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Abstract
Background and aims Quarrying causes severe degra-
dation of soils and vegetation that can be recovered
partially when the quarries are abandoned and re-
colonised by plants. To understand the recovery of
soil functionality and nutrient cycling, we studied the
development of soil phosphorus pools during Scots
pine (Pinus sylvestris) revegetation in a disused sand
quarry in Northwestern Russia.
Methods Sites that had been developing for different
times since abandonment were compared to the parent
sand and an adjacent undisturbed forest. Phosphorus spe-
ciation in genetic horizons of soil profiles was determined
by sequential fractionation and solution phosphorus-31
nuclear magnetic resonance spectroscopy.

Results Rapid transformations in soil properties oc-
curred in 40 years, with a marked decline in pH and
an accumulation of organic matter. Phosphorus trans-
formations were shaped by geochemical processes,
with a rapid release of inorganic phosphorus from
primary minerals and accumulation of organic phos-
phorus to concentrations exceeding those found in the
undisturbed site. Adsorbed and/or precipitated phos-
phorus increased rapidly, despite few reactive mineral
colloidal surfaces.
Conclusions Natural succession of Scots pine in post-
mining landscapes promotes ecosystem restoration
through the rapid re-establishment of the biogeochem-
ical cycles of organic matter and phosphorus. This
study provides an important example of biogeochem-
ical phosphorus cycling during the initial stages of
pedogenesis.

Keywords Soil restoration . Carbon . Nitrogen .

Chronosequence . Limiting nutrient

Introduction

The opening of quarries induces severe degradation of
soils and forest cover, which interferes with ecosystem
functionality and the cycles of carbon (C) and
nutrients (Akala and Lal, 2001; Lal 2004). Typically,
mine spoil is hostile to plants, because it contains few
available nutrients and organic matter and does not
retain moisture in plant available forms. However, the
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exposed unweathered spoil material, acting as the new
soil parent material, is generally highly reactive and
promotes rapid pedogenesis (Roberts et al. 1988;
Haering et al. 1993; Akala and Lal 2000; 2001). The
first steps of soil development are therefore highly
influenced by the type of substrate and intensity of
mining disturbance, but in the longer term the result-
ing soil is affected mainly by climate and vegetation
(Bradshaw 1997; Sperow 2006). Natural succession or
artificial plantations therefore promote partial recovery
of the ecosystem in a similar manner to primary suc-
cession after catastrophic natural disturbances
(Bradshaw 2000; Řehounková and Prach, 2006).

Organic matter incorporation through litter input is
fundamental to ecosystem recovery, because it
improves water holding capacity, nutrient availability,
soil structure, and cation exchange capacity (Lal et al.
2007). Soil formation in post-mining landscapes there-
fore depends on plant colonisation and growth, which
in turn are controlled by substrate properties, in par-
ticular the essential plant nutrients nitrogen (N) and
phosphorus (P). While many studies have evaluated C
and N accumulation after land reclamation or during
natural succession in post-mining landscapes (Li and
Daniels, 1994; Rumpel et al., 1999; Akala and Lal,
2000; 2001; Šourková et al. 2005; Sperow 2006),
relatively little attention has been paid to P cycling.
Soil P concentrations at the beginning of soil forma-
tion are linked to substrate composition and weather-
ing processes and are not expected to limit plant
growth in the early stages of primary succession
(Walker and Syers 1976; Peltzer et al. 2010). Most
parent materials contain primary phosphate minerals
that become solubilised as hydrolytic reactions pro-
ceed, pH decreases, and base saturation is reduced.
However, biological P limitation has been observed in
early successional stages of minesoil genesis in a
southwest Virginia spoil lithosequence (Howard et
al., 1988; Roberts et al. 1988), slash pine plantations
in the USA (Gholz et al. 1985), and even on P-rich
reclaimed mine heaps in the Czech Republic
(Šourková et al. 2005). Phosphorus availability there-
fore depends not only on the amount of P in the
substrate but also on pedogenic effects on rates of P
cycling.

Once in solution, the fate of soluble P is influenced
by a variety of physical, chemical and biological pro-
cesses. Solubilised P may precipitate as phosphate
salts, be adsorbed onto the surfaces of secondary

aluminium (Al) and iron (Fe) (hydr)oxides that form
during mineral weathering (Tiessen et al. 1984), or
may enter the organic P pool following assimilation
by microorganisms and plants, initiating the biological
cycle. Roberts et al. (1988) reported that extractable P
decreased in the early stages of minesoil genesis fol-
lowing rapid Fe oxidation and possible plant and
microbial uptake. The relative importance of these
processes changes during soil development, with an
increasing proportion of the P found in organic and
stable inorganic forms (Walker and Syers 1976; Crews
et al. 1995; Turner et al. 2007). Eventually both inor-
ganic and organic P forms decline as P-bearing min-
erals are depleted or P is lost by leaching and erosion,
as extensively studied and modelled in long-term
chronosequences (Walker and Syers 1976; Peltzer et
al. 2010). However, there exists a lack of studies on
the dynamics of these processes following mining
restoration. Even though the rates of abiotic reactions
may be relatively rapid, mineral weathering is gov-
erned by properties of the exposed spoil material and
biotic demand for P. The latter also controls phospha-
tase synthesis and the conversion of organic P to
inorganic forms (Olander and Vitousek 2000). In ad-
dition, net mineralisation of organic P may be less
intense at the beginning of pedogenesis, especially in
P limited environments, due to scarce competition for
phosphate between microorganisms and plants (Cross
and Schlesinger 1995). Although net mineralisation
of organic P depends on the availability of phos-
phate to microorganisms, vegetation type and sub-
strate quality may further influence the process and
were reported to be the key factors influencing
organic matter mineralisation in different chronose-
quences of reclaimed post mining sites (Šourková
et al. 2005, Yuan et al. 2006). This is related also
to the forms of organic P present in soil, which can
differ markedly in their behaviour and biological
availability (Condron et al. 2005) and may change
in their relative abundance during long-term eco-
system development (Turner et al. 2007).

Based on these considerations, we hypothesised
that the hostile conditions of the spoil material and
minimal organic inputs into the soil should result in an
unstable P balance at onset of soil formation in mine-
lands, which may change following plant colonisation,
organic matter accumulation and rehabilitation of the
ecosystem. Thus, this work aimed to follow the recov-
ery of soil functionality in a disused sand quarry
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during natural revegetation with Pinus sylvestris L. for
a period of 40 years in Northwestern Russia. To do
this, we studied the relative abundance of inorganic
and organic P forms and their transformation rates as
related to C and N cycling and organic matter accu-
mulation in a chronosequence of abandoned sites. The
sites included 0, 3, 20 and 40 years-old abandoned
mine spoils, as well as an adjacent forest unaffected by
mining activities. Natural revegetation of bare sub-
strate exhibits characteristics of primary succession,
so this chronosequence was also used as a proxy to
follow P biogeochemistry in the very early stages of
pedogenesis.

Materials and methods

Study area and soil sampling

The study area consisted of sand dumps revegetating
naturally along the spoil banks of an artificial lake
formed after the abandonment of a sand quarry. The
quarry is located in the Korovsky district, Russia,
close to the village of Staraya Maluxa (Leningrad
region, about 40 km southwest of St. Petersburg;
Fig. 1). The quarry, approximately 7 km long and
2 km wide, is composed of quaternary fluvio-glacial
sands (<10,000 yearB.P.) (Abakumov 2008). It is ori-
ented from North to South, reflecting glaciation move-
ments, and is half occupied by the artificial lake.
Excavation of sand and gravel started before the sec-
ond world war (about 80 years ago) and was progres-
sively abandoned from the southern to the northern
part, where sand is still extracted. The result is a
patchwork of unweathered quaternary sands exposed
to natural revegetation for different periods of time.
The sands do not differ in mineralogical composition,
as excavation was superficial and only removed part
of a thick and relatively homogeneous bed of the
esker. The sand fraction is 80–85 % quartz and 10–
12 % feldspars, with minor amounts of poorly crystal-
line phases. The silt fraction contains traces of illite,
kaolinite, and chlorite. The average chemical compo-
sition of the spoil material in different areas is: SiO2

89.0±0.08 %, Fe2O3 1.67±0.17 %, Al2O3 4.32±
0.25 %, CaO 0.28±0.02 %, MgO 0.23±0.01 %,
Na2O 1.30±0.06 %, and K2O 1.80±0.17 % (n=4)
(Simonov G., unpublished data). Management and
technology of quarry exploitation have remained the

same during the entire period of mining and there is no
current significant anthropogenic impact on the study
system (Abakumov, 2008).

The climate is semi-humid, with a mean annual tem-
perature of +4.2 °C and an annual precipitation of
563 mm. Average monthly temperatures range from –
8.6 °C in January to +16.7 °C in July. The plant growing
period is 113 days per year. During the initial phase of
colonisation, the vegetation is dominated by Scots pine,
after which the vegetation develops into either a mono-
dominant pine forest or a mixed pine–birch–alder forest
in wetter areas.

The area has been studied extensively, linking the
morphology of the area and vegetation succession to
the time elapsed since abandonment of mining activ-
ities and to podzol development (Abakumov 2008;
Abakumov et al. 2003; 2010). A podzolic soil profile
has developed after 30–70 years, with a characteristic
sequence of O-E-Bh-BC horizons and a clear accumu-
lation of fulvic acids in the Bh horizon (Abakumov et
al. 2003). Based on these findings, a chronosequence
of restored soils developed under monodominant pine
stands for 3, 20, and 40 years was selected for further
study (thereafter called the Maluxa chronosequence)
and compared to a time zero site (i.e. with no vegeta-
tion). We also selected a Spodosol profile in an adja-
cent native pure pine forest not subjected to
anthropogenic disturbances, to compare ecosystem re-
covering to the climax soil of the area.

The 3-year-old site was characterised by a few iso-
lated trees with no herbaceous vegetation, and no or-
ganic horizon. The mineral soil consisted of a C horizon
only and was classified as a Typic Cryopsamment
according to USDA Soil Taxonomy (Soil Survey Staff,
2006). The 20-year-old site was similar, but with taller
trees and a shallow O/A horizon overlying C1 and C2
horizons (Typic Cryopsamment). At the 40-year-old
site, a continuous mor-type forest floor and A and CB
mineral horizons had developed, but the soil was still
classified as a Typic Cryopsamment. Like the undis-
turbed site, the 40-year-old soil supported well-
developed trees and a closed canopy, but the undis-
turbed soil was more developed, with a sequence of O
(Oi, Oe, and Oa), E, Bs, and BC horizons. The devel-
opment of a spodic B horizon in the undisturbed site
allowed to classify the soil as a Spodosol (Typic
Haplocryod).

All sites were located a few hundred meters apart.
Plots were delimited inside each site to avoid edge
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effects. Forest floor material (i.e. leaf litter and organic
soil horizons) was collected using a wooden frame
(25 x 25 cm), while mineral soil material was sampled
by genetic horizons from profile pits. Separate sam-
ples for determination of the bulk density of each
horizon were taken using 100 cm3 cores.

Soil chemical and physical characterisation

After air-drying, large root debris were removed manually
and organic horizons were ground and sieved <0.5 mm,
while mineral horizons were sieved <2 mm. Bulk density
was determined gravimetrically by drying the samples
collected with cores of known volume at 105 °C. Soil
pH was measured potentiometrically on a soil/water sus-
pension (soil/water ratio 1:2.5 and 1:20 for mineral and
organic samples, respectively). Particle-size distribution
was performed by the pipette method after removal of
organic matter by H2O2 and dispersion of the sample with
sodium hexametaphosphate. Iron extracted by the DCB-
method (FeDCB) (Mehra and Jackson 1960) was taken as
representative of pedogenic Fe oxides, while poorly

crystalline oxides were estimated from the extraction of
Fe and Al with an ammonium oxalate solution buffered at
pH 3 (Feox and Alox) (Schwertmann 1964). Iron and Al
were also extracted with 0.1 M sodium pyrophosphate
(FePyr and AlPyr) to estimate the pools associated with
organic matter (Blakemore et al. 1987). Both Fe and Al
were determined by atomic absorption spectroscopy
(Perkin Elmer 3030, Waltham, Massachusetts, USA).
Total C and N were determined by elemental analysis
(CE Instruments, NA2100 Protein, Milan, Italy).
Carbonates were not present in any samples.

Phosphorus forms

Total P was determined after H2SO4–HClO4 digestion
(Kuo 1996) with P detection by malachite green (Ohno
and Zibilske 1991). Organic P (Po) was obtained by the
difference between HCl-extractable P on ignited and
unignited samples (Legg and Black 1955). The HCl-
extractable P in unignited samples corresponded to in-
organic P (Pi). Bicarbonate extractable P (POlsen), as-
sumed to represent readily bioavailable phosphate, was

Fig. 1 Study area in the Korovsky district, Russia, close to the village of Staraya Maluxa and representative scheme of the Scots pine
chronosequence in the sand quarry
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determined according to Olsen et al. (1954) with P
detection by molybdate colorimetry (Murphy and
Riley 1962). Sequential P fractionation was performed
following the procedure described by Chang and
Jackson (1957) as modified by Olsen and Sommers
(1982). The method involves four consecutive steps that
release different forms of Pi:

i) 0.1 M NaOH+1 M NaCl (1:1) (PNaOH), which
releases labile P adsorbed on surfaces, precipitated
as Fe and Al phosphates (Compton and Cole 1998),
and P associated to humic substances;

ii) 0.3 M Na citrate+1 M NaHCO3 (8:1) (PCB),
which extracts re-adsorbed P;

iii) 0.3 M Na citrate+1 M NaHCO3 (8:1) and 2 %
(w/v) Na dithionite (PDCB), which dissolves Fe
(hydr)oxides, releasing strongly adsorbed P plus
P occluded within the oxides and

iv) 1.0 M HCl (PHCl), which dissolves poorly soluble
calcium-phosphates, such as primary hydroxyap-
atite and fluorapatite.

In all steps the soil to extractant ratio was 1:50
(w/v) and the extraction time was 16 h. All extractions
were performed in duplicate at 25 °C. Extracts were
centrifuged at 1600g for 10 min and the supernatant
analysed for P by malachite green after appropriate pH
adjustment. Calibration curves were performed for
each extractant to evaluate the effect of salts on mal-
achite green P determination (Martin et al. 2004).

Solution 31P NMR spectroscopy

Soil samples containing a significant concentration of Po
(O/A horizon of the 20-year-old site; O, A, CB of the 40-
year-old site and O, E, Bs of the undisturbed one) were
analysed by solution 31P NMR spectroscopy. Phosphorus
was extracted by shaking 2 g of air-dried soil with 40 mL
of a solution containing 0.25 M NaOH and 0.05 M
Na2EDTA (di-sodium ethylenediaminetetracetate) for
16 h at 22 °C (Cade-Menun and Preston 1996). The
solution was frozen, lyophilised, and ground. Each
freeze-dried extract (~100 mg) was redissolved in
0.1 mL of deuterium oxide and 0.9 mL of a solution
containing 1.0 M NaOH and 0.1 M Na2EDTA, and then
transferred to a 5-mm NMR tube. Solution 31P NMR
spectra were obtained using a Bruker Avance DRX
500 MHz spectrometer (Bruker, Germany) operating at
202.456 MHz for 31P. Samples were analysed using a

6 μs pulse (45°), a delay time of 2.0 s, an acquisition time
of 0.4 s, and broadband proton decoupling. The delay
time used here allows sufficient spin–lattice relaxation
between scans for P compounds in NaOH–EDTA (Cade-
Menun et al. 2002). Approximately 30,000 scans were
acquired for each sample. Chemical shifts of signals were
determined in parts per million (ppm) relative to an
external standard of 85 % H3PO4. Signals were assigned
to P compounds or functional groups based on literature
reports (Turner et al. 2003) and signal areas calculated by
integration. Spectra were plotted with a line broadening
of 5 Hz. All spectral processing was done using NMR
Utility Transform Software (NUTS) forWindows (Acorn
NMR Inc., Livermore, California, USA).

Results

Soil chemical and physical properties

Soil pH declined with pine re-vegetation in relation to
site age, approaching the values measured in the un-
disturbed soil (Table 1). The pH decline was progres-
sively more evident with depth in the profile as soils
aged. The lowest pH was recorded in the A horizon of
the 40-year-old site. Parent material was sand through-
out the sequence, with negligible concentrations of silt
and clay. A change in the particle size distribution was
detected only in the 40-year-old site. The sandy sub-
strate contained little pedogenic Fe oxides or Fe asso-
ciated with organic compounds (FePyr=0.05 gkg-1)
(Table 1). After 20 years, pedogenic Fe had almost
doubled in the O/A and C horizons. After 40 years the
ratio of amorphous to crystalline Fe increased from
0.14 to 0.40 in the surface mineral horizon. Both
amorphous and organic-matter-associated Fe forms
tended to be more abundant in A horizons.
Conversely, we observed a higher concentration of
Fe and Al in the deeper horizons of the undisturbed
site, indicating downward movement in the profile.

Carbon and nitrogen

Total C content increased rapidly in the early stages of
restoration (Table 2), following the development of the
forest floor which changed from the simple deposition
of needles on the sandy substrate to the formation of a
separate humus layer comprising intermediate and
highly decomposed material. Nevertheless, it took
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40 years for the incorporation of organic material into
the mineral horizons to become evident. In terms of C
stocks, an increase from 70 to 5740 g C m−2 in the first
40 cm of soil occurred in 40 years, and was therefore
greater than in the undisturbed site (3520 g C m−2,
Table 2). In addition, no redistribution of organic
matter in the profile was detected after 40 years, while
in the undisturbed site the depletion of C from the

eluvial horizon and the consequent accumulation in
the underlying Bs horizon was evident.

Total N followed the same trend as total C, but the
accumulation with time in the O horizon was less pro-
nounced and led to an increasing C:N ratio with soil age.
In the mineral soil a net difference in total N was apparent
between the 20- and the 40-year-old sites, indicating rapid
N accumulation after 20 years below the organic horizon.

Table 1 Soil classification and main properties of the soils along the Maluxa chronosequence

Site (yr) Soil classification Horizon Depth bulk
density

pH sand silt clay Feox
a FeDCB

b Alox
a FePyr

c AlPyr
c Feox/FeDCB

cm kgdm−3 % gkg−1

0 Typic Cryopsamment C 0–40+ 1.51 6.5 97.8 1.5 0.7 0.47 2.66 0.19 0.05 0.07 0.18

3 Typic Cryopsamment C 0–40+ 1.51 6.1 98.3 1.0 0.7 0.44 2.81 0.19 n.d. n.d. 0.16

20 Typic Cryopsamment O/A 0–1.0 0.51 5.0 97.5 1.4 1.1 0.75 5.40 0.28 n.d. n.d. 0.14

C1 1.0–11 1.46 6.5 98.4 0.9 0.6 0.58 4.27 0.22 0.06 0.11 0.14

C2 11–40+ 1.49 6.9 99.1 0.2 0.7 0.50 4.30 0.21 0.05 0.09 0.12

40 Typic Cryopsamment O 0–3.5 0.09 5.2 – – – – – – – – –

A 3.5–9.5 1.31 4.7 82.0 11.4 6.6 3.84 9.49 1.79 2.32 2.56 0.40

CB 9.5–40+ 1.33 5.0 86.1 8.7 5.2 2.67 10.68 2.05 1.32 2.29 0.25

Undisturbed Typic Haplocryod O 0–5.0 0.05 4.4 – – – – – – – – –

E 5.0–11 0.89 4.2 89.3 9.4 1.2 0.10 0.34 0.14 0.09 0.11 0.29

Bs 11–15 1.15 4.7 85.3 9.7 5.0 7.60 14.75 10.70 2.07 5.96 0.52

BC 15–40+ 1.20 4.8 90.6 6.9 2.4 2.44 7.10 5.39 0.12 1.23 0.34

a Iron and aluminium extracted with ammonium oxalate
b Iron extracted with sodium dithionite-citrate-bicarbonate
c Iron and aluminium extracted with sodium pyrophosphate

Table 2 Concentration (gkg−1), stocks (gm−2) of total carbon, nitrogen and phosphorus and related ratios in the soils along the Maluxa
chronosequence

Site (yr) Horizon Thickness C N P C:N N:P C N P
cm gkg−1 gkg−1 mgkg−1 gm−2 gm−2 gm−2

0 C 40 0.13 <0.01 215.3 – – 78.57 0.00 130

3 C 40 0.61 0.02 210.4 27 0.1 366.1 13.7 127

20 O/A 1.0 7.68 0.35 219.9 22 1.6 39.19 1.79 1.12

C1 10 0.48 0.03 226.6 14 0.1 70.26 4.92 33.2

C2 29 0.29 0.00 246.5 – – 125.0 0.00 106

40 O 3.5 238 8.67 720.5 27 12 730.9 26.7 2.22

A 6.0 36.4 1.53 327.5 24 4.7 2868 121 25.8

CB 30.5 4.73 0.33 204.6 14 1.6 2141 149 92.6

Undisturbed O 5.0 452 11.96 891.9 38 13 1225 32.4 2.42

E 6.0 2.87 0.12 31.79 24 3.7 141.6 5.82 1.57

Bs 4.0 23.2 0.86 901.9 27 1.0 1201 44.5 46.7

BC 25 2.65 0.15 477.1 17 0.3 954.5 55.8 172
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Phosphorus forms

Total P (Table 2) in the upper 40 cm of soil remained
relatively constant (from 215 to 247 mg P kg−1) in the
first 20 years; it then increased to 721 and 328 mgkg−1

in the O and A horizons of the 40-year-old site, re-
spectively, approaching the concentrations in the un-
disturbed site. Similarly, the N:P ratio of the organic
horizon approached the value found in the undisturbed
site. In the latter, total P had been depleted from the E
horizon and accumulated in the underlying horizons.
In terms of P stocks, and in contrast to C and N stocks,
the amount of P remained almost constant (on average
129 g P m−2 in the upper 40 cm) during 40 years of
soil development, but did not reach the amount in the
undisturbed site (222 g P m−2).

Bicarbonate extractable P (Fig. 2a) was very
low in the sandy substrate and increased during
pedogenesis in parallel with total P. In 40 years,
available P reached 7.1 mg P kg−1 in the A
horizon, but only 2.7 mg P kg−1 in the CB hori-
zon, remaining low with respect to the amount
observed in the BC horizon of the undisturbed
site. Most P in the parent material was in inorgan-
ic form. Organic P reached the highest concentra-
tions in the O and A horizons of the 40-year-old
site (Fig. 2b), where it represented more than
50 % of total P. In the undisturbed site Po was a
large percentage of the total P, not only in the
organic horizons (46 % of total P), but also in
the E horizon (65 % of total P). Organic P

concentrations were low in deeper horizons, except
in the Bs horizon.

Solution 31P NMR spectroscopy

The majority of the Po extracted in NaOH–EDTA was
phosphomonoesters, which gave signals between δ=3.0
and 7.0 ppm (excluding the signal at δ=6.4 ppm from
inorganic orthophosphate) in the 31P NMR spectra
(Fig. 3). Phosphomonoester concentrations were slight-
ly greater in the 40-year-old O horizon compared to that
of the undisturbed site (Table 3). There were negligible
concentrations of inositol phosphates in most soils, al-
though in the spectrum of the E horizon of the undis-
turbed site clear signals at δ=4.6, 4.8, 5.1 and 6.0 ppm
(Fig. 3) were assigned tomyo-inositol hexakisphosphate
(Turner et al. 2003) and the signal at 4.2 ppm to scyllo-
inositol hexakisphosphate (Turner and Richardson
2004). However, we did not detect signals from
neo- or D-chiro-inositol hexakisphosphate, which were
recently identified as signals between δ=6.4 and
6.8 ppm (Turner et al. 2012a).

Other signals in the phosphomonoester region at
4.9 and 5.2 ppm (Fig. 3) were assigned to α- and β-
glycerophosphates, respectively (Doolette et al. 2009).
These compounds were not present in the 20-year-old
site and increased with time, without reaching the
amounts found in the organic layers of the undisturbed
site. DNAwas not detected in extracts of soils from the
20-year-old site, but was detected in the 40-year-old
site as a broad signal at δ=0 ppm. In this sample, DNA

Fig. 2 a Bicarbonate ex-
tractable P (POlsen) and b
organic P (Po) in the soils of
the Maluxa chronosequence
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accounted for a similar proportion of the total NaOH–
EDTA extracted P as in the mature soil (Table 3).

Of the Pi extracted in NaOH–EDTA, orthophos-
phate was detected as strong signal at approximately
δ=6.4 ppm in all spectra, while a pyrophosphate sig-
nal at approximately –4 ppm was present in the 20-
year-old O/A horizon (Table 3), and notably increased
in all horizons of the 40-year-old site, occurring in
higher concentrations than in the undisturbed soil.
Polyphosphate was detected in one organic horizon
sample only (40-year-old site).

Phosphorus fractionation

Phosphorus fractionation (Table 4) showed that in the
parent material and after 3 years of pedogenesis about
half of the total P was in the HCl-extractable pool
(Table 4). The remaining P was distributed between
the fractions extracted by NaOH and DCB. After
20 years of revegetation the PHCl was 70.1 mgkg−1

but then began to decline in the C horizons, paralleled

by a relative increase of the PDCB fraction. This pro-
cess was rapid, as in the 40-year-old site only traces of
P remained in the HCl extract in both the A and CB
horizons, reaching the concentrations observed in the
undisturbed site. In the A horizon of the 40-year-old
site P in the NaOH and DCB fractions was higher than
in the younger sites. However, relative to total P, the
percentages of PNaOH and PDCB were similar to those
found at the 20-year-old site. In the CB horizon, PNaOH
was more than double with respect to the younger
sites. Notably, there was also a net increase of PDCB
with respect to the younger soil.

In the undisturbed site, the PNaOH and PDCB frac-
tions declined dramatically in the E horizon and accu-
mulated deeper in the profile. This was particularly
apparent in the Bs horizon, where PNaOH was 654 mg
P kg-1 and represented 73 % of the total P (Table 4).
The PDCB fraction was also consistently higher in the
Bs horizon of the undisturbed site compared with the
revegetated sites.

In terms of P stocks (Fig. 4), the disappearance of the
PHCl pool between 20 and 40 years was accompanied by
a progressive increase of PDCB and PNaOH. However,
while PDCB pool reached in 40 years the values found in
the undisturbed site, PNaOH represented only one third of
the amount accumulated in the mature site. Conversely,
the Po pool increased to 28.8 g P m−2 in 40 years, while
it was only 7.5 g P m−2 in the undisturbed site.

Discussion

After 40 years of pine growth on abandoned quarry
surfaces, pedogenic processes were underway and,
while soil morphology was still far from reaching the
development of the climax soil of the area, some
chemical characteristics were already similar to those
observed in the adjacent undisturbed site. The first
effect of revegetation on soil was a rapid decline in
pH, as observed previously in mine soils reclaimed
with coniferous species (Akala and Lal 2001;
Šourková et al. 2005) and during primary succession
of Pinus sylvestris on inland dunes in the Netherlands
(Emmer and Sevink 1994). The acidifying effect of
conifer litter observed commonly in vegetation chro-
nosequences (i.e. Ritter et al. 2003; Cerli et al. 2006;
Turner et al. 2012b) is pronounced here due to the low
clay concentration in the fluvio-glacial substrate and
consequent lack of sites for cation adsorption that

Fig. 3 a Solution state 31P NMR spectra of NaOH–EDTA
extracts from the soil horizons of the Maluxa chronosequence.
Only soil horizons with NaOH–EDTA extracted organic P >
10 mg P kg−1 were considered for NMR analysis. b Zoomed
spectrum of the undisturbed spodosol E extract plotted with
2 Hz line broadening to show fine resolution. Signals from myo-
inositol hexakisphosphate are indicated by asterisks
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could have buffered protons derived from acidic com-
pounds and from CO2 hydrolysis.

Carbon and N contents increased with stand age,
accumulating in the humus layer at the first stage of
plant colonisation and becoming incorporated into the
mineral horizons only after 40 years. This could be
linked to the illuviation of humic substances through
the soil profile, as reported to occur rapidly after the
development of the Oa horizon at this site (Abakumov
et al. 2010). In terms of stocks, the amount of C and N
accumulated in 40 years in the upper 40 cm largely
exceeded that found in the undisturbed site. Assuming

that the sequence reflects an accumulation curve of
organic matter, the average net accumulation rate in
the 0–20 year interval was slow, being 8.00 g C m−2

yr−1 and 0.34 g N m−2yr−1. This is in contrast with the
rapid C and N sequestration and accumulation ob-
served in mine lands reclaimed to pasture or forest in
Ohio (Akala and Lal, 2001; Sperow, 2006; Sherstha
and Lal, 2010). Thus the restoration in our study sites
required a lag time before the initiation of C and N
accumulation, as reported previously for primary for-
est succession on sandy substrates (Emmer and Sevink
1994; Lichter, 1998). After such lag time, natural

Table 3 Organic and inorganic P forms (expressed in mg P kg-1soil or as percentage of total P) determined by NaOH-EDTA extraction
and solution 31P NMR spectroscopy in the soils along the Maluxa chronosequence

Site (yr) Horizon

NaOH-EDTA Pa Organic Pb

Organic P formsc Inorganic P formsc Other

Monoesters Phospholipids DNA Phosphate Pyro-P Poly-P

mgkg−1 (% TP)d mgkg−1 mgkg−1 (% NaOH-EDTA P) mgkg−1 (% NaOH-EDTA P) mgkg−1

20 O/A 70 (33) 26 26 (37) 0 (0) 0 (0) 40 (56) 5 (7) 0 0

40 O 582 (81) 317 217 (37) 29 (5) 70 (12) 174 (30) 39 (7) 34 19

A 183 (55) 126 90 (49) 19 (10) 17 (9) 50 (27) 7 (4) 0 0

CB 96 (45) 34 19 (20) 5 (6) 9 (9) 53 (55) 9 (10) 0 0

Undisturbed O 682 (76) 313 208 (30) 39 (6) 66 (10) 369 (54) 0 (0) 0 0

E 24 (55) 15 10 (41) 1 (4) 4 (15) 9 (36) 1 (4) 0 0

Bs 343 (35) 36 0 (0) 0 (0) 36 (10) 308 (90) 0 (0) 0 0

a Values in parentheses are the proportion (%) of the total soil phosphorus (Table 2)
b Sum of phosphate monoesters and diesters
c Values in parentheses are the proportion (%) of the P extracted in NaOH-EDTA
d TP is total P determined by H2SO4/HClO4

Table 4 Fractionation of inorganic P and proportion of P forms as related to total P determined in H2SO4/HClO4 in the soils along the
Maluxa chronosequence. Values are the mean±standard error of three replicate analyses (in parentheses)

Site (yr) Horizon PNaOH PCB PDCB PHCl PNaOH PCB PDCB PHCl Po Total P recovery

mg P kg−1 % of total P % of total P

0 C 53.1 (4.3) 3.7 (0.4) 38.5 (2.5) 105 (15.5) 25 1.7 18 49 0.0 94

3 C 39.1 (3.6) 4.5 (0.2) 43.5 (4.3) 96.4 (4.2) 19 2.1 21 46 9.2 96

20 C1 46.1 (2.3) 3.0 (0.2) 56.2 (0.9) 70.1 (8.3) 20 1.3 25 31 14 91

C2 38.1 (4.6) 4.2 (0.3) 55.5 (7.9) 84.7 (1.6) 16 1.7 23 34 16 91

40 A 66.5 (3.8) 5.3 (0.8) 68.7 (9.9) 1.2 (0.2) 20 1.6 21 0.4 55 98

CB 92.6 (1.0) 2.7 (0.4) 69.3 (4.4) 1.9 (0.2) 45 1.3 34 0.9 14 95

Undisturbed E 4.2 (0.4) 0.2 (0.1) 5.0 (1.1) 0.51 (0.5) 13 0.6 16 1.6 65 97

Bs 654 (31.0) 28.8 (1.0) 125.5 (2.3) 5.9 (0.4) 73 3.2 14 0.7 8.8 99

BC 378 (13.5) 10.2 (0.8) 81.1 (2.3) 3.6 (0.1) 79 2.1 17 0.8 0.7 100
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revegetation on sand banks showed an intensification
of the accumulation rate to 260 g C m−2yr−1 and
14.5 g N m−2yr−1, reaching values similar to those
observed by Shrestha and Lal (2010) in forest treated
minesoils in Ohio over a 21-year period. Organic
matter accumulation may be related to the specific
climatic conditions of the site which allow for a great-
er rate of input compared to OM mineralisation, as
suggested by increasing C:N ratios in the O horizons
of the older sites. An increasing C:N ratio with stand
age has been observed frequently in coniferous forests
(Ritter et al. 2003; Cerli et al. 2006) and might be
related to the limited N availability at the beginning of
soil formation (Wardle et al. 2004) and the progressive
increase of the C:N ratio in conifer litter with plant age
(Apple et al. 2002).

Parallel to C and N, total P increased with soil age in
the organic layers and upper mineral horizons, as ob-
served both along the Franz Josef (Walker and Syers,
1976) and Hawaiian Island chronosequences (Crews et
al. 1995), in which total P concentrations peaked in
intermediate-aged soils. In the case of the Franz Josef
chronosequence, however, whole profile total P stocks
declined consistently throughout the life of the system
(Walker and Syers 1976; Turner et al. 2013). A rapid
decline of total P in the first few hundred years was
observed also in a chronosequence developed on sandy
substrate under a perudic moisture regime in New
Zealand (Turner et al. 2012b). The preservation of total
P stocks in theMaluxa chronosequencemay be related to
the low annual rainfall (563 mm) that could limit P loss
by leaching, despite the sandy substrate, highlighting the
importance of climate in determining the fate of

phosphorus during pedogenesis. The net increase of total
P in the surface soil as a consequence of P translocation
from deeper to upper layers by plant uplift (Jobaggy and
Jackson, 2001) provides evidence that the process is
highly active in the initial years of pine colonisation,
when most P was present in primary minerals. The
dissolution of these minerals contributed to increase the
amount of bioavailable P in the upper soil horizons and
provided the only source of P for plant growth (Lajtha
and Schlesinger 1988). The rapid decline of the PHCl
indicated that primaryminerals neared exhaustion within
40 years, due to acidification and the paucity of buffering
surfaces, as suggested by the exponential correlation
between PHCl and pH (rs=0.967, p<0.001). It should
be noted also that the spoil material contained a low total
P concentration, with values close to sandstones and
siltstones dominating southwestern Virginia mine spoils
(Howard et al., 1988). Thanks to these conditions, the
consumption of PHCl was extremely rapid, as it took only
tens of years to deplete primary mineral P at Maluxa
compared to the hundreds or thousands of years ob-
served in other chronosequences (e.g., Walker and
Syers, 1976; Crews et al. 1995). A drastic decline in
PHCl occurred indeed only after 370 years under the
perudic moisture regime of New Zealand (Eger et al.
2011; Turner et al. 2012b), while approximately
500 years were necessary to appreciate P decrease in a
chronosequence of Lake Michigan sand dunes (Lichter
1998) with a total P content similar to that of the current
study.

Element biocycling is enhanced in cases of defi-
ciency (Bonifacio et al. 2012), so P released from
apatites was promptly taken up by plants and

Fig. 4 Stocks of total P and
organic P (Po) and distribu-
tion of P (gm−2) in the dif-
ferent fractions extracted
with sodium hydroxide
(PNaOH), dithionite-citrate-
bicarbonate (PDCB) and
hydrochloric acid (PHCl) in
the soils along the Maluxa
chronosequence. Different
letters indicate significant
differences in P stocks
(p<0.05)
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contributed to the rapid accumulation of organic P.
Organic P concentration and stocks after 40 years of
pedogenesis were even greater than in the undisturbed
site, which concurs with other studies that reported a
rapid accumulation of organic P in the early stages of
pedogenesis when biological productivity is limited by
N availability, followed by a decline in old soils when P
becomes the limiting nutrient (e.g. Walker and Syers
1976; Turner et al. 2007). In addition, at the onset of
pedogenesis, organic P mineralisation may be reduced
by the large availability of phosphate released from
apatite minerals, by a limited degree of adaptation of
the microbial community to the newly developed forest
litter, and by N deficiency for microrganisms (Cross and
Schlesinger 1995).

Furthermore, organic P mineralisation and hence its
speciation is dependent, as is the whole pool of organic
matter, on vegetation type and substrate quality (Kögel-
Knabner 2002; Šourková et al. 2005), as well as on the
potential of the soil for organic P stabilisation (Turner et
al. 2007). Conifer needles contain an approximately
equal mixture of phosphomonoesters and phosphodiest-
ers (Koukol et al. 2006). At the 20-year-old site, where
there was little surface litter, inorganic orthophosphate
represented >50 % of the total NaOH–EDTA extracted
P. Thereafter, organic P accumulated and contained a
greater proportion of phosphomonoesters compared to
diesters. On one hand, phosphomonoesters accumulated
in parallel with organic matter (rs=0.921, p<0.01), in-
dicating a low degree of Po mineralisation. On the other
hand, the selective enrichment of phosphomonoesters
occurred in parallel with the formation of reactive min-
eral surfaces, which represent the key factor for phos-
phomonoester stabilisation in soil (Celi and Barberis
2005; Giaveno et al. 2008; 2010). The presence of
inositol phosphates in the albic (E) horizon of the
Spodosol may be the result of a greater interaction of
these compounds with poorly crystalline metal oxides,
forming more soluble complexes in the eluvial horizon
(Celi et al. 2003) and contributing to downward migra-
tion of P, Al and Fe into the Bs horizon (Dai et al. 1996).
The absence of phosphomonoesters in the Bs horizon
was therefore unexpected and in contrast with the high
accumulation of Fe and Al in this horizon. However the
absence of inositol phosphates has also been reported in
places where they should accumulate due to high sorp-
tion capacity (Vincent et al. 2010; Turner and
Engelbrecht 2011). This perhaps indicates the formation
of very stable complexes between inositol phosphates

and Al and Fe oxides at low pH (Celi et al. 2003), not
extractable with NaOH–EDTA.

In addition to P biocycling, abiotic reactions such as
sorption and occlusion into minerals contributed to the
retention of orthophosphate following apatite dissolution
or organic matter mineralisation, contributing to the PDCB
and PNaOH fractions. The progressive increase of PDCB
paralleled the FeDCB increase (rs=0.865, p<0.01) and
reached the values found in the undisturbed site. This
suggests that strong adsorption processes and occlusion
of P followed the formation of crystalline Al and Fe oxide
surfaces, reaching a steady-state in a short time. This
might be explained by the exposure of unweathered and
highly reactive spoil substrates, in agreement with the
results found by Roberts et al. (1988) in sandstone spoil
materials. The strong correlation between PNaOH and the
amount of poorly crystalline Fe oxides (rs=0.850, p<
0.01) also emphasises the role of short-range oxides on
governing P sorption in these soils (Beck and Elsenbeer
1999). However, the PNaOH pool in 40 year-old-soils was
less than one third of that in the climax soil. This decou-
pling may be related to the inhibition of the crystallisation
of Fe forms occurring during podzolisation (Bonifacio et
al. 2006), with an increase in the proportion of P sorbed on
poorly crystalline oxides, particularly evident in the Bs
horizon. Despite the active podzolisation at the Maluxa
site reported by Abakumov et al. (2003; 2010), the 40-
year-old soil was dominated by crystalline oxides and
showed no sign of podzolisation. The formation of oxides
with larger surface area, and hence higher P sorption
capacity, therefore appears to be a key factor in differen-
tiating secondary P forms between the climax soil and the
initial pedogenic steps on mining spoil banks. However,
the larger total P stock found in the undisturbed site could
only arise from plant uplift from deeper soil layers. In the
early stages of restoration it therefore seems that the
organic matter and P cycles were coupled for a limited
time only, becoming quickly decoupled. The N:P ratio in
the 40-year-old site was similar to that of the undisturbed
site and close to the value above which P becomes limit-
ing with respect to N (Wardle et al. 2004). This suggests
that P limitation can develop rapidly following the onset
of pedogenesis in soils forming on P-poor parent material.

Conclusions

The distribution of P in young soils developing after
sand quarry abandonment was determined by
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geochemical processes that rapidly provided available
P to support primary succession. Although total P and
reactive mineral surfaces were low, biological P up-
take and chemical reactions in the soil promoted the
development of a conservative P cycle in a short
period. Despite the limited time since the onset of soil
formation, the complete dissolution of primary miner-
als and accumulation of organic P suggest that P
cycling was already advanced after only 40 years of
revegetation. Thereafter, a deceleration of the processes
would probably occur, as rate of biocycling and
adsorption/precipitation are still far from approaching
those found in the climax soil. We conclude that resto-
ration of disused sand quarries through natural succes-
sion of Scots pine is promoted by the rapid weathering
of primary mineral P and the establishment of biogeo-
chemical cycling. The Maluxa sequence provides an
important example of P biogeochemical cycling during
the first stage of pedogenesis on highly reactive
disturbed substrates.
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