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RESEARCH ARTICLE

Liming alkaline clay soils: effects on soil structure, nutrients, barley growth and
yield
Anita Gunnarssona, Jens Blomquistb, Lars Perssonc, Åsa Olssonc, Karin Hamnérb and Kerstin Berglundb

aRural Economy and Agricultural Society in Scania Kristianstad, Sweden; bDepartment of Soil and Environment, Swedish University of
Agricultural Sciences, Uppsala, Sweden; cNordic Beet Research, Bjärred, Sweden

ABSTRACT
Liming before cultivation of sugar beets is favourable even on alkaline soils but knowledge of
response in other crops is lacking. Therefore, effects of ground limestone (GL) and structure
lime (SL1 slaked lime or SL2 mix of ground limestone and slaked lime) were evaluated in
southern Sweden on soil structure, growth and nutrient concentration in barley under four
fertilisation strategies 1.5–2 years after application. All lime products increased aggregate
stability, but with variations between locations. A lower proportion of large aggregates was
found in both limed treatments, and a higher proportion of small aggregates in SL. In barley,
grain yield was unaffected while shoot numbers and biomass in first node stage increased for
GL and biomass increased further for SL. Structure lime increased potassium concentration in
plants in first node stage, due to more potassium in the product. Both lime types increased
molybdenum concentration. Ground limestone reduced zinc concentration compared with no
liming. Finer seedbed tilth and increased aggregate stability may explain increased biomass for
GL. Higher potassium content in SL might be a further explanation. No interactions between
liming and fertilisation were found. In conclusion, on the soil types studied, no change of
fertilisation strategy is needed due to liming.
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Introduction

Liming can have effects on both soil and crops in terms
of soil structure, plant nutrition and plant pathology (lit-
erature review by Holland et al. 2018). Olsson et al.
(2019) showed that liming soils with a clay content
>20% with ground limestone before a sugar beet crop
gave greater yield increases on soils with already elev-
ated pH(H2O) (>7.0) than on soils with lower pH.
Suggested explanations for the positive response were
improved aggregate size distribution in the seedbed,
as shown previously by Ledin (1981), less slaking and
crusting under unfavourable weather conditions (Sten-
berg et al. 2000) or reduced infection with Aphanomyces
(Olsson et al. 2011). In the period 2010–2021, approxi-
mately 65,000 hectares of clay soils in Sweden were
limed with blends of ground limestone (calcium carbon-
ate, CaCO3) and slaked lime (calcium hydroxide, Ca(OH)2)
referred to as ‘structure lime’. The aim with this type of
liming is primarily to increase aggregate stability and
thereby reduce phosphorus (P) losses (Ulén and Etana
2014; Blomquist et al. 2018).

It is well known that the availability of boron (B),
copper (Cu), iron (Fe), manganese (Mn), P and zinc (Zn)

decreases with increasing pH, while the availability of
molybdenum (Mo) increases. Therefore, addition of
micronutrients must be taken into consideration when
evaluating yield response of liming. Since placement of
acidifying fertilisers can improve uptake of both the
applied nutrients as well as soil micronutrients such as
Mn (Holmes et al. 1983; Nkebiwe et al. 2016), placement
may be enough to avoid shortage of nutrients after
liming.

The aim of this investigation was to evaluate: (i) the
combined effects of liming with ground limestone or
structure lime (slaked lime alone or mixed with ground
limestone) on soil structure and plant nutrition in
spring barley; and (ii) the interactive effect of fertilisation
strategy and liming on growth and plant nutrition. In
Sweden, ground limestone is used in practical agricul-
ture to raise pH and structure lime is primarily used to
increase aggregate stability. Therefore, the comparison
between those products is relevant.

The starting hypotheses were that: (1) structure lime
improves soil structure more than ground limestone;
and (2) there are interactive effects on growth and nutri-
ent concentration in spring barley between liming
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treatment and fertilisation strategy, with the most posi-
tive response of liming obtained with NPK fertiliser pla-
cement combined with foliar fertilisation with
micronutrients.

Materials and methods

Experimental design

Field experiments were established in Scania County,
southern Sweden (humid continental climate; EAA
2019), at two different locations in 2013, five in 2014
and six in 2015. The experiments were set up in
farmers’ fields and each started in the autumn before
the spring when sugar beet was established. General
soil characteristics at the different locations are pre-
sented in Table 1. Ground limestone (GL) or structure
lime (SL) was applied and compared with an untreated
control (L0) in a randomised block design with three
replicates, in plots with width 12 m or 24 m and length
ranging from 100 m to 800 m, depending on field size.
Two different products were used as SL, in 2013 slaked
lime (SL1) and in 2014–2015 the mixed product Nordkalk
Aktiv Struktur (SL2) (Tables 2–4). Application rates to
increase pH depend on initial pH, crop rotation, soil
texture and soil organic matter, whereas standard appli-
cation rate in Sweden for structure liming is approxi-
mately 8 t ha−1 of SL2. The application rate in the
experiment was ∼4 t CaO ha−1, expressed by the neutra-
lising value (CEN-EN 12945:2008/AC:EN:2009). For GL
(particle size 0–0.2 mm) this corresponded to 8 t ha−1,
for structure liming (SL) it corresponded to 5.6 t ha−1

in the two locations where SL1 was used and 7.8 t
ha−1 in the 11 locations where SL2 (particle size 0–
0.5 mm) was used.

Spring barley was grown after sugar beet or potato in
the crop rotation (Table 5), and extensive studies were
conducted at 10 field locations (Table 1) on the effects
of lime on barley nutrition and yield. In these studies,
the main plots with the three different lime treatments
(L0, GL, SL) were divided into sub-plots that were allo-
cated to four different fertilisation strategies (Table 2).
These comprised three treatments with subsurface pla-
cement of the fertiliser: NS 27-4 (strategy NS-Pl); NPKS
24-4-5-3 (strategy NPKS-Pl); or NPKS 24-4-5-3 plus foliar
fertiliser in growth stage 12, 31 and 37 according to
Zadoks’ scale (ZS) (Zadoks et al. 1974) (strategy
NPKSm-Pl); and a fourth treatment with broadcast
NPKS fertiliser (strategy NPKS-Bc). At one location (Väs-
traby), NPKS 22-6-6-3 was used instead of NPKS 24-4-5-
3 due to low content of available P in soil and lower
total-N fertiliser requirement than at the other locations.
Magnesium supply was approximately the same for all

solid fertilisers, 0.02–0.03 kg kg−1 N. Sulphur supply
only differed by 2 kg S ha−1 between the NS 27-4 and
NPKS fertilisation strategies. A foliar fertiliser (YaraVita®

Gramitrel®, containing (g L−1) 64 N, 150 Mg, 50 Cu as
Cu2O, 150 Mn (as MnCO3) and 80 Zn (as ZnO)), was
used in treatment NPKSm-Pl, with 1 L ha−1 supplied in
daytime on each application. The N level was adapted
to the farmer’s routines and practice concerning single
or split dose. As a mean, 103 kg N ha−1 were applied
at drilling and 123 kg N ha−1 in total. Extra Mn was sup-
plied as foliar fertiliser over the whole field in all
locations according to the farmer’s routines. (For
further details see Table 2.)

Aggregate stability and aggregate size
distribution

Sampling of soil for aggregate stability measurement
was carried out in sub-plot NS-Pl in all main plots (lime
treatments) in the second year after liming. At 12 of
the 13 locations, sampling was carried out in the
seedbed in spring (in nine cases in barley and in three
cases in potatoes) (Table 5). In the 13th trial, sampling
was conducted in August 2016, immediately after dril-
ling of winter oilseed rape. At all 13 locations, soil
sampling was performed after tillage and the loose soil
obtained was sieved over three different mesh size
classes (average diameter >5 mm, 2–5 mm and
<2 mm) as described by Kritz (1983). The fraction with
2–5 mm diameter aggregates was collected and stored
dry and aerated before measurement of turbidity. For
this, the aggregates were air-dried at 40 oC and then
subjected to simulated rain at an intensity of 32–
39 mm per hour in the laboratory. Leachate from the
samples was collected on two occasions 24 hours apart
(denoted A1 and A2, respectively) and turbidity and
electrical conductivity (EC) in the leachate were deter-
mined after each simulated rainfall event. For this, the
muddy leachate water was agitated in a shaker for
10 minutes and then allowed to sediment for
4.5 hours. After sedimentation, a fluid sample was
taken at 5.6 cm depth and turbidity was measured
with a turbidimeter (Hach TL 2360 Turbidimeter, Hach,
Loveland, Co.). The turbidity in the water sample was
taken as an estimate of clay concentration (aggregate
stability) in the water, and thus as an indication of the
risk of particulate-P losses. Electrical conductivity
increases at liming, and the measured values were
used to check that the lime had been spread in the
correct plots. Only turbidity and EC data from the
second simulated rainfall event (turbidity-A2 and EC-
A2) are reported here.
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Sampling of soil for aggregate size distribution was
performed in seven of the 13 experiments, six with
spring barley and one with potatoes. The seedbed or
top of the potato ridges were sampled directly after dril-
ling/planting in spring 2016 and 2017, in the second
crop in the rotation after liming. The seedbed/ridge
material was sieved into the same three fractions as
described above (average diameter >5 mm, 2–5 mm

and <2 mm) and the volume of the three fractions was
measured.

Soil and plant analyses

Soil sampling (0–20 cm) for chemical analyses was
carried out in the main plots before drilling of barley.
The samples were analysed for pH(H2O), plant-available
aluminium (Al), calcium (Ca), Fe, K, Mg, P by the
ammonium acetate-lactate (AL) method (Egnér et al.
1960); Fe, Mn, Zn and Cu with CAT extraction (0.01 M
CaCl2 + 0.002 M DTPA solution; CEN EN 13651:2001), B
with hot water extraction (15 minutes) and also P with
the P-Olsen-method (Olsen et al. 1954). Thereafter,
observations relating to growth and yield were made
in all plots, i.e. in each sub-plot. Plant shoots were
counted in ZS30-31. Total aboveground biomass was
sampled in ZS31 and biomass concentration of P, K,
Ca, Mg, S, Mn, B, Zn, Cu and Fe was analysed by induc-
tively coupled plasma-optical emission spectroscopy
(Agilent ICP OES 5110), after digestion with nitric acid
using a CEM MARS 6 microwave. Nitrogen content was
determined according to Dumas, on a LECO TRUMAC
device (LECO Corporation, St. Joseph, MI, USA).
Optimal plant nutrient concentration as established by
Bergmann (1992) has lower and higher adequate
levels, and nutrient levels in plants should be in the
middle or upper part of the adequate range. Nitrogen
uptake in ZS31, corresponding to kg N ha−1, was calcu-
lated as ‘SN value’, based on optimised vegetation index
derived from canopy reflectance measured off-nadir (60
degree) using a HandySpec MMS1 NIR-enhanced hand-
held passive spectrometer from tec5 (tec5 Inc.,

Table 1. Locations, year of liming and of the spring barley crop, soil pH, available nutrients (mg (100 g)–1 air-dried soil), organic matter
and texture prior to liming and application of NPK (kg ha−1) to barley.

Location

Coordinates . Lime pH Available (AL solublea) . Clay Sand Org. Barley

Total supply to
barley .

North East year Ca K Mg P % % matter, % year N P K

Linelund 55°24’ 13°18’ 2013 8.0 550 6 7 5 18 51 2.6 2015 130 22 27
Hörte-13b 55°24’ 13°33’ 2013 7.8 420 11 14 7 18 54 2.4 2016 139c 18 23
Lindby 55°27’ 13°29’ 2014 7.6 397 8 8 12 18 50 2.2 2016 125 21 26
Heddinge 55°38’ 13°18’ 2014 7.4 337 13 16 6 27 46 3.1 2016 126c 17 21
Hammenhög 55°30’ 14°6’ 2014 7.8 396 13 11 13 28 36 4.6 2016 140c 17 21
Ekeberg 56°2’ 14°4’ 2015 6.6 300 9 11 5 20 34 3.9 2017 100 17 21
Gislöv 55°30’ 14°17’ 2015 7.0 397 32 13 55 27 36 5.5 2017 95 16 20
Vadensjö 55°55’ 12°53’ 2015 7.0 270 16 7 18 20 50 2.8 2017 143c 18 23
Vallby 55°24’ 13°20’ 2015 6.8 328 8 12 10 20 46 3.6 2017 145c 18 22
Västraby 56°10’ 12°47’ 2015 7.1 290 11 14 6 22 54 3.1 2017 98c 14 14
Hönnedal 56°4’ 14°14’ 2014 7.4 311 8 10 9 16 62 3.7 – No barley crop
Billeberga 55°53’ 13°2’ 2014 7.7 290 12 10 12 24 41 2.8 – No barley crop
Hörte-15b 55°24’ 13°33’ 2015 6.8 225 8 9 6 15 60 2.1 – No barley crop
aAmmonium acetate-lactate method (AL) according to Egnér et al. (1960).
bThe suffix indicates the year in which the experiment started at Hörte.
cSplit application with 108, 100, 100, 110, 105 and 60 kg N ha−1 at or before drilling, for Hörte-13, Hammenhög, Heddinge, Vadensjö, Vallby and Västraby,
respectively. At the other locations, N was supplied in one dose, at drilling.

Table 2. Lime treatments in main plots and fertilisation
strategies in barley (sub-plots)a.

Treatment and code

Amount applied, ton ha−1

Product CaO

Lime treatments in main plots:
L0. No lime – –
GL. Ground limestone 8.0 4.0
SL. Structure lime 5.6b; 7.8c 4.0
Fertilisation strategy in small plots
NS-Pl. Placed NS27-4 Axan
NPKS-Pl. Placed NPK Yara’s 24-4-5d

NPKSm-Pl. Placed NPK Yara’s 24-4-5 d + foliar fertiliser with micronutientse in
ZS12, 30 and 37

NPKS-Bc. Broadcast NPK Yara’s 24-4-5 d

aN-level was adapted to the farmer’s level and routines concerning only
single or split dose (mean 103 kg N ha-1 at drilling and 123 kg N ha-1 in
total). Extra Mn was supplied as foliar fertiliser was supplied over the
whole field according to the farmer’s routines; Mn supply was: Hörte-13
188, Vadensjö: 235, Vallby 235, Gislöv 352, Heddinge 470 g and Ekeberg
470 g Mn ha-1 as MnNO3, applied on 19 May, 15 June, 30 May, 23 May,
26 May and 30 May, respectively, and Linelund 225, Hammenhög 150
and Västraby 75 g Mn ha-1 as NoroTec™ Mangan, applied on 4 June, 15
May and 3 June, respectively. In Lindby no Mn was supplied according
to farmer’s routine. In Vadensjö and Linelund Mn was applied 5-8 days
after sampling in ZS31. In the other seven locations Mn was applied 5-
15 days before sampling (mean 8 days before).

bSlaked lime (SL1) 2013.
cNordkalk Aktiv Struktur (SL2) 2014 and 2015.
dIn Västraby, NPK 22-6-6 was used due to lower P-AL content in soil and
lower total-N requirement than in the other locations.

eGramitrel at 1 L ha-1 each time, containing (g L-1) 64 N, 150 Mg, 50 Cu as
Cu2O, 150 Mn (as MnCO3) and 80 Zn (as ZnO).
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Oberursel, Germany). Background for the calculations is
described in Gnyp et al. (2015).

Calculations and statistics

Analysis of variance (ANOVA) was conducted on the data
from the 10 barley trials using a split-plot-model in PROC
MIXED model in SAS 9.3; (SAS Institute Inc.) comprising
fixed effects of location, lime and fertilisation strategy
and with block as random effects. Interactions were
tested between lime x fertilisation strategy, between
lime x location, and between lime x fertilisation strategy
x location. Tukey’s test was used for pairwise compari-
sons. Differences between treatment means were evalu-
ated with Tukey’s Honestly Significant Differences (HSD)
test at p < 0.05.

Each individual experiment was also analysed in SAS
in a two-way model. For individual experiment Fisher’s
LSD was then used for pairwise comparisons.

Structure measurements were compared by Mintab 18
in one-way Anova and with differences between the treat-
ment means evaluated with Tukey’s HSD test at p< 0.05.

Differences referred to are significant unless other-
wise stated, while p-values between 0.05 and 0.1 were
taken to indicate tendencies.

Results

Aggregate stability

Electrical conductivity increased by 31% (p < 0.001) after
irrigation in the two limed treatments (GL, SL) compared
with the control (L0) as an average for the 13 locations
(Supplementary Table S1). There was no interaction
between location and treatment (p = 0.129). Aggregate
stability also increased with liming (p < 0.001), with tur-
bidity-A2 decreasing on average by 43% and 35% in

treatments GL and SL, respectively, in comparison with
the control (Supplementary Table S1). There was no
difference in turbidity-A2 between the limed treatments
GL and SL. The reduction in turbidity varied widely
between the 13 locations (Figure 1, Supplementary
Table S2). Statistical analysis showed an interaction
between location and lime treatment (p = 0.049) for all
locations (Supplementary Table S1). At Västraby (Figure
1, Supplementary Table S2), the reduction in turbidity
after liming was significant and at Hörte-13, Lindby, Hed-
dinge and Billeberga the reduction was close to signifi-
cant, i.e. there was a tendency for a treatment effect.
The remaining eight locations showed no reductions in
turbidity-A2.

Treatment SL involved application of pure slaked lime
in autumn 2013 at two locations (treatment SL1, Table 3)
and the mixed product Nordkalk Aktiv Struktur in
autumns 2014–2015 at 11 locations (treatment SL2,
Table 3). For both groups (SL1 and SL2) of locations, all
liming treatments had higher EC-A2 than the control
(Supplementary Table S1). Turbidity-A2 was lower in
treatments GL and SL2 than in L0 (p < 0.001), with no
differences between the two limed treatments.
However, there was an interaction between location
and treatment (p = 0.025) for group SL2 locations
(Supplementary Table S1). In the other group of locations,
turbidity decreased only in treatment GL and not in SL1
compared with the control (p = 0.049) and there was no
interaction between location and treatment (p = 0.381).

Aggregate size distribution

The tilled top 4–5 cm of the seedbed/potato ridge showed
a finer tilth in the limed treatments GL and SL compared
with the control (Figure 2). Both limed treatments had a
lower proportion of coarse aggregates (>5 mm) compared

Table 3. Summary of products used in the ground limestone (GL) and structure lime (SL) treatments.

Treatment Location Product Origin

Water
content

%

CaO,
neutralising

valuea

% of dry matter
(DM)

Available
CaOb .
% of DM

GL All Ground limestone (0-0.2 mm Ø) Calcitic limestone ground to
0-3 mm) from Ignaberga,
Scania, Sweden (age 70
million years).

0.1 50 NA/NRc

SL1 Linelunda

Hörte-13
Slaked lime Calcitic limestone from

Storugns, Gotland, Sweden
(age 450 million years)

0.6 NA/NRc 72.5%
(93%
Ca(OH)2

SL2 All except from
Linelund and
Hörte-13

Aktiv Struktur, a mixture of slaked lime or
quicklime and ground (0-0.5 mm Ø)
calcitic limestone mixed to a content of
20% available limeb (CaO)

‘-’ 0.3 51 20%

aNeutralising value as determined by CEN-EN 12945:2008/AC:en:2009.
bAvailable lime as determined by CEN-EN 459-2:2010.
cNot analysed/not relevant.
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Table 4. Content of nutrients in the ground limestone (GL) and structure lime (SL) treatments. NA refers to not analysed.

Treatment

Total contenta, % of DM. Total contenta, ppm of DM.

AL2O3 CaO Fe2O3 K Mg Na2O P S SiO2 Cd Co Cr Cu Hg Mn Ni Pb V Zn

GL 0.6 50 0.3 0.3 0.3 0.1 0.06 0.02 9.0 0.6 1 2 NA <0.02 NA 2 1 4 9
SL1 0.5 73 0.2 0.1 0.7 0.03 0.01 0.06b 1.1 <0.02 2 5 NA <0.02 0.02 4 3 9 24
SL2 2.9 51 1.1 1.5 1.0 0.5 0.07 1.5 5.2 1.8 9 26 45 <0.02 NA 26 58 38 260
aMacronutrients and micronutrients analysed by X-ray fluorescence spectrometry (XRF) according to CEN-EN 12485:EN:2010.
bMethod: Eltra CS800.
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with the control (p= 0.006). For the middle-sized fraction
(2–5 mm) there were no differences between the main
treatments (p= 0.657), but for the aggregate size class
with the finest average diameter (<2 mm), treatment SL
showed a higher proportion than the control (p= 0.011),
but no difference in comparison with the other limed treat-
ment GL (bottom part of bars in Figure 2). There were no
interactions between location and treatment for any of the
three aggregate size classes, i.e. all locations reacted simi-
larly to the lime treatments.

Soil chemical composition before drilling in the
barley experiments

Either one or both liming treatments affected pH, AL-
extracted Ca and Al, CAT-extracted Fe and Mn and

H2O-extracted B, compared with the control (L0), as a
mean for 10 locations (Table 6). Soil pH was 0.5 pH
units higher in both limed treatments than in L0. Alu-
minium-AL concentration was higher in SL than in L0
and GL, while Ca-AL concentration was higher in GL
than in L0. Concentrations of Fe and Mn after CAT
extraction were lower in the limed soils, but above
the optimal level for barley (norm for Fe-CAT 20–
300 mg kg−1 and Mn-CAT 30–50 mg kg−1; Anonymous
2003). There were no interactions between lime treat-
ment and location with regard to soil chemical
composition.

Table 5. Crops grown during the experimental period.

Location

Year

2014 2015 2016 2017

Linelund Sugar beet Spring barley Oilseed rape Winter wheat
Hörte-13a Sugar beet Ware potatoes Spring barley Oilseed rape
Lindby Sugar beet Spring barley Winter wheat
Heddinge Sugar beet Spring barley Oilseed rape
Hammenhög Sugar beet Spring barley Oilseed rape
Ekeberg Sugar beet Spring barley
Gislöv Sugar beet Spring barley
Vadensjö Sugar beet Spring barley
Vallby Sugar beet Spring barley
Västraby Sugar beet Spring barley
Hönnedal Sugar beet Starch potatoes Winter wheat
Billeberga Sugar beet Winter wheat Oilseed rape
Hörte-15a Sugar beet Ware potatoes
aThe suffix indicates the year in which the experiment was started in Hörte.

Figure 1. Aggregate stability (approximated as turbidity) at the different experimental locations (n = 13). Year refers to year for aggre-
gate sampling. P-values are for lime treatments in a one-way Anova. Turbidity (absolute values on bottom line) was measured in
fertilisation strategy NS-Pl (see Table 2). Grey bars refer to ground limestone (GL) and black bars to structure lime (SL). Red dotted
line shows unlimed control treatment L0 = 100.

Figure 2. Aggregate size distribution in the seedbed in six
locations with spring barley and in the top of the ridge in one
location with potatoes in 2016-2017. Significant differences in
aggregate size classes compared with the untreated control
(L0) are indicated in bold and italics. GL = ground limestone,
SL = structure lime.
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Plant nutrient concentration in barley

Liming effects
Concentrations for all analysed nutrients and their
relation to the adequate range are shown in Figure 3.
Lime addition affected the concentrations of K, S, Mo
and Zn in barley plants at ZS31 compared with no
lime (L0) as a mean for all 10 locations. In the unlimed
treatment, potassium concentrations were lower com-
pared to treatment with SL (p < 0.01) but not compared
to application of GL (p = 0.67). The K concentration in L0
(3.02%) was at the lower level of the adequate range

(3.0%). For S, there were no differences in concentrations
between unlimed and limed treatments, but structure
lime resulted in higher concentrations than GL. Concen-
trations of Mo were higher in both limed treatments
compared with L0. However, concentrations (0.85; 1.47,
1.45 ppm respectively) were above the higher level of
the adequate range (0.3 ppm) in all treatments. For Zn,
treatments with GL resulted in lower concentrations
than unlimed treatments but were still within the ade-
quate range.

For two nutrients, Cu and Mn, liming tended to affect
barley concentrations; for Cu, SL tended to give higher
concentrations than unlimed treatment (p = 0.067 for
model; p = 0.021 for pairwise model) and for Mn SL
tended to give lower concentrations than unlimed treat-
ment (p = 0.051 for model; p = 0.019 for pairwise model).
Manganese concentrations were low at several
locations; the mean Mn concentration across fertilisation
strategies were below the lower adequate range at 7 of
10 sites in at least one of the limed treatments (data not
shown). Manganese was supplied according to the
farmer’s routines when treating the whole field (Table
2), meaning that the time between Mn supply and
sampling differed between locations; Mn was sprayed
by the farmers from 15 days before to 8 days after
sampling (mean and median 4.6 and 5.0 days before
sampling, respectively). On three of the ten farms,
farmer’s Mn supply was done ≥10 days before sampling.
On those three, Mn concentration was far above the
lower adequate range (48–74 ppm; data for individual
locations not shown) whereas all the other locations
had Mn concentrations below or at the lower adequate
range. This indicates that possible negative effects of
liming were counteracted if Mn spraying was applied
early.

For B, P and Mg, no differences between treatments
could be detected, but the concentrations were below
the lower level of the adequate range in all lime treat-
ments (as means over fertilisation strategies for all ten
locations; Figure 3).

Table 6. Chemical composition of topsoil before drilling of spring barley (mean for 10 locations) approximately 1.5 years after liming.

Treatment
pH Available (AL solublea) . Olsenb CAT extractionc . B
(H2O) Al Ca Fe K Mg P P Cu Fe Mn Zn (H2O)

L0. No lime 7.3a 18.13a 351a 48.00 13.39 11.92 13.99 3.47 3.04 438b 78.1b 3.61 1.152b
GL. Ground limestone 7.8b 18.40a 438b 45.40 12.84 11.81 15.29 3.90 2.78 335a 64.2a 3.41 1.017a
SL. Structure lime 7.8b 20.47b 418ab 44.57 14.32 12.62 13.77 3.43 2.70 338a 60.6a 3.29 1.107ab
LSDd 0.14 1.311 70 9.640 1.958 1.370 5.180 1.017 0.372 72.6 10.2 1.281 0.091
P Lime 0.000 0.001 0.038 0.760 0.317 0.442 0.819 0.596 0.174 0.008 0.003 0.878 0.014
P location x lime 0.723 0.736 0.997 1.000 0.987 0.979 1.000 0.999 0.996 0.910 0.528 0.999 0.537

For Olsen and AL-soluble nutrients: mg 100 g−1 air-dried soil. For other micronutrients: mg kg−1. Values within columns followed by different letters are sig-
nificantly different (p < 0.05) according to Fisher’s test in one-way Anova.

aAmmonium acetate-lactate method (AL) according to Egnér et al. (1960).
bExtraction with sodium bicarbonate according to Olsen et al. (1954).
cExtraction with 0.01 M CaCl2 + 0.002 M DTPA solution; CEN EN 13651:2001.
dFisher’s least significant difference (LSD), p < 0.05.

Figure 3. Nutrient content in aboveground biomass in growth
stage ZS31 in lime treatments (mean over fertilisation strategies
for 10 locations) and percentage deviation from the lower ade-
quate level. Values to the left of the zero line are below, and
values to the right above, the lower adequate level set by Berg-
mann (1992). Different letters beside the columns indicate sig-
nificant difference (p < 0.05) according to Tukey’s Honestly
Significant Difference (HSD) test in two-way Anova. NS refers
to not significant. Iron (Fe) concentration was also analysed
and was around six-fold the lower adequate level, with no treat-
ment effects.
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Fertilisation effects
At growth stage ZS31, crop concentrations of all nutri-
ents except P, B and Fe were affected by fertilisation
strategy (Figure 4). The concentrations of K, Mg, N and
Zn were higher when only N and S were applied with
subsurface placement (NS-Pl) compared to if N and S
together with P and K were broadcast (NPKS-Bc).
However, addition of foliar fertilisation did not affect
the concentrations of these nutrients (NPKS-Pl and
NPKSm-Pl, respectively). For S, treatments with subsur-
face placement and addition of P and K (NPKS-Pl and
NPKSm-Pl) resulted in higher concentrations than
addition with only NS or broadcast NPKS (NS-Pl and
NPKS-Bc). Broadcast fertilisers also resulted in lower
Mn concentrations compared to all other fertilisation
strategies. The Mo concentration was lower in the
three sub-plots with NPKS than in NS-Pl and the Ca con-
centration was lower in NPKS-Bc than in the other three
fertilisation strategies.

Concentrations of B, P and Mg were below the lower
level of the adequate range in all fertilisation strategies
and Mo and Fe concentrations were above the higher
level of the adequate range (as means over lime treat-
ments for all ten locations). For P, the concentration
was below the lower adequate level at all locations
except Gislöv, Vadensjö and Vallby (data not shown).

Interactions between lime, fertilisation strategy
and location
An interactive effect was found between lime treatment
and fertilisation strategy for K concentrations. It was
apparent as lower K concentration after addition of GL
compared to unlimed treatment at fertilisation with N
and S only (NS-Pl) but higher K concentrations in treat-
ment in limed treatment (GL) at fertilisation with broad-
cast NPKS (NPKS-Bc; data not shown).

For Mo, an interactive effect was found between lime
treatment and location, where GL resulted in higher con-
centrations than structure lime in one of 10 locations
(Linelund) and the opposite effect at another location
(Vallby). For the remaining locations, Mo concentrations
were similar for the two lime treatments.

Shoot numbers, nitrogen uptake and biomass in
ZS31 and grain yield

There were interactive effects between liming and fertili-
sation in N uptake (SN value) but not in shoot numbers,
biomass in ZS31 or grain yield (Table 7 and Figure 5),
although the SN value was correlated with both
biomass in ZS31 and grain yield (data not shown). The
interaction for SN value can be attributed to different

relationships for GL and SL in different fertilisation strat-
egies (data not shown), but for all fertilisation strategies
the SN value was lower in L0 than in the limed treatments.

Liming effects
The lime treatments resulted in higher SN value and
increased shoot numbers compared with L0, but with
no differences between SL and GL (Table 7). For
biomass in ZS31, there were differences between all
three treatments (L0, GL and SL), with SL resulting in
the highest biomass and L0 in the lowest. There were
no liming effects on grain yield. There were no inter-
actions between lime treatment and location for any
of the four variables (shoot numbers, SN value,
biomass, grain yield).

Fertilisation effects
Biomass in ZS31 and grain yield were highest in fertilisa-
tion strategies NPKS-Pl and NPKSm-Pl and lowest in
NPKS-Bc. Shoot numbers were lower in NS-Pl and
NPKS-Bc than in NPKS-Pl and NPKSm-Pl, whereas SN
value was only lower in NPKS-Bc than in the other ferti-
lisation strategies (Table 7). There were interactions
between fertilisation and location for reflectance,
biomass in ZS31 and grain yield, which were mainly
due to better response to NPK-Bc in a few locations,
probably due to early rainfall after drilling.

Discussion

Aggregate stability and size distribution

Liming improves soil structure
Both limed treatments (GL and SL) improved soil struc-
ture, as indicated by decreased turbidity-A2 (Figure 1,
Supplementary Tables S1 and S2) and a shift towards a
finer seedbed tilth (Figure 2). Decreased turbidity is an
indication of increased aggregate stability, which in
turn can lead to agronomic advantages such as
increased field emergence (Hoyt 1981) and improved
yield level (Stenberg et al. 2000). Increases in aggregate
stability through liming can also give environmental
benefits, such as reduced total-P losses as particulate-P
and dissolved reactive phosphorus (DRP), as shown by
Ulén and Etana (2014). A finer seedbed tilth after
liming was also observed by Blackert (1996). A finer
tilth can act as an evaporation barrier and increase
yield under dry conditions (Blomquist et al. 2018).

No difference in soil structure between lime
products
The starting hypothesis that SL improves soil structure
more than GL was not supported by the data. On the
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contrary, the results showed that both lime products
decreased turbidity-A2 by the same magnitude (Sup-
plementary Table S1) and there were no differences in
aggregate size distribution between GL and SL (Figure
2). This may be because the main constituent of both
GL and SL was ground limestone (GL consisted of
100% ground limestone and SL2 was a mixture of
approximately 80% ground limestone and 20% slaked
lime). The finer particle size for GL (0–0.2 mm) compared
with SL2 (0–0.5 mm in the mixed product 2014–2015)
also gave GL an advantage, as pointed out previously
by Conyers et al. (2020). Electrical conductivity increased
by about 30% in both GL and SL (Supplementary Tables
S1 and S2), indicating similar solubility. It is therefore

also reasonable that there were no differences
between the limed treatments regarding soil structure
indicators.

Enigmatic discrepancy between laboratory and
field
Numerous field experiments show changes in soil phys-
ical characteristics after application of ground limestone
(CaCO3). Chan and Heenan (1998) found increased
macroaggregate stability and Bennett et al. (2014)
detected improved aggregate stability and hydraulic
conductivity 12 years after application of ground lime-
stone (CaCO3). Earlier, de Castro et al. (1999) found
increased aggregate stability when comparing calcitic

Figure 4. Nutrient content in aboveground biomass in growth stage ZS31 in fertilisation strategies (mean over lime treatments for 10
locations) and percentage deviation from the lower adequate level. Values to the left of the zero line are below, and values to the right
above, the lower adequate level set by Bergmann (1992). Different letters beside the columns indicate significant difference (p < 0.05)
according to Tukey’s Honestly Significant Difference (HSD) test in two-way Anova. NS refers to not significant. Iron (Fe) concentration
was also analysed and was around six-fold the lower adequate level with no treatment effects. NS-Pl = Placed NS27-4 Axan; NPKS-Pl =
Placed NPK Yara’s 24-4-5; NPKSm-Pl = Placed NPK Yara’s 24-4-5 + foliar fertiliser with micronutients in ZS12, 30 and 37; NPKS-Bc =
Broadcast NPK Yara’s 24-4-5.
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and dolomitic limestone. However, increases in soil
strength can disappear due to soil tillage (Frank et al.
2019) and may be better conserved if ploughing is
omitted (Frank et al. 2020).

The similar behaviour between the two liming products
in the present study (Supplementary Table S1) contrasts
with findings in other comparative investigations. Ber-
glund (1971) found increasing aggregate size and aggre-
gate stability on adding quicklime (CaO) and slaked lime
to clay soils, but no corresponding effect on adding
ground limestone. Keiblinger et al. (2016) also found
that quicklime brought instantaneous aggregate stability
increases, whereas limestone did not. Vargas et al. (2019)
observed significant aggregate stability increments with
slaked lime, but no parallel effects with limestone,
calcium sulphate (CaSO4) or calcium chloride (CaCl2). A
feature in common to those studies is that they were per-
formed in the laboratory. Similarly, Siman et al. (1984)
found marked differences in mean weight diameter
(MWD) of aggregates when comparing ground limestone
with quicklime in a study where soil and liming products
were mixed in the laboratory. However, whenmicroaggre-
gate analysis was performed on the same soils sampled
from field experiments with the same liming treatments,
only weak differences could be detected in the first year
after liming and no differences were detected six and 10
years after liming for either limestone or quicklime com-
pared with unlimed soil (Siman et al. 1984). There is thus
an enigmatic discrepancy between laboratory and field
experiments.

For mortar formation or pozzolanic reactions to occur,
noncarbonated lime needs to be present (Choquette

et al. 1987). Since treatment GL did not contain noncar-
bonated lime and since treatments GL and SL improved
soil structure by the same order of magnitude in this
study, this suggests that the improved aggregate stab-
ility was achieved through increased cation exchange,
with mortar formation and/or pozzolanic reactions not
playing a dominant role.

This was confirmed by the ‘internal’ comparison of
the effect of SL1 (Supplementary Table S1 All trials
2013) and SL2 (Supplementary Table S1 all trials 2014–
2015), which showed no differences in turbidity com-
pared with L0. Follow-up measurements 5–6 years
after liming are currently being carried out, to assess
whether mortar formation or pozzolanic reactions have
developed over time.

Lime does not improve soil structure in all clay soils
The lime treatments had varying effects on soil structure
depending on location (Figure 1, Supplementary Table
S2), indicating that more knowledge is needed on how
liming and structure liming affect different soils. These
results are in line with Olsson et al. (2019) who found
different responses in plant-available Ca and Mg after
liming with ground limestone on soils with different
initial pH levels. Different mineralogy can also play a
role in the response to liming, as demonstrated by
Vargas et al. (2019).

This indicates a need for further investigations in
order to predict with greater precision locations where
structure liming is suitable. Results from 30 field trials
in southern Sweden with increasing application rates
of structure lime (Blomquist et al. 2022) point at
different reactions on different soils for the same struc-
ture lime treatment, with the outcome depending on
soil variables such as initial pH, clay content, clay miner-
alogy and organic matter content. The results also
suggest that soil tillage before and after liming can be
crucial for the outcome of structure liming.

Plant growth, grain yield, nutrient concentration
and N uptake

No interactions between lime treatment and
fertilisation strategy
The sub-plot treatments with different fertilisation strat-
egies confirmed the expected positive response of ferti-
liser placement on biomass (+19%) and SN value at ZS31
(+13%) and on grain yield (+4%) compared with broad-
cast fertiliser (Table 7). The increase in grain yield was
similar to that reported in a meta-analysis by Nkebiwe
et al. (2016). Fertiliser placement generally increases
nutrient uptake (Nkebiwe et al. 2016), but it is difficult
to explain exactly how this occurs. Yield increase in

Table 7. Shoots (number m−2), SN-value* and aboveground dry
biomass (DM; kg ha−1) in growth stage ZS31 and grain yield
(DM, kg ha−1) as a mean for all 10 fields with barley.
Treatment Shoot SN-value* Biomass Grain yield

Lime, main plots
L0. No lime 790a 53.6a 2190a 7220
GL. Ground limestone 830b 55.5ab 2300b 7290
SL. Structure lime 840b 56.8b 2390c 7310
P Lime 0.007 0.020 0.000 0.538
P Lime x Location 0.204 0.522 0.443 0.607
Fertilisation, sub plots
NS-Pl 790a 56.9b 2150b 7240b
NPKS-Pl 850b 57.2b 2460c 7360c
NPKSm-Pl 860b 56.4b 2490c 7410c
NPKS-BC 780a 50.6a 2060a 7090a
P Fertilisation 0.000 0.000 0.000 0.000
P Fertilisation x Location 0.610 0.001 0.000 0.001
P Lime x Fertilisation 0.081 0.023 0.589 0.702

Values within columns followed by different letters are significantly different
(p < 0.05) according to Tukey’s Honestly Significant Differences (HSD) test
in two-way Anova. Results for lime treatments are mean over fertilisation
strategies and results for fertilisation strategies are mean over lime treat-
ments.

*N uptake (kg ha−1) based on optimized vegetation index derived from
canopy reflectance. Background for the calculations is described in Gnyp
et al. (2015).
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response to starter fertilisation may reflect the additive
effects of satisfying nutrient limitations or the synergistic
effects of nutrients in the fertiliser enhancing plant
growth (Quinn et al. 2020). Examples of synergistic
effects include: (i) starter N and P causing root prolifer-
ation, which leads to more effective use of K by the
crop (Mallarino et al. 2011) and (ii) N applied in
ammonium form causing acidification, which increases
P uptake by young plants (Riley and Barber 1971).
Larger yield response tends to be observed for soils
low in P and K, but positive responses have also been
observed for soils with P and K content above the critical
level (Bermudez and Mallarino 2002; Kaiser et al. 2005;
Wortmann et al. 2006; Mallarino et al. 2011).

There was no interactive effect between liming treat-
ment and fertilisation strategy on growth (Table 7) or
nutrient concentration (with the exception of K concen-
tration), so our second hypothesis was not confirmed.

Leaf concentrations of K, Mg, P, S, B and Mn were
below or close to the lower adequate level in at least
one of the lime treatments (Figure 3) or fertilisation strat-
egies (Figure 4). Therefore, any of those elements could
explain treatment effects or interactive effects between
lime and fertilisation strategies on biomass in ZC31 or
grain yield. Of those elements, only K, Mg, S and Mn con-
centrations differed between fertilisation strategies
(always higher when placed than broadcast, Figure 4)
and K, S and Mn differed between lime treatments
(Figure 3, for Mn p = 0.051, i.e. only a tendency). Regard-
ing lime effects, K concentration increased, and Mn
tended to decrease, after structure liming compared
with no lime, whereas for S only ground lime and struc-
ture lime differed. The lack of interaction between lime
treatment and fertilisation strategy in our study may
be due to these contradictory effects for the three
elements, especially K and Mn. The higher concentration

Figure 5. (a) Spring barley biomass (100% dry matter) in growth stage ZS31, (b), grain yield (100% dry matter) of barley at the
different experimental locations with barley (n = 10). P-values for lime treatments are from two-way Anova for each location.
Results are mean over fertilisation strategies. Grey bars refer to ground limestone (GL) and black bars to structure lime (SL). Red
dotted line shows unlimed control treatment L0 = 100.
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of K and S in structure lime treatments compared with
ground lime may be due to the stronger chemical reac-
tion of structure lime compared with pure ground lime-
stone. Pozzolanic reactions involve dissolution of silicon
tetrahedra and aluminium octahedra, which occurs in
the strongly alkaline environment (∼pH 12.4) that
forms when burnt or slaked lime is added to soil (Al-
Mukhtar et al. 2010). However, a more likely explanation
is that Nordkalk Aktiv Structure (SL2) contains not only
Ca, but also other plant nutrients (Table 4). Although
the structure lime was added 1.5 years before establish-
ment of spring barley, there was probably still a fertiliser
effect of those elements on the barley although differ-
ences were not observable in K-AL or Cu-CAT (Table 6).

No negative effect of lime on P concentration

Phosphorus concentration was ∼15% below the lower
adequate level in all fertilisation strategies in ZC31
except at three locations having high or medium P-AL
and pH not above 7.0 at start (Table 1; Gislöv, Vadensjö
and Vallby). Our expectation that P would be more avail-
able in fertilisation strategies with placed rather than
broadcast fertiliser was not confirmed by analyses of P
concentrations in plants. However, similar foliar concen-
tration (Figure 4) but higher biomass at ZS31 (Table 7)
indicated increased P uptake for placed N compared
with broadcast NPK and a further increase for placed
NPK. Fertilisation strategy also affected grain yield,
although to a lesser extent (Table 7). The low P concen-
tration is in line with the findings by Barrow et al. (2020)
that P is most available to plants at pHCaCl2 5.5 and lower
at pHCaCl2 around 7 (i.e. ∼6–7.5 for pHH2O). Penn and
Camberato (2019) on one hand and Barrow (2021) on
the other, but also Barrow (2017) and Barrow et al.
(2020), report totally different findings for P availability
at different pH, but all agree that increasing pH on the
type of soils used in the present study (pH ∼7.3) is not
favourable for P availability. Barrow (2021) found that
the most important factor for P uptake was that plants
were unable to use P in phosphate form (HPO2-),
which increases with increasing pH. Barrow (2017) cites
Vange et al. (1974), who showed that P uptake very
closely follows the curve for H2PO4

- when H2PO4
- shifts

to HPO2- with increasing pH from 6. Only H2PO4
- is avail-

able for plant use, owing to the uptake mechanism in all
plant roots (Rausch and Bucher 2002).

Positive yield impact of lime on early growth, but
not grain yield

The positive effects of liming on biomass in ZS 30-31 but
not on grain yield was unexpected possible explanations

will be discussed. Apart from affecting vegetative growth,
P is particularly important for reproductive development
(Bergmann 1992). Sufficient P concentration in ZS31-
ZS39 is important for a high number of fertile ears and
high number of grains per ear (Römer and Schilling
1986). Seed production and grain yield are also more
strongly affected than vegetative growth by e.g. low B
concentrations (Rerkasem et al. 1997). Further, there is
an interaction between B and P where plants with low P
concentrations need more B than those with adequate
P status, and high Ca concentration in young organs is
believed to reduce the concentration of soluble (active)
B (Bergmann 1992). The Mg concentration in our exper-
iments was almost 30% below the lower adequate level
(Figures 3 and 4) and, with the high concentration of
Ca, ∼30% above lower adequate level (Figures 3 and 4),
the Mg/Ca ratio was only 0.17 (0.11%/0.65% of DM). Wich-
mann (1976; cit. Bergmann 1992) showed that Mg/Ca
ratio is important, with an optimal value of 0.3 for
barley and wheat. In the present study the low Mg/Ca
ratio (mean 0.17 Mg/Ca) may have been one of the
main growth-limiting factors. Magnesium fertilisation
has a greater effect on grain yield than on straw pro-
duction (Bergmann 1992). Thus, although P, B and Mg
in our experiments were not affected by lime treatments,
their low concentrations and the high Ca concentration in
this study may be a reason for the increase in biomass in
ZC31 after liming but with unaffected grain yield. This
indicates that irrespectively of liming or not liming, apply-
ing P, B and Mg as a foliar fertiliser could have increased
yield in all treatments, but possibly more in limed treat-
ments than in the unlimed control. Crop response of
foliar fertilisation treatments varies between studie and
many factors influence the performance of foliar nutrient
sprays (Fernández and Eichert 2009; Fernández et al. 2013;
Fernández and Brown 2013). Environmental conditions
can affect the amount and composition of epicuticular
waxes, which in turn may influence stomatal and tri-
chome development and ultimately affect the pen-
etration rate of foliar-applied solutes. Relative humidity
(RH) is a key factor influencing penetration of foliar-
applied solutions. The foliar fertiliser in NPKSm-Pl was sup-
plied during daytime, i.e. under low RH conditions. This,
together with non-optimal nutrient composition of the
foliar fertiliser used in treatment NPKSm-Pl (low content
of Mg and no P and B), may be a reason why increased
biomass for both types of lime was not reflected in
increased grain yield in any of the fertilisation strategies.

Conclusions

Both types of lime, ground limestone and structure lime,
had similar positive effects on soil structure, on shoot
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numbers and early growth, but not on grain yield. Thus,
the structure lime used was not superior to ground lime-
stone. On the soil types studied, liming is only of econ-
omic interest in barley production if effects of
improved soil structure such as reduced P losses are
credited or if costs due to soil tillage are reduced. The
expected interactive effects of lime treatment and ferti-
lisation strategy did not materialise. Five of 12 nutrients
analysed were below (Mg, P, B) or close to (K and S) the
lower level of the adequate concentration range in
shoots in growth stage ZS31 in at least one of the lime
treatments. Of those five, only K concentration was
affected by lime treatment (increased concentration in
treatments with structure lime). The absent interaction
between liming and fertilisation can possibly be due to
Mn spraying by farmers in all locations as part of their
general fertilisation routines reduced or avoided nega-
tive effects of liming on Mn availability. Thus, on the
rather fertile type of soils studied, with pH ∼7.3 and
∼20% clay, there is no reason to change fertilisation
strategy due to liming. However, nutrients added with
the structure lime product used must be considered
and measures should generally be taken to improve
Mg, P and B concentration and uptake in barley, with
or without lime supply.
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