Soil and Environment, Swedish University of Agricultural Sciences, Report no.
9, 32 pp.
Hanc, A., Tlustos, P., Szakova, J., Habart, J. & Gondek, K. (2008). Direct and subsequent effect
of compost and poultry manure on the bioavailability of cadmium and copper and their uptake
by oat biomass. Plant, Soil and Environment, 54, 271-278.
Heemsbergen, D.A., McLaughlin, M.J., Whatmuff, M., Warne, M.S., Broos, K., Bell, M., Nash,
D., Barry, G., Pritchard, D. & Penney, N. (2010). Bioavailability of zinc and copper in
biosolids compared to their soluble salts. Environmental Pollution, 158, 1907-1915.
Hocking, P.J. (1994). Dry-matter production, mineral nutrient concentration, and nutrient
distribution and redistribution in irrigated spring wheat. Journal of Plant Nutrition, 17, 12891308.
Hooda, P.S., McNutly, D., Alloway, B.J. & Aitken, M.N. (1997). Plant availability of heavy
metals in soils previously amended with heavy applications of sewage sludge. Journal of the
Science of Food and Agriculture, 73, 446-454.
Hunt, C.D. (2012). Dietary boron: Progress in establishing essential roles in human physiology.
Journal of Trace Elements in Medicine and Biology, 26, 157-160.
Hunt, R. (1982). Plant Growth Curves – The functional approach to plant growth analysis.
Edwald Arnold (Publishers) Limited, London, UK, 248 pp.
Jarrell, W.M. & Beverly, R.B. (1981). The dilution effect in plant nutrition studies. Advances in
Agronomy, 34, 197-224.
Johnsson, L. (1991). Selenium uptake by plants as a function of soil type, organic matter content
and pH. Plant and Soil, 133, 57-64.
Johri, N., Jacquillet, G. & Unwin, R. (2010). Heavy metal poisoning: the effects of cadmium on
the kidney. Biometals, 23, 783-792.
Julin, B., Wolk, A., Johansson, J.E., Anderson, S.O., Andren, O. & Akesson, A. (2012). Dietary
cadmium exposure and prostate cancer incidence: a population-based prospective cohort
study. British Journal of Cancer, 107, 895-900.
Kabata-Pendias, A. (2001). Trace elements in soils and plants. 3rd ed. CRC Press LLC, Boca
Raton, Florida, 432 pp.

62

Kirchmann, H. & Eriksson, J. (1993). Properties and classification of soils of the Swedish longterm fertility experiments. 2. Sites at Örja and Orup. Acta Agriculturae Scandinavica Section
B – Soil and Plant Science, SP 43, 193-205.
Kirchmann, H., Eriksson, J. & Snäll, S. (1999). Properties and classification of soils of the
Swedish long-term fertility experiments. IV. Sites at Ekebo and Fjärdingslöv. Acta
Agriculturae Scandinavica Section B – Soil and Plant Science, 49, 25-38
Kirchmann, H. & Eskilsson, J. 2010. Low manganese (Mn) and copper (Cu) concentrations in
cereals explained yield losses after lime application to soil. Acta Agriculturae Scandinavica
Section B – Soil and Plant Science, 60, 569-572.
Kirchmann, H., Mattsson, L. & Eriksson, J. (2009). Trace element concentration in wheat grain:
results from the Swedish long-term soil fertility experiments and national monitoring
program. Environmental Geochemistry and Health, 31, 561-571.
Kirchmann, H., Snäll, S. & Eriksson, J. (1996). Properties and classification of soils of the
Swedish long-term fertility experiments. 3. Sites at Västraby and S Ugglarp. Acta
Agriculturae Scandinavica Section B – Soil and Plant Science, 46, 86-97.
Kirkby, E.A. & Römheld, V. (2004). Micronutrients in plant physiology: Functions, uptake and
mobility. Proceedings No 543, International Fertiliser Society, York, UK. 52 pp.
Kutman, U.B., Yildiz, B., Ozturk, L. & Cakmak, I. (2010). Biofortification of durum wheat with
zinc through soil and foliar applications of nitrogen. Cereal chemistry, 87, 1-9.
Lasztity, B., Biczok, G. & Ruda, M. (1984). Evaluation of dry-matter and nutrient accumulation
in winter wheat. Cereal Research Communications, 12, 193-199.
L-Baeckström, G., Lundegårdh, B. & Hanell, U. (2006). The interactions between nitrogen dose,
year and stage of ripeness on nitrogen and trace element concentrations and seed-borne
pathogens in organic and conventional wheat. Journal of the Science of Food and Agriculture,
86, 2560-2578.
Li, B.Y., Zhou, D.M., Cang, L., Zhang, H.L., Fan, X.H. & Qin, S.W. (2007). Soil micronutrient
availability to crops as affected by long-term inorganic and organic fertilizer applications. Soil
Tillage Research, 96, 166-173.
Lindström, B. (2013). Micronutrients in temperate forage crops grown in Sweden – species
differences and effects of phenological development and soil. Diss. Swedish University of
Agricultural Sciences: Uppsala
Lundblad, K. & Johansson, O. (1956). Resultat av de senaste årens svenska mikroelementsförsök.
I. Försök med koppar. Statens jordbruksförsök, meddelande nr 61 (in Swedish).
Luster, J., Göttlein, A., Nowack, B. & Sarret, G. (2009). Sampling, defining, characterising and
modeling the rhizosphere-the soil science tool box. Plant and Soil, 321, 457-482.
Malhi, S.S., Johnston, A.M., Schoenau, J.J., Wang, Z.H. & Vera, C.L. (2006). Seasonal biomass
accumulation and nutrient uptake of wheat, barley and oat on a black chernozem soil in
Saskatchewan. Canadian Journal of Plant Science, 86, 1005-1014.
Marcato, C-E., Pinelli, E., Cecchi, M., Winterton, P. & Guiresse, M. (2009). Bioavailability of Cu
and Zn in raw and anaerobically digested pig slurry. Ecotoxicology and Environmental Safety,
72, 1538-1544.
Marschner, P (ed). (2012). Marschners´ mineral nutrition of higher plants. Academic press,
Croydon, U.K., 651 pp

63

Mason, S., Hamon, R., Nolan, A., Zhang, H. & Davison, W. (2005). Performance of a mixed
binding layer for measuring anions and cations in a single assay using the diffusive gradients
in thin films technique. Analytical chemistry, 77, 6339-6346.
Mason, S., McNeill, A., McLaughlin, M.J. & Zhang, H. (2010). Prediction of wheat response to
an application of phosphorus under field conditions using diffusive gradients in thin-films
(DGT) and extraction methods. Plant and Soil, 337, 243-258.
McBride, M.B. (1995). Toxic metal accumulation from agricultural use of sludge: Are USEPA
regulations protective? Journal of Environmental Quality, 24, 5-18.
McGrath, S.P. (1985). The effects of increasing yields on the macro- and microelement
concentrations and offtakes in the grain of winter wheat. Journal of the Science of Food and
Agriculture, 36, 1073-1083.
Mengel, K. & Kirkby, M.A. (1987). Principles of plant nutrition. International Potash Institute,
Worbaufen-Bern, Switzerland, 687 pp.
Menzies, N.W., Donn, M.J. & Kopittke, P.M. (2007). Evaluation of extractants for estimation of
the phytoavailable trace metals in soil. Environmental Pollution, 145, 121-130.
Mertz, W. & Underwood, J. (ed) (1986). Trace elements in human and animal nutrition (5th ed).
Academic Press, Florida, USA, 499 pp.
NFA - National Food Agency. 2014. Selenium. [online] http://www.slv.se/sv/grupp1/Mat-ochnaring/Vad-innehaller-maten/Salt--mineraler/Selen-/. Accessed 1 december 2014 (in Swedish)
Nolan, A.L., Zhang, H. & McLaughlin, M.J. (2005). Prediction of zinc, cadmium, lead, and
copper availability to wheat in contaminated soils using chemical speciation, diffusive
gradients in thin films, extraction, and isotopic dilution techniques. Journal of Environmental
Quality, 34, 496-507.
Pascual, I., Antolin, M.C., Garcia, C., Polo, A. & Sanchez-Diaz, M. (2004). Plant availability of
heavy metals in a soil amended with a high doses of sewage sludge under drought conditions.
Biology and Fertility of Soils, 40, 291-299.
Peralta, J.R., Gardea-Torresdey, J.L., Tiemann, K.J., Gomez, E., Arteaga, S., Rascon, E. &
Parsons, J.G. (2001). Uptake and effects of five heavy metals on seed germination and plant
growth in alfalfa (Medicago sativa L.). Bulletin of Environmental Contamination and
Toxicology, 66, 727-734.
Rayman, M.P. (2000). The importance of selenium to human health. Lancet, 356, 233-241.
Reuter, D.J. & Robinson, J.B. (ed). 1997. Plant analysis – an interpretation manual. SBS
Publishers & distributors Pvt Ltd, New Delhi, India, 572 pp.
Riedell, W.E. (2010). Mineral-nutrient synergism and dilution responses to nitrogen fertilizer in
field-grown maize. Journal of Plant Nutrition and Soil Science, 173, 869-874.
Sadras, V.O. (2006). The N:P stoichiometry of cereal, grain legume and oilseed crops. Field
Crops Research, 95, 13-29.
Schwartz, S. & Kafkafi, U. (1978). Mg, Ca, and K status of silage corn and wheat at periodic
stages of growth in the field. Agronomy Journal, 70, 227-231.
Shand, C.A., Eriksson, J., Dahlin, A.S. & Lumsdon, D.G. (2012). Selenium concentrations in
national inventory soils from Scotland and Sweden and their relationship with geochemical
factors. Journal of Geochemical Exploration, 121, 4-14.

64

Sillanpää, M. (1982). Micronutrients and the nutrient status of soils: a global study. FAO Soils
Bulletin No 48. Rome, Italy. 444 pp.
Sinclair, A. & Edwards, A.C. (2008). Micronutrient deficiency problems in agricultural crops in
Europe. In: Alloway, B.J. (ed) Micronutrient deficiencies in global crop production, p. 225244.
Singh, A., Agrawal, M. & Marshall, F.M. (2010). The role of organic vs. inorganic fertilizers in
reducing phytoavailability of heavy metals in a wastewater-irrigated area. Ecological
Engineering, 36, 1733-1740.
Sippola, J. (1978). Availability of soil reserves of copper, iron and manganese. Acta Agriculture
Fenniae, 17, 153-157.
Smith, S.E. & Read, D.J. (2008). Mycorrhizal symbiosis (3rd ed). Academic Press, Cambridge,
U.K., 787 pp.
SNFS (1994:2) Kungörelse med föreskrifter om skydd för miljön, särskilt marken, när
avloppsslam används I jordbruket. Statens naturvårdsverks författningssamling, Stockholm,
Sweden (in Swedish).
Sors, T.G, Ellis, D.R. & Salt, D.E. (2005). Selenium uptake, translocation, assimilation and
metabolic fate in plants. Photosynthesis Research, 86, 373-389.
Srivastava, P. (2007). Effects of pre-soaking of seeds with nickel salt on seedling growth in Vigna
radiate L. cultivars. Advances in Plant Science, 20, 423-425.
Steineck, S., Gustafson, G., Andersson, A., Tersmeden, M. & Bergström, J. 1999. Stallgödselns
innehåll av växtnärings och spårelement. Naturvårdsverket. Rapport 4974. (in Swedish).
Stenberg, M., Ekman, P., Lundblad, K. & Svanberg, O. The copper content of soils and crops an
the results of long-term fertilizing experiments with copper. Kungliga Lantbruksakademins
Tidskrift 4. 106 pp (in Swedish).
Sterner, R.W. & Elser, J.J. (2002). Ecological Stoichiometry – The biology of elements from
molecules to the biosphere. Princeton, NJ:Princeton University Press. 439 pp.
Swedish Board of Agriculture (2015). Rekommendationer för gödsling och kalkning 2016.
Jordbruksinformation 19 (in Swedish).
Tandy, S., Mundus, S., Yngvesson, J., de Bang, T.C., Lombi, E., Schoerring, J.K. & Husted, S.
(2011). The use of DGT for prediction of plant available copper, zinc, and phosphorus in
agricultural soils. Plant and Soil, 346, 167-180.
Thomas, D. (2003). A Study on the mineral depletion of the foods available to us as a nation over
the period 1940 to 1991. Nutrition and Health, 17, 85-115.
Torstensson, G. & Aronsson, H. (2000). Nitrogen leaching and crop availability in manured catch
crop systems in Sweden. Nutrient Cycling in Agroecosystems, 56, 139-152.
Varo, P., Nuurtamo, M., Saari, E. & Koivistoinen, P. (1980). Mineral element composition of
Finnish foods. III. Annual variations in the mineral element composition of cereal grains. In:
Koivistoinen P. Mineral element composition of Finnish foods: N, K, Ca, Mg, P, S, Fe, Cu,
Mn, Zn, Mo, Co, Ni, Cr, F, Se, Si, Rb, Al, B, Br, Hg, As, Cd, Pb and ash. Acta Agriculturae
Scandinavica, suppl 22, Stockholm, Sweden. 171 pp.
Verma, T.S. & Bhagat, R.M. (1990). Zinc and nitrogen interaction in wheat grown in limed and
unlimed acid alfisol. Fertilizer Research, 22, 29-35.

65

White, P.J. (2012). Long-distance transport in the xylem and phloem. In: Marschner, P. (ed)
Marschner´s mineral nutrition of higher plants. Academic Press, Croydon, UK. p. 49-70.
White, J.G. & Zasoski, R.J. (1999). Mapping soil micronutrients. Field Crops Research, 60, 1126.
WHO -World Health Organization (1996) Trace elements in human nutrition and health. Geneva
Xue, Y., Yue, S., Zhang, W., Liu, D., Cui, Z., Chen, X., Ye, Y. & Zou, C. (2014). Zinc, iron,
manganese and copper uptake requirement in response to nitrogen supply and the increased
grain yield of summer maize. Plos One, 9, 1-12.
Yli-Halla, M. & Palko, J. (1987). Mineral element content of oats in an acid suphate soil area of
Tupos village, northern Finland. Journal of Agricultural Science in Finland, 59, 73-78.
Yläranta, T. (1996). Uptake of heavy metals by plants from airborne deposition and polluted soils.
Agricultural and food science in Finland, 5, 431-447.
Young, S.D. (2013). Chemistry of heavy metals and metalloids in soils. In: Alloway, B.J. (ed).
Heavy metals in soils – Trace metals and metalloids in soils and their bioavailability. p. 5195.
Zadok, J.C., Chang, T.T. & Conzak, C.F. (1974). A decimal code for growth stages of cereals.
Weed Research, 14, 415-421.
Zhang, H., Lombi, E., Smolders, E. & McGrath, S. (2004). Kinetics of Zn release in soils and
prediction of Zn concentration in plants using diffusive gradients in thin films. Environmental
Science and Technology, 38, 3608-3613.
Zhang, H., Zhao, F-J., Sun, B., Davison, W. & McGrath, S.P. (2001). A new method to measure
effective soil solution concentration predicts copper availability to plants. Environmental
Science and Technology, 35, 2602-2607.

66

Acknowledgements
This PhD-project was funded by the Swedish Farmers´ Foundation for
Agricultural Research.
There are a number of persons that in different ways have made it possible
for me to carry out and complete this thesis. My special thanks to:
 Holger Kirchmann, my main supervisor. This has been an interesting
and enlightening journey! Thank you for all your engagement in my
project, for interesting discussions and for trying to teach me how to
write and ask the right questions!
 Martin Weih, my assistant supervisor. Your engagement in the project
has been of great value and you have contributed with important
“crop” knowledge. Your fast and helpful response to all my questions
was really appreciated!
 Janne Eriksson, my assistant supervisor. Your deep knowledge about
soils and scientific writing has been of great importance for my work.
When asking you I know I will get a correct and honest answer!
 Gerd Johansson for all support, encouragement and help during these
years. Your presence at the department means a lot to me!
 Inger Juremalm for always supplying accurate data of analysis
regarding all my samples. See you around in Örsundsbro, neighbor!
 Annika Hansson for practical help with all my samples that occupied
your space. Thanks also for keeping me company and cheering me up
when threshing wheat got a bit frustrating!
 Laima Rosén for all help with technical issues concerning the field
trials and for nice chats in the corridor.
 Johannes Forkman and Ulf Olsson for help with statistical analyses.
 Simon Mundus for your contribution as a “DGT expert”!
 Sigrun Dahlin for teaching me important things about micronutrients
and for lending me the grinder!
 Per-Göran Andersson, Gunnar Torstensson and Helena Aronsson for
access to field trial data.

67

 The farmers of Östergötland county and my former colleagues at
Hushållningssällskapet. You taught me so many valuable things about
the practical life of a farmer, which are of great value in my research.
You made sure I don´t forget the practical implications in my work!
 The ”field staff” at HS (Anna-Karin, Erik, Sofie, Anders, Ola) for help
with practical issues concerning the fertilization trials.
 Charlotta Norén and Emma Hjelm for help with crop sampling.
 Per-Johan Lööf, Katarina Börling, Gunilla Frostgård and Line Strand.
Your interest and input into the project has been encouraging me!
 Pia Edfeldt and Anne Olsson for help with administrative issues.
 Mary McAfee for fast and reliable language revision of the papers and
the thesis.
 Anna Mårtensson and Sigrun Dahlin for valuable comments on the
thesis.
 Ragnar Persson and Håkan Karlsson for help with computer issues
whenever needed.
 Helena Aronsson- My mental coach! Thank you for so many
interesting talks about small and big things and also for nice
corporation in student teaching.
 Elisabeth Lewan, for showing engagement and dealing with important
“PhD issues” at the department.
 The research group at the department of Crop production ecology for
help and interesting discussions! Special thanks to Fama for nice chats
and for being my course-companion!
 All present and former PhD students at the department for nice chats,
fikas and interesting discussions. A special thanks to Helena, Lisbet
and Linnea for talks and “problem sharing”!
 All colleagues at the department - you all made every-day life at work
pleasant! Special thanks to the people at the “lunchtable” – for all
pleasant lunches with nice talks, important (!) discussions and
laughter!
 All my friends, for your encouragement and for all enjoyable
moments! A special thanks to Anna, Maria and Anna for always being
there for me! Karin and Andreas – I´m glad to have you nearby!
 My family – My parents for all encouragement and for always
believing in me! Thanks also for all time you spend with the kids!
Susanne and Magnus with families for support and being around!
 Gudrun and Thomas, for all your support and help!
 My three sunshines – Axel, Simon and Nora. Thank you for making
me rest from small negligible stuff in soil and think of bigger, more
important things. You bring so much joy and happiness to my life!
 Robert, for all help with computer issues, for helpful scientific
discussions, but mostly for being my every-day companion and the
love of my life!

68

