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Eutrophication, a major problem in many fresh and brackish waters, 
is largely caused by nonpoint-source pollution by P from agricultural 
soils. Th is lysimeter study examined the infl uence of P content, 
physical properties, and sorption characteristics in topsoil and subsoil 
on P leaching measured during 21 mo in 1-m-long, undisturbed soil 
columns of two clay and two sandy soils. Total P losses during the 
period varied between 0.65 and 7.40 kg ha−1. Dissolved reactive P 
was the dominant form in leachate from the sandy soils and one clay 
soil, varying from 48 to 76%. Particulate P dominated in leachate 
from the other clay soil, where low pH (5.2) in the subsoil decreased 
aggregate stability and thereby probably increased the dispersion of 
clay particles. Phosphorus leaching was small from soils with high 
P sorption index (PSI) and low P saturation (<10% of PSI) in the 
subsoil, even though extractable P (Olsen P) in the topsoil was high, 
and large from a soil with low sorption capacity and high P saturation 
(>35% of PSI) in the profi le. High sorption capacity in the subsoil 
was more important for P leaching in sandy soils than in clay soils 
with macropore fl ow, where the eff ect of high sorption capacity was 
reduced due to less interaction between percolating water and the 
soil matrix. Th e results suggest that P leaching is greatly aff ected by 
subsoil properties and that topsoil studies, which dominate current 
research, are insuffi  cient for assessing P leaching in many soils.
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A major environmental problem in many freshwater 
bodies in Sweden and in the Baltic Sea is eutrophica-
tion, i.e., high concentrations of P and N that may cause 

harmful biological disturbances. In an international expert eval-
uation commissioned by the Swedish Environmental Protection 
Agency, P was identifi ed as the limiting nutrient for algal growth 
in central and coastal parts of the brackish Baltic Sea (Boesch et 
al., 2006). Th e main diff use P source in the Baltic Sea catchment 
area is agriculture (Helsinki Commission, 2011). In Sweden, 
agriculture is estimated to contribute 40% of the total anthro-
pogenic net load of P to the surrounding coastal areas (Brandt 
et al., 2009). Similar situations can be found in other parts of 
the world, for instance in the brackish Chesapeake Bay on the 
U.S. East Coast, where large mitigation eff orts have been under-
taken in the last couple of decades to reduce agricultural P loads 
(Reckhow et al., 2011).

Surface runoff  and erosion is considered to be the main 
pathway for P losses from arable fi elds in many areas (Sharpley 
et al., 1993). Extractable P (e.g., Olsen P and ammonium lactate 
P [P-AL]) in the topsoil is therefore considered a useful risk 
indicator of P losses in such areas (e.g., Heckrath et al., 1995; 
Maguire and Sims, 2002). However, leaching of P through the 
soil profi le can be extensive in many fl at areas (Algoazany et al., 
2007; van der Salm et al., 2012) and is considered to be the main 
pathway for P losses in central Sweden (Ulén and Snäll, 2007). 
In such areas, information on topsoil characteristics has been 
shown to be insuffi  cient for estimating P losses. For example, in a 
Swedish lysimeter study, Djodjic et al. (2004) found no signifi cant 
correlation between extractable P (Olsen P and P-AL) in the 
topsoil and P concentrations in drainage water and concluded 
that subsoil properties were more important for P leaching from 
their soils than the P content in the topsoil. On comparing an 
intact fi ne loam soil column from a Danish agricultural fi eld with 
a parallel topsoil study, Jensen et al. (1999) found that the subsoil 
had a large impact on P leaching. Similarly, in a Finnish study, the 
highest P sorption capacity was found at approximately the 30- 
to 70-cm depth, clearly aff ecting P leaching losses (Peltovuori, 
2007). Th e importance of subsoil properties for P leaching has 
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also been pointed out in studies conducted in the Netherlands 
(Schoumans and Groenendijk, 2000; van Beek et al., 2009).

Many laboratory and fi eld studies have examined how soil 
properties aff ect P movement in soil, but few have focused on the 
subsoil. In a laboratory study, Hooda et al. (2000) found that the 
amount of extractable P in soil was less important for potential 
P release from soil than the degree of P saturation (DPS). Th e 
degree of P saturation is estimated by dividing the soil P content 
by the P sorption capacity (van der Zee et al., 1987). One single 
large addition of P, the single-point sorption index (PSI), can also 
be used as a quick estimate of the P sorption capacity (Bache and 
Williams, 1971). For Swedish soils, PSI values calculated from 
these single-point additions have been reported to be highly 
correlated with the maximum amounts of P that can be sorbed 
to the soil, as determined from sorption isotherms, and thus 
provide a good estimate of the P sorption capacity (Börling et al., 
2001). Börling et al. (2004) concluded that the extractable soil P 
concentration, measured as P-AL or Olsen P, in relation to the P 
sorption index of the soil was a good indicator of DPS in Swedish 
noncalcareous topsoils. Th e ratio between extractable P and PSI 
has been well correlated to P extracted with CaCl2, which can be 
used as an extractant for determining P concentrations in the soil 
solution (McDowell and Sharpley, 2001).

Chemical properties of the topsoil, in addition to transport 
mechanisms, are important when studying P leaching in soils 
with macropore fl ow (Jarvis, 2007), whereas P leaching from soils 
without macropore fl ow may be better explained by P sorption and 
desorption in the subsoil (Schoumans and Groenendijk, 2000; van 
Beek et al., 2009). In soils where the sorption capacity is high in the 
subsoil, P losses are probably lower than in soils with lower sorption 
capacity, for which P leaching is oft en better correlated with P 
release in the topsoil. A number of P leaching studies have been 
conducted on soils with well-documented chemical characteristics 
of the topsoil. Although several researchers have pointed out the 
importance of the subsoil for P leaching (e.g., Djodjic et al., 2004; 
Peltovuori, 2007; van Beek et al., 2009), few studies have considered 
the actual P sorption and desorption properties of the topsoil 
and subsoil separately. Knowledge of chemical and physical soil 
properties in diff erent profi le horizons is essential in understanding 
P leaching from diff erent soils. Th erefore, in this study, P losses 
from intact soil columns (1-m length) were studied in relation to 
the characteristics of the topsoil and subsoil. Our specifi c objectives 
were to: (i) determine the P content, P binding, and P release in 
the topsoil and subsoil of four typical Swedish agricultural soils 
(two sandy soils and two clay soils); (ii) examine the variations in 
P leaching from these four soils; and (iii) discuss the infl uence of 
extractable soil P concentration and relevant topsoil and subsoil 
characteristics (chemical and physical) on P leaching.

Materials and Methods
Soil Description

Two sandy soils (Mellby: 56°29′ N, 12°59′ E; and Nåntuna: 
59°49′ N, 17°41′ E) and two clay soils (Lanna: 58°21′ N, 13°07′ 
E; and Bornsjön: 59°14′ N, 17°41′ E), located in agricultural 
areas in southern Sweden, were used in this experiment. Th e soils 
were chosen to represent Swedish agricultural soils with diff erent 
physical and chemical characteristics. Th e Mellby sand has been 
classifi ed as a Fluventic Haplumbrept (U.S. soil taxonomy) with 

a sandy loam topsoil with weak coarse granular structure and a 
structureless sandy subsoil (Bergström et al., 1994). Th e Nåntuna 
sand has a weakly aggregated loamy sand topsoil and a structureless 
sandy subsoil (Bergström et al., 1994) and has been classifi ed as a 
Typic Udipsamment (U.S. soil taxonomy) (Kirchmann, 1985). Th e 
Lanna clay has been classifi ed as an Udertic Haploboroll (U.S. soil 
taxonomy) with a silty clay topsoil with strong coarse subangular 
blocky structure and a clay subsoil with strong angular blocky 
structure (Bergström et al., 1994). Th e Bornsjön clay has a weakly 
aggregated clay topsoil and subsoil without any visible macropores. 
Th e soil can be classifi ed as an Inceptisol (U.S. soil taxonomy) (a 
more detailed classifi cation has not been made). More details about 
the physical properties of the soils are given in Table 1.

At the Mellby site, a perennial forage crop was grown for 20 yr 
before lysimeter collection and received no fertilizer during this 
period. Th e sampling site at Nåntuna was covered with a perennial 
grass ley during the previous 10 yr, with an average P fertilization 
rate of 12 kg P ha−1 yr−1. Th e sampling site at Lanna was also covered 
with a perennial forage crop and received no fertilizer during the 12 
yr before lysimeter collection. Th e Bornsjön fi eld had been covered 
with perennial forage crops for 5 yr before lysimeter collection and 
had been fertilized with approximately 13 kg P ha−1 yr−1.

Soil Sampling and Analyses
At the time of lysimeter collection in autumn 2009, soil samples 

were taken from fi ve locations at each site and at fi ve diff erent depths 
in the pits from which the lysimeters were taken (Mellby: 0–0.1, 
0.1–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0 m; Nåntuna, Lanna, and 
Bornsjön: 0–0.1, 0.1–0.3, 0.3–0.5, 0.5–0.7, and 0.7–1.0 m). Th e 
sampling depths were chosen based on natural boundaries between 
topsoil and subsoil and to get an even distribution of soil samples 
within the subsoil. Th e 0- to 0.4-m (Mellby) and 0- to 0.3-m layers 
(Nåntuna, Lanna, and Bornsjön) represented the topsoil, whereas 
the layers below to the 1-m depth represented the subsoil. Th e 
samples were air dried, crushed, and passed through a 2-mm sieve. 
Texture was determined by the pipette sedimentation procedure 
(Ljung, 1987). Soil pH was measured in water at a soil/water ratio 
of 1:5. Extractable P (P-AL) was determined according to the 
Swedish standard method in ammonium acetate lactate solution 
at a pH of 3.75 (Egnér et al., 1960). Iron and Al were extracted 
with ammonium oxalate (Fe-ox and Al-ox) (Schwertmann, 1964; 
van Reeuwijk, 2002). Concentrations of P in the AL extract and 
Fe and Al in the oxalate extract were determined by inductively 
coupled plasma analysis on a PerkinElmer Optima 7300 DV 
analyzer. Phosphorus extractable with 0.5 mol L−1 NaHCO3 at pH 
8.5 (Olsen P) was determined according to Olsen and Sommers 
(1982) using fl ow injection analysis (Tecator AB; ADAS Method 
59). Phosphorus present in the soil solution was analyzed aft er 
equilibration with 0.01 mol L−1 CaCl2 at a soil/solution ratio of 
1:3 for 20 h at 21°C (CaCl2–P). Phosphorus concentrations in the 
soil solution in Swedish soils are commonly low and this high soil/
solution ratio, which is commonly used in Sweden (e.g., Börling 
et al., 2004), was therefore chosen to ensure P concentrations 
above the analytical detection limit. Aft er extraction, samples were 
equilibrated for 1 h before being centrifuged and fi ltered through 
membranes with a 0.2-μm pore size. Dissolved reactive P (DRP) 
in the samples was then determined colorimetrically according 
to the molybdenum blue method as approved by the European 
Committee for Standardization (1996).
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A single-point P sorption index (PSI2 [mmol kg−1/μmol L−1]) 
was determined to get an estimate of the P sorption capacity 
of the diff erent soils (Bache and Williams, 1971; Börling et al., 
2001). In a study on Swedish soils, Börling et al. (2001) used 
two indices based on two P additions and found that the subsoil 
in some of the soils sorbed >90% of the P when the low P rate 
was applied (19.4 mmol P kg−1 soil = PSI1). Consequently, they 
recommended a higher addition of 50 mmol P kg−1 soil (PSI2) for 
both topsoil and subsoil to ensure that the P sorption maximum 
was exceeded. Th us, PSI2 was chosen for this study. For this, 2 g 
of air-dried soil (≤2 mm) was equilibrated with 50 mmol P kg−1 
soil in 20 mL of 0.01 mol L−1 CaCl2. Th e PSI2 was determined, 
according to Bache and Williams (1971), as

2PSI
log
X
C

=  [1]

where X is the amount of P sorbed by the soil (mmol P kg−1 soil) and 
C is the equilibrium P concentration in the solution (μmol P L−1), 
determined colorimetrically. Th e calculation of PSI2 corresponds 
to the Temkin isotherm model, where adsorption energy is stated 
to decrease linearly with increasing sorption. Th e value of C was 
logarithmically transformed to compensate for varying solution 
concentrations in the diff erent soils (Bache and Williams, 1971).

Th e degree of P saturation (DPS) was estimated by dividing 
the extractable P (Olsen P) by the PSI2, as done in previous 
studies (e.g., Westermann et al., 2001; Börling et al., 2004):

2

Olsen P
DPS 100

PSI
=  [2]

with all concentrations on a molar basis. Th e PSI2 only gives an 
estimation of the amount of free sorption sites, however, without 
taking into account the amount of P already sorbed to soil particles. 
Hence, the ratio between Olsen P and PSI2 should be considered 
an approximate value of DPS. Because Olsen P values in Swedish 
soils are commonly low, however, errors in the calculation of DPS 
as the ratio between Olsen P and PSI2 are small.

Total C content (TC) in the soil was determined using a Leco 
CN 2000 analyzer. A parallel sample was combusted at 550°C 
for 4 h and thereaft er only the carbonate content (Carb-C) was 
measured, also using the Leco analyzer. Th e organic C content 
was calculated as the diff erence between TC and Carb-C.

More details about the soil chemical properties are given in 
Table 2.

Lysimeter Experiment
In autumn 2009, undisturbed soil columns were collected from 

the four sites in polyvinyl chloride pipes (1.18 m long, 0.295 m 
i.d.) using a drilling technique whereby a carved-out soil column 
is gently pushed into the pipe (Persson and Bergström, 1991). 
Th ree soil columns were collected at each site. Aft er collection, 
the lysimeters were stored with sealed tops and bottoms in an 
unheated warehouse where the temperature occasionally fell 
below freezing (0°C). Th e lysimeters were prepared for gravity 

Table 1. Selected soil physical properties.

Soil Depth Clay† Porosity Bulk density
Saturated hydraulic 

conductivity

Water content at tensions

5 cm 100 cm 200 cm

cm % m3 m−3 g cm−3 mm h−1 –––––––––––––––––– m3 m−3 ––––––––––––––––––

Mellby sand‡ 0–10 7 0.47 1.32 – 0.438 0.231 0.214

10–40 6 0.42 1.47 69.8 – – –

40–60 1 0.38 1.63 75.7 0.413 0.132 0.100

60–80 1 – – – – – –

80–100 2 0.38 1.65 – – – –

Nåntuna sand§ 0–10 11 0.45 1.43 290 0.427 0.180 0.168

10–30 9 0.43 1.47 940 0.384 0.165 –

30–50 2 – – – – – –

50–70 2 0.45 1.46 – – – –

70–100 6 – – 50 0.385 0.065 –

Lanna clay¶ 0–10 43 – – – – – –

10–30 45 0.52 1.24 1035.0 0.447 0.359 0.349

30–50 56 0.48 1.43 330.0 0.419 – –

50–70 58 – – – – – –

70–100 61 0.47 1.46 35.0 0.442 – –

Bornsjön clay# 0–10 60 0.53 1.21 50.4 0.505 0.412 –

10–30 60 0.50 1.33 0.11 – – –

30–50 59 – – – – – –

50–70 61 0.50 1.37 0.03 – – –

70–100 54 0.53 1.30 0.23 – – –

† Particle size fraction <0.002 mm, n = 1.

‡ Porosity, bulk density, and water content at three tensions, n = 3; saturated hydraulic conductivity, n = 9 (Bergström et al., 1994).

§ Porosity, bulk density, and water content at three tensions, n = 6 at 0–10 cm, otherwise n = 3 (Bergström et al., 1994); saturated hydraulic conductivity, 

n = 4 (Wiklert et al., 1983).

¶ n = 2 (Bergström et al., 1994).

# Porosity, bulk density, and saturated hydraulic conductivity, n = 8 (Swedish University of Agricultural Sciences, 2010); water content at two tensions 

(Ulén, unpublished data, 2012).
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drainage by removing approximately 0.08 m of soil at the bottom 
end and replacing it with gravel, two stainless steel meshes (pore 
size 0.5 mm) and a fi berglass lid (Fig. 1). Th e soil surface was 
approximately 0.05 m below the top of the plastic pipe, which 
prevented surface runoff  from occurring. In March 2010, the 
lysimeters were placed in an outdoor station at the Swedish 
University of Agricultural Sciences, Uppsala, Sweden (59°49′ 
N, 17°40′ E), which is described in detail by Bergström (1992). 
One objective with this experiment was to study P leaching from 
diff erent types of soils without the interference of crop uptake 
of water and P. For that reason, no crop was grown in the soil 
columns during the experiment. Despite this, the lysimeters were 
fertilized once with (NH4)H2PO4 in April 2011 at a rate of 22 kg 
P ha−1 to simulate common Swedish agricultural practices, where 
P is typically applied at that specifi c yearly rate, and also to study 
the possible eff ects of fertilization on P leaching. Th e soil surface 
was not managed apart from being manually weeded as required.

Water samples were collected for 21 mo on a weekly basis if 
drainage was available, or aft er each major drain-fl ow event, during 
the period August 2010 to April 2012. Before that, from April 2010 
until the end of July, all water collected (15–55 mm) was discarded 
to minimize the infl uence of storage and disturbances during 
preparation of the soil columns. Th e concentration of total P (TP) 
was measured on unfi ltered samples aft er digestion with potassium 
persulfate and DRP aft er fi ltration through membrane fi lters 
(Schleicher & Schüll GmbH) with 0.2-μm pore size. All analyses were 
made colorimetrically according to the molybdenum blue method as 
approved by the European Committee for Standardization (1996). 
Particulate P (PP) was calculated as the diff erence between TP in 
unfi ltered and fi ltered water. Total loads for the period August 2010 

to April 2012 were calculated by multiplying the concentration of 
the respective P fractions by the leachate volume during the same 
period and then summing the load for the 21 mo of the study. Due 
to the overrepresentation of autumn and winter compared with 
spring and summer in this study, loads for 2011 were also calculated 
to enable comparison with previous leaching studies for which 
annual loads are reported. Volume-weighted concentrations were 
calculated by dividing the total transport of the diff erent P fractions 
by the total leachate volumes.

Temperature and precipitation data were obtained from 
the Ultuna climate station, which is equipped with standard 
meteorological instruments and is located approximately 300 m 
from the lysimeter station.

Statistical Analysis
All statistical analyses were performed in Minitab 16 (Minitab, 

2010). Relationships were considered signifi cant at P < 0.05.

Results and Discussion
Soil Characteristics

Selected soil chemical properties are shown in Table 2.
In the Nåntuna sand, the degree of P saturation was high 

in the entire soil profi le due to low P sorption capacity and 
frequent inputs of P fertilizers before this experiment, as can 
be seen from the extractable P concentrations (Table 2). Th e P 
sorption capacity (PSI2) was higher in the Mellby sand than in 
the Nåntuna sand due to the greater presence of both Fe and Al, 
especially in the subsoil. Extractable P (P-AL and Olsen P) in 
the Mellby sand was high in the topsoil and low in the subsoil, 

Table 2. Selected soil chemical properties, including the pH, organic C (OC), CaCl
2
–extractable P, NaHCO

3
–extractable P (Olsen P), ammonium lactate 

extractable P (P-AL), oxalate-extractable Fe (Fe-ox), oxalate-extractable Al (Al-ox), the P sorption index (PSI
2
), and the ratio of Olsen P to the PSI

2
.

Site Depth pH† OC CaCl
2
–P Olsen P P-AL Fe-ox Al-ox PSI

2
Olsen P/PSI

2
‡

cm % ––––––––––––––––––––––––––––––––––– mg kg−1 ––––––––––––––––––––––––––––––––––– mmol kg−1/μmol L−1 log(μmol L−1)100

Mellby 0–10 5.8 ± 0.5§ 3.3 ± 0.3 7.23 ± 2.28 91.0 ± 4.0 294 ± 10.2 1,979 ± 186 1,178 ± 67 3.9 ± 0.4 76 ± 6.7

10–40 6.1 ± 0.2 2.1 ± 0.3 1.17 ± 0.3 77.8 ± 9.3 229 ± 47.0 1,996 ± 198 1,298 ± 168 4.6 ± 0.2 55 ± 7.3

40–60 6.0 ± 0.1 0.3 ± 0.0 0.11 ± 0.01 8.0 ± 1.7 15 ± 3.0 1,805 ± 513 699 ± 131 3.6 ± 0.4 7.3 ± 2.0

60–80 5.8 ± 0.1 0.4 ± 0.1 0.09 ± 0.01 5.7 ± 2.4 11 ± 4.8 3,960 ± 1,994 797 ± 211 4.3 ± 0.5 4.2 ± 1.4

80–100 5.2 ± 0.4 0.4 ± 0.2 0.10 ± 0.01 10.3 ± 2.8 16 ± 4.9 1,727 ± 620 432 ± 134 3.3 ± 0.5 10 ± 3.9

Nåntuna 0–10 7.0 ± 0.2 1.3 ± 0.2 3.35 ± 0.53 29.6 ± 2.9 164 ± 24.2 1,710 ± 203 802 ± 92 2.3 ± 0.7 44 ± 16

10–30 7.5 ± 0.2 1.0 ± 0.1 1.88 ± 0.57 23.4 ± 2.8 126 ± 11.7 1,579 ± 102 768 ± 42 2.3 ± 0.5 35 ± 11

30–50 7.6 ± 0.2 0.1 ± 0.0 1.88 ± 0.46 15.4 ± 2.1 52 ± 3.8 841 ± 179 491 ± 90 1.2 ± 0.4 48 ± 24

50–70 7.6 ± 0.2 0.1 ± 0.0 1.38 ± 0.70 16.2 ± 3.0 55 ± 7.2 1,049 ± 128 465 ± 92 1.0 ± 0.3 55 ± 16

70–100 7.6 ± 0.1 0.3 ± 0.4 1.34 ± 0.70 24.6 ± 9.5 76 ± 12.3 2,005 ± 426 619 ± 86 1.9 ± 0.2 44 ± 19

Lanna 0–10 6.1 ± 0.2 2.7 ± 0.2 0.30 ± 0.13 9.5 ± 3.7 33 ± 6.0 3,896 ± 475 1,798 ± 130 5.5 ± 0.3 5.7 ± 2.5

10–30 6.4 ± 0.1 2.2 ± 0.1 0.19 ± 0.03 7.7 ± 1.5 31 ± 6.1 3,928 ± 361 1,848 ± 119 2.7 ± 0.3 4.4 ± 0.9

30–50 6.8 ± 0.1 0.4 ± 0.0 0.10 ± 0.00 <4.0 ± 0.0¶ 51 ± 24.5 3,729 ± 639 2,041 ± 259 7.7 ± 0.4 <1.7 ± 0.1

50–70 7.0 ± 0.1 0.2 ± 0.0 0.10 ± 0.00 <4.0 ± 0.0¶ 158 ± 5.4 3,076 ± 378 1,732 ± 199 6.9 ± 0.3 <1.9 ± 0.1

70–100 7.2 ± 0.1 0.2 ± 0.4 0.10 ± 0.01 <4.0 ± 0.0¶ 207 ± 15.5 2,245 ± 654 1,694 ± 223 6.0 ± 0.3 <2.2 ± 0.1

Bornsjön 0–10 6.0 ± 0.1 2.8 ± 0.1 0.29 ± 0.05 18.2 ± 1.3 44 ± 5.8 9,205 ± 1,283 3,140 ± 476 7.3 ± 0.4 8.1 ± 0.7

10–30 6.2 ± 0.1 2.1 ± 0.3 0.24 ± 0.05 16.4 ± 2.6 32 ± 7.5 9,430 ± 611 2,869 ± 289 7.8 ± 0.3 6.8 ± 0.9

30–50 6.6 ± 0.1 0.6 ± 0.0 0.12 ± 0.01 4.0 ± 0.0 9 ± 2.7 8,805 ± 2,770 1,919 ± 313 7.3 ± 1.0 1.8 ± 0.2

50–70 6.5 ± 0.1 0.6 ± 0.0 0.12 ± 0.01 5.4 ± 2.1 12 ± 1.1 10,098 ± 6,485 2,069 ± 380 7.2 ± 1.4 2.4 ± 0.5

70–100 5.2 ± 0.1 0.7 ± 0.1 0.13 ± 0.01 21.0 ± 5.3 31 ± 9.5 6,562 ± 831 2,387 ± 219 10.5 ± 0.6 6.4 ± 1.4

† Measured in water.

‡ The degree of P saturation (DPS) is commonly expressed as a percentage of the P sorption index (PSI
2
) as an approximation.

§ Means ± SD, n = 5.

¶ Results were under the detection limit (<4.0 mg kg−1).
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resulting in high (36–55%) and low (2–6%) P saturation 
(estimated as Olsen P/PSI2), respectively (Table 2).

Both clay soils had higher P sorption capacities and lower 
DPS ratios (Olsen P/PSI2) than the two sandy soils (Table 2). 
Th us, the clay soils had greater potential to bind P than the sandy 
soils. Th e Bornsjön clay soil had a higher content of extractable 
P than the Lanna soil (topsoil and 70–100-cm layer) and also 
had a higher P sorption capacity due to higher concentrations of 
extractable Fe and Al acting as possible binding sites.

Th e concentration of P-AL in the Lanna soil increased with 
depth, whereas the P concentration decreased with depth when 
extracted with CaCl2 (CaCl2–P) or NaHCO3 (Olsen P). In 
soils with a high pH, Ca-bound P may be present in signifi cant 
concentrations and AL can dissolve Ca-bound P. Th us, 
discrepancies between P-AL and Olsen P values in the Lanna clay 
might indicate the presence of Ca phosphates. A mineralogical 
study of a similar clay soil near Lanna showed that P seemed 
to be bound to Ca complexes in the very fi ne clay fraction and 
that more P was bound to the clay fraction with increasing soil 
depth (Ulén and Snäll, 2007). Because P in these forms is easily 
dissolved with AL due to its low pH but may not be soluble 
under other conditions, P extracted from the soil with AL can 
be an overestimation of plant-available or leachable P. Th e reason 
for the increasing P-AL levels with depth in the Lanna clay was 
not further investigated in this study.

Limited preferential transport has been reported from 
leaching studies conducted on the Mellby sand (Bergström and 
Shirmohammadi, 1999) and the Nåntuna sand (Bergström et 
al., 2011), although the clay content and saturated hydraulic 
conductivity (Table 1) of the latter indicate that there might 
be some water fl ow in preferential fl ow paths in the topsoil 
due to root and earthworm activities. In contrast, previous 
lysimeter studies have shown that macropore fl ow commonly 
occurs in the Lanna clay (Bergström, 1995; Bergström and 
Shirmohammadi, 1999; Djodjic et al., 1999). Th e high saturated 
hydraulic conductivity in this soil further indicates the presence 
of macropore fl ow (Table 1). Ulén et al. (1998) and Ulén and 
Persson (1999) showed that macropore fl ow is also a common 
fl ow process in the topsoil of the Bornsjön clay; however, only 
a very small part of the total soil area was reported as being 
hydraulically active at deeper depths (>30 cm) (Ulén and 
Persson, 1999). Th e reported saturated hydraulic conductivity 
of the topsoil (50.4 mm h−1) and subsoil (<1 mm h−1) further 
confi rms the diff erences in macropore fl ow between topsoil and 
subsoil in the Bornsjön clay (Table 1).

Drainage Conditions
During the period August 2010 to April 2012, total 

precipitation was 977 mm, which is about normal for the area 
(Table 3). Th e mean air temperature was 5.5°C. Th ere was more 
precipitation during January to April 2012 than during the same 
period in the previous year (Fig. 2); however, the winter of 2011 
was much colder than that of 2012 and also had much thicker 
snow cover and thereby a thinner layer of frozen soil. Hence, when 
the snow melted in 2011, drainage amounts in the lysimeters 
increased rapidly in all soils and reached up to 111 mm during 
3 wk in March and April (Fig. 3). In 2012, soil thawing resulted 
in a greater increase in drainage volumes from the clay soils than 
the sandy soils. Th ese results are similar to those from another 
lysimeter study conducted on the Mellby sand and the Lanna 

Fig. 1. Lysimeter placed in a belowground pipe (Bergström and 
Johansson, 1991).

Table 3. Air temperature, precipitation, and drainage from the lysimeters.

Year Month Air temperature Precipitation
Drainage

Mellby sand Nåntuna sand Lanna clay Bornsjön clay

°C ––––––––––––––––––––––––––––––––––––––––––––––––––– mm –––––––––––––––––––––––––––––––––––––––––––––––––––

2010 Aug. 16.5 89 74 ± 3† 90 ± 3 82 ± 5 86 ± 5

2010 Sept.–Dec. 1.8 197 98 ± 2 118 ± 1 101 ± 14 105 ± 18

2011 Jan.–Apr. −0.1 79 119 ± 10 105 ± 43 125 ± 74 135 ± 23

2011 May–Aug. 15.8 217 13 ± 5 79 ± 2 67 ± 14 66 ± 11

2011 Sept.–Dec. 6.9 233 167 ± 9 191 ± 12 178 ± 9 193 ± 15

2012 Jan.–Apr. 0.4 162 89 ± 6 143 ± 11 119 ± 29 128 ± 26

Total 977 559 ± 28 725 ± 42 672 ± 136 714 ± 82

† Means ± SD, n = 3.
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clay, performed during a year with similar weather conditions to 
those in 2012, where drainage volumes aft er snowmelt increased 
faster in the clay soil than in the sandy soil (Bergström and Jarvis, 
1993). Th is was probably due to the heterogeneity of the clay 
soil, where water in the fi nest pores is oft en unfrozen, water in 
the intermediate pores is frozen, and the largest pores are air 

fi lled (Stähli et al., 1996). When the soil thawed, water may then 
have been transported downward through the air-fi lled pores at 
high velocity.

Th e amount of leachate in the lysimeters in relation to 
total precipitation was 73% in the Nåntuna sand, 72% in the 
Bornsjön clay, 69% in the Lanna clay, and 57% in the Mellby 

Fig. 2. Daily average precipitation (bars) and temperature (line) from August 2010 to April 2012.

Fig. 3. Drainage volumes and volume-weighted total P (TP) concentrations from the soils from August 2010 to April 2012. (Note the diff erent scale 
for TP concentrations in the Nåntuna sand.)
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sand. Th is is considerably higher than in other similar leaching 
studies performed in Sweden (e.g., Bergström and Jokela, 
2001; Djodjic et al., 2004), mainly due to the lack of a crop on 
the lysimeters in this study. Despite the diff erence in drainage 
among the soils mentioned above, the total drainage amounts 
were not signifi cantly infl uenced by soil type (P > 0.05). Th ere 
were some diff erences in drainage amounts among individual 
soil columns of the same soil, however, with the clay soils 
showing larger variation among replicate soil columns than the 
sandy soils. Th is is probably due to the fact that sandy soils are 
usually more homogeneous than clay soils with macropores and 
therefore show less variability in fl ow processes (Bergström and 
Shirmohammadi, 1999).

Phosphorus Leaching in Relation to Soil Characteristics
Total leaching loads and volume-weighted concentrations 

of TP from the four soils followed the order: Nåntuna sand > 
Lanna clay > Bornsjön clay > Mellby sand (Table 4).

Th e largest TP leaching loads from the Mellby sand, the 
Nåntuna sand, and the Lanna clay during the study period 
occurred in August 2010. As indicated above, this was probably 
due to residual eff ects related to storage and preparation of 
the soil columns before the study. Phosphorus leaching losses 
were small from the Mellby sand, despite very high amounts of 
extractable P (Olsen P and P-AL) in the topsoil, due to the high 
P sorption capacity throughout the entire profi le. Much of the P 
in this soil was sorbed in the topsoil, resulting in a lower degree 
of P saturation and much lower potential release of P (CaCl2–P) 
to percolating water in the subsoil than the topsoil. Phosphorus 
losses were much larger from the Nåntuna sand than from the 
Mellby sand, despite the fact that the Mellby sand had a much 
higher potential release of P to the soil solution (CaCl2–P) in 
the topsoil. Th e high P losses from the Nåntuna sand were caused 
by high amounts of extractable P (Olsen P and P-AL) and low P 
sorption capacity, especially in the subsoil. Th is resulted in a high 
degree of P saturation throughout the entire profi le and thereby 
fewer free sorption sites being available for P retention. A similar 
pattern was shown in a study by Ulén (2006), where coarse-
textured, tile-drained soils with a high degree of P saturation and 
low P sorption capacity (PSI) in the subsoil were prone to DRP 
leaching. Th e results of the present study are also in accordance 
with the fi ndings of Djodjic et al. (2004), who showed that soils 
with high P sorption capacity in the subsoil (PSI) had reduced 
P concentrations in the soil solution (P extracted with distilled 
water), resulting in small P losses. Th ey also found that soils with 
low P sorption capacity in the subsoil and high ability to release 
P had large P losses and concluded that the subsoil properties are 
critical for P leaching, making the subsoil act as either a source 

(due to naturally high P concentrations) or sink for P. Th e lack 
of preferential fl ow reported in the two sandy soils studied here 
(Bergström and Shirmohammadi, 1999; Bergström et al., 2011) 
and the discrepancies found between the potential release of P 
to the soil solution (CaCl2–P) in the topsoil and the actual P 
leaching loads emphasize the importance of chemical properties 
in sandy subsoils for P leaching.

Th e potential release of P to the soil solution (CaCl2–P) 
was lower in the clay soils than in the Nåntuna sandy soil, in 
both topsoil and subsoil. In the Bornsjön clay, the amount of 
extractable P (P-AL and Olsen P) was large in the topsoil and 
small in the subsoil, whereas extractable P (Olsen P) was small 
throughout the entire profi le in the Lanna clay. Th e degree of P 
saturation (Olsen P/PSI2) was lower but the P sorption capacity 
(PSI2) was higher in the clay soils than in the sandy soils. Th e 
presence of continuous macropores in clay soils such as the Lanna 
clay, however, enables water and solutes to be rapidly transported 
through the soil, leading to a short contact time between the 
percolating water and the soil matrix and thus increasing P losses 
with increasing clay content, despite low P saturation (Djodjic 
et al., 2004). Th is means that chemical soil properties are 
commonly less important for P leaching in soils with macropores 
than in soils without. Saturated hydraulic conductivity (Table 
1) and previous leaching studies performed on the Lanna clay 
(Bergström, 1995; Bergström and Shirmohammadi, 1999; 
Djodjic et al., 1999) and the Bornsjön clay (Ulén et al., 1998; 
Ulén and Persson, 1999) showed that macropore fl ow is more 
common in the Lanna clay than in the Bornsjön clay, especially 
in the subsoil. Th e lower water transport in macropores in the 
Bornsjön clay and its somewhat higher P sorption capacity may 
explain the smaller DRP leaching losses from the Bornsjön clay 
than from the Lanna clay.

In the sandy soils, drainage amounts were correlated to 
concentrations of TP (r2 = 0.93, P < 0.01), DRP (r2 = 0.93, P 
< 0.01), and PP (r2 = 0.83, P < 0.05), although not if the soils 
were evaluated separately. Both the concentration (Table 5) and 
proportion (Table 6) of DRP to TP were lower in leachate from 
the Mellby sand than in leachate from the Nåntuna sand due to 
the higher sorption capacity of the former. In the Mellby sand, 
the concentration of TP and the proportion of DRP to TP in the 
leachate were higher during the period January to April 2011 due 
to snowmelt (cf. Ulén and Snäll, 2007). During snowmelt, much 
water moves through the soil at high velocity (Fig. 3), giving 
less time for P released in the topsoil to be sorbed in the subsoil, 
leading to increased leaching of TP and especially DRP. In the 
Nåntuna sand, however, TP leaching decreased slightly during 
the period January to April 2011, although the proportions of 
DRP and PP to TP remained the same. At snowmelt, P was 

Table 4. Total load and average volume-weighted concentrations for the period August 2010 to April 2012 and annual load for 2011 of total P (TP), 
dissolved reactive P (DRP), and particulate P (PP).

Soil
Total load Volume-weighted concentration Annual load 2011

TP DRP PP TP DRP PP TP DRP PP

–––––––––––––––––––– kg ha−1 ––––––––––––––––––––– ––––––––––––––––––––– mg L−1 ––––––––––––––––––––– ––––––––––––––––––– kg ha−1 yr−1 –––––––––––––––––––

Mellby sand 0.65 ± 0.27† 0.30 ± 0.16 0.07 ± 0.02 0.12 ± 0.05 0.05 ± 0.03 0.01 ± 0.00 0.28 ± 0.14 0.21 ± 0.13 0.02 ± 0.01

Nåntuna sand 7.40 ± 1.11 5.43 ± 0.78 0.43 ± 0.06 1.03 ± 0.10 0.76 ± 0.07 0.06 ± 0.01 3.60 ± 0.68 2.80 ± 0.70 0.17 ± 0.02

Lanna clay 1.27 ± 0.50 0.89 ± 0.53 0.27 ± 0.16 0.19 ± 0.07 0.14 ± 0.09 0.04 ± 0.02 0.54 ± 0.20 0.38 ± 0.18 0.11 ± 0.09

Bornsjön clay 1.12 ± 0.28 0.34 ± 0.16 0.70 ± 0.09 0.16 ± 0.02 0.05 ± 0.02 0.10 ± 0.01 0.56 ± 0.05 0.17 ± 0.02 0.35 ± 0.03

† Means ± SD, n = 3.
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not released to the soil solution at a suffi  ciently high rate to 
match the increased water transport, which resulted in lower 
TP concentrations in the leachate during this period for the 
Nåntuna sand. Th e same sudden increase in drainage volumes 
due to snowmelt as was seen in the period January to April 2011 
did not occur in the sandy soils during the same period in 2012 
(Fig. 3) due to the thicker soil frost layer in 2012.

During the entire study period, PP losses dominated in the 
leachate from the Bornsjön clay but not the Lanna clay, although 
both soils had similar clay contents. Th e Bornsjön soil is an old 
marine deposit with high organic C content (0.7%) and low pH 
(pH 5.2) in the 70- to 100-cm layer. Dispersion of clay particles 
is higher in soils with a pH of approximately 5 to 6 compared 
with that in soils with higher or lower pH (Haynes and Naidu, 
1998; Kirchmann et al., 2013), which may explain the higher PP 
losses in the Bornsjön clay. Th e slightly higher sorption capacity 
and lower water fl ow in macropores in the Bornsjön subsoil than 
in the Lanna subsoil resulted in lower concentrations of DRP in 
the leachate. Th ere was no correlation between TP, DRP, or PP 
concentrations in the drainage water and the drainage amount 
for the clay soils (P > 0.05), and changes in P concentration 
or P fractions in the leachate related to the intensive snowmelt 
in January to April 2011 were not seen in the clay soils. Total 
P leaching was higher in both clay soils, however, as well as in 
the Nåntuna sand, in January to April 2012 compared with the 
same time period in 2011. During summer 2011, precipitation 
amounts were too small to result in increased P leaching due 
to the P fertilization at the end of April 2011. During autumn 
2011 and winter to spring 2012, precipitation increased, which 
resulted in increased water velocities and amounts of water 
transported through the profi les (i.e., 334 mm for the Nåntuna 
sand; Table 3), enabling leaching of fertilizer P that had not been 
sorbed to the soil. Still, no clear eff ect of the P fertilization in 
April 2011 on P leaching was seen for any of the soils.

Conclusions
Th e results presented here show that topsoil studies, 

which dominate current research, appear to be inadequate for 
determining P leaching in many soils. High sorption capacity 
in the subsoil was shown to be of greater importance for P 
leaching than P content in the topsoil, especially on sandy soils. 
Th e corresponding eff ect in clay soils with macropore fl ow in 
the subsoil was lower due to less contact between P in the soil 
solution and free sorption sites. Hence, chemical analyses may 
provide suffi  cient information to predict P leaching in sandy 
soils due to their structural homogeneity, whereas it is critical 
to consider transport mechanisms when studying P leaching 
in macroporous clay soils. More detailed studies on diff erent 
subsoils are needed, however, to provide information about their 
role as sources or sinks for P leaching. Leaching loads of TP were 
more than 10-fold larger for one of the sand soils studied than for 
the other, despite similar textural composition and considerably 
lower TP (P-AL) content in the topsoil of the former. Th is 
suggests that leaching measurements in both subsoils and full-
length profi les should be performed separately in future leaching 
studies. Th at would allow clearer identifi cation of the causes 
behind P leaching and, ultimately, improve the possibility of 
designing proper mitigation strategies to reduce P losses.
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