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Mitigating phosphorus leaching from a clay loam through structure liming
Lisbet Norberg and Helena Aronsson

Department of Soil and Environment, Swedish University of Agricultural Sciences, Uppsala, Sweden

ABSTRACT
Phosphorus (P) losses from clay soils can be mitigated by introducing measures for improving soil
structure. These include structure liming, where a mixture of CaO or Ca(OH)2 and CaCO3 is added to
the soil. In a field experiment with separately tile-drained plots on a clay loam in Sweden, we
examined the effects of structure liming on leaching of total-P, phosphate P (PO4-P) and total
nitrogen (N) during three years after initial application. The treatments included two application
rates (8 and 16 t ha−1) of a common product in comparison with a control (no lime). Effects of
structure liming emerged during the second and third year after application, with 45 and 38%
lower total-P leaching than in the unlimed control. A significant effect of the application rate
was found in the third year. Nitrogen leaching and crop yield were not affected. As expected,
soil pH raised following structure lime addition. Measurements of aggregate stability did not
confirm the reduction in P leaching, indicating that it is important to measure P concentrations
in drainage water directly when assessing the effect of structure liming.
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Introduction

Soil health, soil quality and, more specifically, soil fertility
are all concepts used to describe the capacity of soil to
function as a vital living system and provide ecosystem
services (Pankhurst et al. 1997). These aspects of soil
are shaped by biological, physical and chemical pro-
cesses. Soil structure, defined as the way in which soil
particles are assembled into stable aggregates, is the
main physical component of a healthy and productive
soil (Bünemann et al. 2018). Good soil structure supports
productivity, but also flood prevention, climate change
mitigation, soil biodiversity and reduced water pollution
(The Royal Society 2021). Nutrient loads from agricultural
fields are one of the main contributors to the eutrophi-
cation of inland and coastal waters, e.g. in the Baltic
Sea region (Brandt et al. 2009), where phosphorus (P)
loads in particular need to be reduced (Boesch et al.
2008). Since 2001, mitigation programmes targeted at
reducing P losses from agriculture have been
implemented in many European Union (EU) countries,
in compliance with the EU Water Framework Directive.

Poor or deteriorated soil structure results in altered
water flowpathways, characterised by reduced infiltration
capacity, lower water-holding capacity and increased
surface runoff. Preferential flow in cracks and macropores
is typical of clay soils, although it can also occur in other

homogeneous soils (Jarvis et al. 2016), mediating rapid
transport of solutes (Bergström and Jarvis 1993) and
potentially also of particles. Losses of P from clay soils to
tile drains have been observed to occur rapidly, e.g. after
fertiliser application (Ulén et al. 2005; Aronsson et al.
2014). In Sweden, on average 50% of all P found in drai-
nage water is in particulate form (Ulén and Jakobsson
2005). Surface runoff and erosion are other pathways for
P losses, and are affected by risk factors such as precipi-
tation, topography, soil type and soil infiltration (Djodjic
and Villa 2015). In soils with good structure and stable
soil aggregates, both surface runoff and preferential flow
tend to be lower and instead more effective and uniform
infiltration and percolation of water may occur, transport-
ing smaller amounts of particles and dissolved P. The dis-
tribution pattern of infiltration and percolation in the soil
matrix affects filtration of soil particles and adsorption of
P moving with water through the soil. A soil with high P
sorption capacity can act as a sink, reducing P transport
to subsurface drains (Andersson et al. 2015). However,
soil pH has a strong impact on P sorption in soil (Penn
and Camberato 2019).

Programmes aiming to mitigate P losses include
measures in the field and along ditches and streams.
Measures for clay soils tend to focus particularly on
reduced transport of particles carrying P. This involves
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measures for improving soil structure and aggregate
stability, such as structure liming (Bergström et al.
2015). Structure liming refers to application of either
quicklime (calcium oxide, CaO) or hydrated (slaked)
lime (Ca(OH)2) to a clay soil, with the aim of initiating
structure-improving processes. These processes include
fast cation exchange causing flocculation and agglom-
eration, and slower pozzolanic reactions and lime carbo-
nation (Blomquist 2021). For reasons related to health
aspects during handling and spreading (calcium oxide
and hydroxide are caustic), often only about 14% of
the Ca applied as structure lime in Sweden is in ionic
form (CaO or Ca(OH)2), i.e. directly active in structure-
improving processes, while the rest is applied as
CaCO3. Hereafter, the term ‘structure lime’ is used inter-
changeably for products with all Ca present as Ca2+ or in
mixtures with CaCO3. Improvements in structure, aggre-
gate stability and porosity following structure liming
have been observed in field studies (Choquette et al.
1987; Blomquist et al. 2018; Bölscher et al. 2021). The
effect of structure liming on particulate-P losses has
been assessed indirectly, by measurements of soil aggre-
gate stability, in several Swedish experiments (Blomquist
et al. 2018). In those experiments, aggregates (2−5 mm)
collected from the soil were exposed to artificial irriga-
tion, following which turbidity in water effluent was
measured in order to estimate the content of dispersed
clay particles. This method assumes a positive corre-
lation between turbidity and particulate-P in water
(Etana et al. 2009), and thus does not consider losses
of dissolved P from the aggregates. According to Blom-
quist (2021), who summarised measurements at mul-
tiple sites in Sweden, there is a knowledge gap about
best management practices for structure liming, includ-
ing recommended doses for different soil clay contents,
the effect of dose on duration of effects, and effects on
micro-nutrient availability and crop yield. Despite this,
and the fact that most findings are based on this type
of indirect assessment of P losses, structure liming is a
prioritised measure for reducing P losses from arable
land in Sweden. Farmers are provided subsidies for
structure liming from different programmes, and there
is also a common interest among farmers due to poss-
ible positive effects on soil fertility and crop yields.

Only few studies have performed direct field
measurements of both particulate-P and dissolved P
leaching to subsurface drains after treatment with struc-
ture lime in Sweden (Svanbäck et al. 2014; Ulén and
Etana 2014). Both these studies revealed less P leaching
after structure liming, in Svanbäck et al. (2014) 40%
reduction of particulate-P and in Ulén and Etana
(2014), 50% reduction of P leaching in dissolved form.
Observed effects of structure liming on P leaching thus

can be due to higher stability of the aggregates, better
filtration of particles and/or less leaching due to more
efficient adsorption of soluble P (Eslamian et al. 2020).

The main objective of this study was to gain more
knowledge about effects of structure liming on P leaching,
but also to investigate simultaneous effects on N leaching
andcrop yields. In this case, a clay loamwas studied,where
two doses of structure lime, 8 t ha−1 (recommended by
suppliers) and 16 t ha−1, were compared with a control
with no structure liming. The first hypothesis tested was
that structure liming decreases the concentration of
total-P in drainage water leaving the field, and thereby
leaching losses. This hypothesis was based on expected
lower losses of P following improvements in soil structure
resulting from increased soil aggregate stability. A second
hypothesis tested was that N leaching is not affected by
structure liming. A third hypothesis tested was that a
higher dose of structure lime (16 t ha−1) gives a greater
decrease in drain water P concentrations and leaching
losses of total-P than the recommended dose (8 t ha−1).

Materials and methods

A field experiment was conducted at the Lilla Böslid
research farm in south-west Sweden. The soil at the site
is a clay loam, with specific soil properties as summarised
in Table 1. Expandable minerals, mainly quartz, K-feld-
spar, plagioclase and di-mica, dominate the soil clay frac-
tion. Mean annual temperature in the region is 8.4°C and
mean annual precipitation is 850 mm (Halmstad 1991–
2020, SMHI). The experimental field consisted of 18 separ-
ately tile-drained plots, each measuring 16 m × 20 m.
There were two plastic drainage pipes in each plot at a
spacing of 7 m and at a depth of 0.9 m.

Experimental set-up

In September 2018, 12of the plotswere treatedwith struc-
ture lime in twodifferentdoses, 8 and16 tonsha−1,with six

Table 1. Characteristics of the clay loam soil at the experimental
field.

Depth

0−30 cm 30−60 cm 60−90 cm

Clay (%) 29 (2) 37 (3) 40 (3)
Silt (%) 43 (3) 42 (3) 45 (4)
Sand (%) 28 (3) 22 (5) 15 (6)
Organic matter (%) 3.2 (0.4) 0.5 (0.5) 0 (0)
Tot C (%) 2 (0.1)
Tot N (%) 0.2 (0.0)
pH (H2O) 6.6 (0.2)
P-AL mg 100 g−1 4.4 (0.8)
K-AL mg 100 g−1 12 (0.5)
P-HCl mg 100 g−1 50 (4.6)
K-HCl mg 100 g−1 229 (11)

Mean, standard deviation in brackets, n = 18.
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plots per treatment, where 8 t ha−1 is the dosage rec-
ommended by suppliers and advisors and 16 t ha−1 is
double that dosage. The remaining six plots were control
plots without lime application. All plots were distributed
evenly and randomised across the field. The product
used was Nordkalk Fostop Struktur, which contains both
slaked (Ca(OH)2) and burned (CaO) lime mixed with lime-
stone (CaCO3), in unknown proportions, but with a guide
value of 20% active CaO and a neutralisation value of
58%. The water content of the product was 15−25%
according to the supplier’s information.

Within one day after application, the structure lime
was mixed into the soil to a depth of 15−18 cm with a
cultivator driven several times over the field in
different directions. After 10 weeks, the field was mould-
board ploughed to 18−20 cm depth.

Spring barley was grown in the field during the
growing season of 2019 and 2020, while in September
2020 winter wheat was sown. These crops were
managed according to local practices, e.g. the spring
barley was fertilised with approximately 110 kg N ha−1

and 20 kg P ha−1 per year (NS 27-4, PK 11-21) and the
soil was mouldboard ploughed in autumn 2019 and
2020. All plots were treated in the same way. Crop
grain yield was determined at harvest, to identify any
residual effects of structure liming. Grain yield and
total-N and total-P content in grain were determined
for three replicate crop samples (each from a sub-area
of approximately 20 m2) per plot, using a LECO CNS-
2000 analyser. Mean values of the three replicates from
each plot were used in statistical analyses.

Sampling and analyses of drainage water

Sampling of drainagewater started in September 2018 and
continued for three years. As described in Norberg and
Aronsson (2020), drainage water from the separately tile-
drained plots was conducted to an underground monitor-
ing station with prevailing temperature between 10 and
15°C during the main drainage periods. Discharge rates
were recorded using tipping buckets connected to a data
logger, which stored accumulated daily drainage volumes
from each plot. Flow-proportional water subsamples
(15 mL per occasion) were taken using a peristaltic pump
after every 0.2 mm discharge and collected in individual
polyethylene bottles for each plot. The bottles were
emptied every two weeks during the main drainage
periods for analysis of total-P, phosphate P (PO4-P) and
total-N. The total-P concentration was determined in unfil-
tered samples and the PO4-P concentration in filtered
samples (0.2 µm), according tomethods issuedby the Inter-
national Standard Organization (ISO 15681-12003), where
all P is oxidised with K2S2O8 to PO4-P, which is analysed

photometrically. The difference between total-P and PO4-
P was assumed to represent particulate-P, although this
fraction may also contain a small fraction of dissolved
organic P (e.g. Liu et al. 2012). However, in runoff water
from Swedish clay soils this fraction is normally small
(Linefur et al. 2022). The total-N concentration was deter-
mined on unfiltered samples by a combustion catalytic oxi-
dation method where all N was converted to nitrous oxide
before analysis (Shimadzu TOC-VCPH+ TNM-1), according
to the European standard (SS-EN 12260-1).

The daily leaching loads of N and P were calculated by
multiplying the concentration in each sample by the daily
amount of drainage during the two-week period prior to
the sampling date. Annual values of leaching were
obtained by the accumulation of daily values during the
period 1 September–31 August, which approximately cor-
responded to the time from application of the lime
onwards in one-year periods. Mean monthly and annual
concentrations were obtained by dividing the accumu-
lated monthly and annual load by the monthly and
annual amount of discharge from each plot.

Sampling and analyses of soil

Shortly after sowing in spring 2019 and 2020, soil samples
were taken for chemical analysis and for aggregate stab-
ility tests. Samples of topsoil (0−20 cm) were analysed
for pH, Ca content and electric conductivity (EC). Before
analysis, the samples were air-dried and milled to <2 mm
size. pHwasdetermined in a soil:water solutionof 1:5. Elec-
tric conductivitywasdeterminedon the samesolution, but
after filtration, using conductivity apparatus MU 6100 L
and conductivity cell CO 11 (pHenomenal, VWR). The Ca
concentration was determined with ammonium-lactate/
acetic acid solution, filtered and analysed with ICP/OES
(Avio200, Perkin Elmer, U.S.A.).

Aggregate stability testing, as described in Blomquist
et al. (2022), was performed on soil samples from the top
layer (0−5 cm), which were sieved to obtain samples of
the 2−5 mm aggregate fraction. The samples were air-
dried and then subjected to simulated rainfall in two
events, with 24 h between events. After 24 h, the lea-
chate from the first rainfall event was shaken for
10 min, left to stand for 4.5 h, and then analysed for EC
and turbidity. This procedure was repeated after the
second rain event. In total, there were four values for
each analysis and soil sample, one for each rain event
and one for each year (2019 and 2020).

Statistical analysis

A mixed model was used to test for differences between
treatments (control, liming at 8 and 16 tonnes ha−1) in
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yearly and monthly means (concentration and leaching
of N and P, discharge) and differences between sampling
occasions (yield, N and P concentrations in grain). Treat-
ment was set as fixed factor, block as random factor and
plot as repeated structure factor. When significant
effects (p < .05) were found, least significant differences
(Tukey HSD) were used to compare mean values.
Monthly values were log-transformed before analysis,
to meet normality requirements. The data were tested
for normality using the Andersson–Darling test. Soil
data did not meet the normality requirement, and there-
fore a Kruskal–Wallis test was used to test for differences
between treatments. When significant effects (p < .05)
were found, the Steel Dwass method was used to
compare mean values. Relationships between variables
were tested with a regression model (p < .05). All statisti-
cal analyses were carried out using JMP Pro 15 (SAS Insti-
tute, Inc.).

Results and discussion

Weather conditions and discharge

The monitoring period started on 1 September 2018,
just before application of structure lime. Early summer
2018 was very warm and dry, and when precipitation
started in August the dry soil profile was slowly
rewetted, leading to discharge from mid-October
onwards. Precipitation during the first year (1 September
2018–31 August 2019) was 701 mm and discharge was
335 mm. The following year (1 September 2019–31
August 2020) received a little more rain (738 mm), dis-
tributed especially during autumn and winter, which
led to higher yearly discharge (566 mm). The third year
(1 September 2020–31 August 2021) had lower precipi-
tation (687 mm) and similar discharge as in the first year.
Discharge was significantly lower from plots treated with
8 t ha−1 of structure lime than from unlimed control
plots in the first year (Table 2), but not in the second
or third year.

Leaching of N

Discharge and leaching losses of N are generally inter-
connected, with greater leaching losses associated
with greater discharge, i.e. the amount of water that
flows through the soil profile affects N losses. However,
this relationship was not observed during the three
years of monitoring at the study site, where leaching
losses of N were greatest (82 kg ha−1 in the control)
during the first year, with the lowest discharge. Nitrogen
concentrations in drainage water were high in that year
(up to 48 mg L−1; Figure 1), which resulted in Ta
bl
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Figure 1.Mean monthly sum of (A) drain discharge (mm) and precipitation (mm, squares); mean monthly leaching losses (kg ha−1) of
(B) total phosphorus (P), (C) phosphate-P (PO4-P) and (D) total nitrogen (N); and mean monthly concentration (mg L−1) of (E) total-P,
(F) PO4-P and (G) total-N in the three treatments (no lime – black bars and circles, 8 t lime ha−1 – grey bars and circles, 16 t lime ha−1 –
white bars and circles) during the period September 2018–August 2021. Mean, standard deviation as error bars (n = 6). Months
marked with * showed a significant difference between treatments (see also Supplementary Material).
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considerable leaching losses despite moderate dis-
charge. This was most likely due to high amounts of
residual fertiliser N left in the soil after a summer with
poor crop growth and low yields. However, the statisti-
cally significant difference in N leaching between treat-
ments in the first year was most likely an effect of the
significant differences in discharge observed between
treatments, since there were no significant differences
in N concentrations (Table 2).

During the second and third years, leaching rate and
concentration of N in drainage water were similar across
the treatments, and thus structure liming did not affect
the processes leading to N losses during those years
(Table 2 and Figure 1).

Treatment effects on P leaching

Leaching losses of P were lowest during the first year
(0.35 kg ha−1 in the control) and highest during the
second year (1.9 kg ha−1 in the control). In a previous
review, King et al. (2015) concluded that a majority of
P losses through subsurface drainage occur during
periods of elevated flow. The findings in the present
study are consistent with this, as the P concentration
in drainage water and leaching losses of P were higher
during the winter season in the second year, with
higher discharge, than during the winter season in the
first and third years (Figure 1). King et al. (2015) also con-
cluded that the critical period for subsurface drainage
discharge and P losses is during the non-growing
season (late autumn, winter, early spring), which was
also the case in the present study (Figure 1).

The statistical analysis revealed higher leaching of total-
P and PO4-P on a yearly basis from the unlimed control
plots than from the plots treated with 8 or 16 t ha−1 struc-
ture lime during the second and third years, partly confi-
rming our first hypothesis (Table 2). During the first year
after application (1 September 2018–31 August 2019), no
significant differences between treatments were found.
During the second year (1 September 2019–31 August
2020) and third year (1 September 2020–31 August
2021), 8 t structure lime ha−1 reduced the P leaching
losses by approximately 45% and 26%, respectively, com-
pared with the control plots (Table 2). The higher load of
structure lime (16 t ha−1) gave an even larger reduction
during the third year, of approximately 38%. Furthermore,
the P concentrations in drainage water were reduced in
plots treated with structure lime, although the observed
differences were not statistically significant (Table 2). In
the third year, the higher load of structure lime (16 t
ha−1) tended to reduce the concentration of P in drainage
water by around 32%, while 8 t ha−1 did not show any
reduction compared with the control plots, partly

supporting our third hypothesis. This raises the question
of whether the double dosage of structure lime (16 t
ha−1) had a longer-lasting effect than the normal dosage
on the soil at the study site. However, assessment of
long-term effects of structure lime requires measurements
for additional years. The lack of effect of liming during the
first year was probably because the structure-improving
processes in soil were slow and did not reach their full
effect until after a full year. The differences between the
treatments varied only slightly on a monthly basis, even
though the yearly mean showed a significant difference
(Figure 1 and Supplementary Table S1 and Table 2).
Figure 1 shows how the leaching and concentrations
varied across the monitoring period from September
2018 to August 2021. It can be seen from the diagram
that the concentrations of N and P did not follow a
similar trend. The fact that the concentration and load of
N did not show any differences between treatments in
the second and third year (Table 2 and Figure 1) confirms
that the liming treatment had effect on P losses. Nitrogen
leaching losses were not expected to be affected by the
liming treatment, according to our second hypothesis.

Leaching losses of P from soils are known to display
high variation, due to natural spatial variation at both
large and small scale (Ulén et al. 2018). This was
confirmed by our data, with high variation between
plots within each treatment, but also between years
(Table 2 and Figure 1). Mean annual P losses varied
between 0.17 and 0.35 kg ha−1 during the first year
and 1.1–1.9 kg ha−1 during the second year. In 2016,
mean annual losses of P from arable land in Sweden
(including soil erosion losses) were estimated to be
0.6 kg ha−1 (Johnsson et al. 2019). On a yearly basis, an
average of around 17% of total-P in drainage water con-
sists of PO4-P. Most of the remaining 83% of total-P can
be assumed to consist of particulate-P, although this
fraction might include a small fraction of dissolved
organic P (e.g. Liu et al. 2012; Linefur et al. 2022).

In Sweden, only two previous field studies have
measured actual P leaching losses from soils treated with
structure lime, andbothobservedconfirming results (Svan-
bäck et al. 2014; Ulén and Etana 2014). Svanbäck et al.
(2014) found that structure liming led to an approximately
40% reduction in total-P leaching losses from a clay soil,
mainly brought about by a reduction in particulate-P
losses, while Ulén and Etana (2014) reported a 50%
reduction in losses from a clay loam, mainly by a reduction
in losses of PO4-P (there described as dissolved reactive
phosphorus, DRP). In a Swedish lysimeter study, addition
of lime to subsoil samples from two different clay soils
reduced particulate-P leaching losses by around 50%,
while PO4-P leaching was not affected (Andersson et al.
2016). In contrast, adding lime to subsoil samples from a
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sandy soil reduced PO4-P leaching, while particulate-P
leaching was unaffected (Andersson et al. 2016). This is in
line with findings by Eslamian et al. (2020), in a study on
liming of intact soil columns, showing a 40% and 70%
decrease in PO4-P concentrations in leachate from sandy
loam and loam, respectively, compared with an unlimed
control. Eslamian et al. (2020) attributed this reduction in
losses to increased PO4-P adsorption on the soil surface
after liming, due to two main mechanisms, Ca bridging
and formation of calcium phosphate compounds. They
also pointed out the importance of soil structure and
they observed a positive correlation between Ca and P
content in the soil. Their finding of a 40% reduction in
PO4-P leaching from the coarser sandy loam soil indicates
that calcium phosphates are concentrated in coarser
fractions in the soil. Liming has been shown to improve
phosphate adsorption in soil (Curtin and Syers 2001), and
lime addition to drain trench backfill on a sandy loam in
Lithuania was found to reduce PO4-P concentrations in
drainagewater (Povilaitis et al. 2018). These results indicate
that structure liming affects P mitigation processes
in different ways, depending on soil type. In soils with
a high clay content, the main mechanism involves
soil structure-forming processes capturing, preserving par-
ticulate-P,while in coarser-textured soils themainmechan-
ism involves Ca2+ bridging, and formation of calcium
phosphate.

Allof theseprocesseswerepossible in thepresent study,
since the soil at the experimental site contains clay (29%),
silt (43%) and sand (28%). Total-P and PO4-P losses were
reduced by the structure liming in the second and third
year of the study (Table 2) and particulate-P (total-P
minus PO4-P) in the second year (data not shown), which
indicates that the reduction in losses of total-P was due
to lower losses of both PO4-P and particulate-P.

Yield

Yield of spring barley increased slightly, but not signifi-
cantly, in the two structure liming treatments during
the first years after application, while the concentrations
of N and P in grain were not affected by the treatments
(Figure 2). In an earlier study with four different field
experiments, Blomquist et al. (2018) observed varying
yield response (no difference or decreases) of barley in
limed plots compared with the control plots.

Aggregate stability, pH, EC and Ca2+

concentration in soil

Analysis of the topsoil samples taken in spring
after application of lime showed that pH and content
of Ca2+ had increased in plots with lime compared

with control plots (Table 3). Additional Ca2+ ions in soil
increase ionic strength and promote flocculation,
which can rearrange soil particles and improve the for-
mation and stability of aggregates. Despite this, there
was no clear improvement in soil aggregate stability,
measured as turbidity and EC in leachate from soil
aggregates exposed to simulated rain events (Table 3).
However, in the field there were visible signs of
improved soil structure in the limed plots, for instance
faster drying in spring and after heavy rain.

In the studies by Blomquist et al. (2018), Blomquist
and Berglund (2021) and Blomquist et al. (2022), soil
aggregate stability was used as a proxy for the effect
of structure liming in Swedish arable soils, particularly
in the form of mitigation of P losses from clay soils. Blom-
quist et al. (2022) identified four soil characteristics that
determine the effect of structure liming on soil aggre-
gate stability, namely clay content, initial soil pH, soil
organic matter (SOM) content and soil mineral index
(SmV). Positive results of liming were expected at our
study site, since it met the requirements for three of
these four factors: Clay content (29%) fell into the
group of medium clay soils (25−40%), initial soil pH
(6.6) fell into the medium group (6.6−7.7), and soil
organic matter (SOM) content (3.2%) was in the group
of moderate SOM (3−6%), all of which resulted in 8 or
16 t ha−1 of added structure lime improving soil aggre-
gate stability in the study by Blomquist et al. (2022).
Regarding SmV, our study soil fitted into the group
with expandable clay minerals, which was characterised
by Blomquist et al. (2022) as a soil type with no effect of
structure liming, although the statistics were not totally
clear for that group. In their study, non-expandable clay
minerals, e.g. illite, kaolinite, chlorite, were found to be
more affected by structure lime than expandable clay
minerals, e.g. smectite and vermiculite (Blomquist et al.
2022). In an earlier greenhouse pot experiment by

Figure 2. Yield of the main crop (spring barley, kg dry weight
ha−1) and content of nitrogen (N, squares, % of dry weight) and
phosphorus (P, triangles, % of dry weight) in grain. There were
no significant differences between treatments (p > .05, n = 6).
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Keiblinger et al. (2016), clay content and cation
exchange capacity were found to be the most important
soil characteristics determining the effect of quicklime
on soil aggregate stability, probably due to the flocculat-
ing effect of added Ca2+. In that study, the effect on soil
aggregate stability after application of quicklime was
instant (within two days) and persisted for a monitoring
period of three months in three soils with medium clay
content (27−40%).

Blomquist and Berglund (2021) found that the timing
and conditions at application of structure lime affect the
outcome, with an early application time (mid-August)
giving better results on soil aggregate stability one
year after treatment than the normally recommended
application time (mid-September). However, three
years after treatment in that study there were no differ-
ences between the two application dates, and unfavour-
able soil moisture (too wet) and rain soon after
application of the structure lime reduced the effect on
soil structure (Blomquist and Berglund 2021).

In the present study, we applied the structure lime in
mid-September, in warm, dry conditions. We incorpor-
ated the lime with a tine cultivator, as is recommended
practice, and no heavy rain fell in the period soon after
application, but despite these favourable conditions no
effect of structure liming on soil aggregate stability
was detected during spring in the two following years.
However, while there was no measurable effect on soil
aggregate stability, P leaching losses were reduced
during two of the three years of measurements
(Table 2). This suggests that structure lime affects soil
P processes in other ways than those measurable as
soil structure improvements or those structure improve-
ments were too small to be detectable with the method
used. Leaching of total-P and also of PO4-P was reduced,
indicating the involvement of other processes such as
increased adsorption of dissolved P in the soil matrix,
possibly due to increased soil pH (Penn and Camberato
2019), as suggested in other studies (Ulén and Etana
2014; Andersson et al. 2016; Povilaitis et al. 2018; Esla-
mian et al. 2020).

Recommendations

This three-year study on the effects of structure liming on
a clay loam revealed that P leaching losses were reduced
during the second and third year after structure liming, by
45% and 38%, respectively. This justifies current Swedish
recommendations on prioritising structure liming as a
measure for mitigating P leaching losses from clay soils.

It could not be confirmed that a higher rate of struc-
ture lime (16 t ha−1) gave improved effect on P leaching
compared with the recommended rate (8 t ha−1), as an
effect was seen only in the third year after application.
It is important to investigate the persistence of effects
over time more thoroughly, including effects of
different application rates, in order to identify long-
term effects of structure liming.

The results obtained in this study show the impor-
tance of direct measurements of P concentrations in
drainage water in order to assess the true effect of struc-
ture liming. The positive effect seen in this study in terms
of reduced P concentrations in drainage water was not
reflected in improved aggregate stability, which indi-
cates that this is not an accurate indicator of liming
effects, with the method used here.

The observed reduction in total-P leaching included
reduced leaching of both particulate-P and PO4-P.
Thus, different mechanisms were involved, and not
only those related to pathways for particulate-P losses.
In Sweden, structure liming is recommended for mitiga-
tion of P losses from clay soils with poor structure. Our
results suggest that the addition of Ca2+ ions by liming
may not only reduce P leaching from clay soils, but
also from soils with a more coarser texture where
there is a risk of losses of dissolved P.
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Table 3. pH, ammonium-lactate soluble calcium (Ca-AL, mg 100g−1), electric conductivity (EC, µS cm−1) in soil samples (0−20 cm
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2019 2020

No lime 8 t ha−1 16 t ha−1 No lime 8 t ha−1 16 t ha−1

Bulk soil
pH 6.2b (0.2) 6.6a (0.3) 6.9a (0.4) 6.4 (0.4) 6.8 (0.4) 7.2 (0.2)
Ca-AL (mg 100 g−1) 240b (22) 269ab (18) 332a (106) 230c (15) 284b (8) 337a (34)
EC (µS cm−1) 143 (31) 163 (18) 185 (67) 101 (40) 167 (71) 190 (73)
Soil aggregates
Turbidity (NTU) 55 (15) 67 (12) 56 (11) 222 (42) 230 (23) 239 (63)
EC (µS cm−1) 399 (76) 443 (42) 448 (79) 431 (254) 420 (338) 729 (193)

Mean, standard deviation in brackets. Values for the aggregate stability samples are mean of two different rain simulation events. Within-year means with
different letters are significantly different (p < .05, n = 6).
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