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Abstract Although low solubility and slow cycling
control P circulation in a wide range of ecosystems,
most studies that evaluate bioavailability of soil P use
only indices of short-term supply. The objective here is
to quantify changes in P fractions in an Ultisol during
the growth of an old-Weld pine forest from 1957 to
2005, speciWcally changes with organic P (Po) and with
inorganic P (Pi) associated with Fe and Al oxides as
well as Ca compounds. Changes in soil P were esti-
mated from archived mineral soil samples collected in
1962 shortly after pine seedlings were planted, and on
six subsequent occasions (1968, 1977, 1982, 1990, 1997,
and 2005) from eight permanent plots and four mineral
soil layers (0–7.5, 7.5–15, 15–35, and 35–60 cm).
Despite the net transfer of 82.5 kg ha¡1 of P from min-
eral soil into tree biomass and O horizons, labile soil P
was not diminished, as indexed by anion exchange res-
ins, and NaHCO3 and Mehlich III extractants. An
absence of depletion in most labile P fractions masks
major restructuring of soil P chemistry driven by eco-
system development. During 28 years of forest growth,

decreases were signiWcant and substantial in slowly
cycling Po and Pi associated with Fe and Al oxides and
Ca compounds, and these accounted for most of the P
supplied to biomass and O horizons, and for buVering
labile soil fractions as well. Changes in soil P are attrib-
uted to the P sink strength of the aggrading forest (at
2.9 kg ha¡1 year¡1 over 28 years); legacies of fertiliza-
tion, which enriched slowly cycling fractions of Po and
Pi; and the changing biogeochemistry of the soil itself.

Introduction

When E.W. Hilgard described Mississippi soils, geol-
ogy and landscapes in the 1850s (Hilgard 1860, 1906),
he based a number of his ecological interpretations on
acid extractions of soils. Considering that the availabil-
ity of soil P in most contemporary studies still relies on
relatively simple acid extractions, we do not seem to
have moved far beyond Hilgard’s analytical
approaches, despite the passage of nearly 150 years.

Because nearly all soil P is unavailable for immedi-
ate use by soil microbes and plant roots, relationships
between labile and recalcitrant P is an important topic
for study (e.g., Chang and Jackson 1957; Thomas and
Peaslee 1973). Even still, most research and manage-
ment studies that evaluate bioavailable P continue to
characterize P availability using only extractants
designed to correlate with yields of P-fertilized agricul-
tural crops grown in the same year as that of the soil
sampling and analysis (Bray and Kurtz 1945; Mehlich
1978; Olsen et al. 1954). These correlative methods
support a short-term dose–response approach to inten-
sive soil management (Thomas and Peaslee 1973; Rich-
ter and Markewitz 2001), and seemingly ignore slowly
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cycling fractions of soil P. Over time scales longer than
a growing season, slowly cycling fractions of P, in fertil-
ized and unfertilized soils alike, make signiWcant con-
tributions to P bioavailability, and can ultimately
determine ecosystem productivity, organic matter stor-
age and sustainability (Walker and Syers 1976; Crews
et al. 1995; Schmidt et al. 1996; Townsend et al. 2002).
Too often, however, concepts of immediately available
P seem to have trapped those of slowly cycling frac-
tions of soil P Wrmly within labels such as Wxed, recalci-
trant, resistant, refractory, unavailable, occluded or
simply nonlabile, words that clearly marginalize the
biological signiWcance of slowly cycling soil P.

In recent decades, however, our understanding of
how soil P changes over time has expanded greatly on
several fronts (Buol 1995). Walker and Syers (1976)
described a now popular concept of progressive P limi-
tation, i.e., that during soil and ecosystem develop-
ment, P from weatherable minerals is exhausted,
leaving residual P to be cycled through organic matter
or into occluded and strongly recalcitrant Pi. Garcia-
Montiel et al. (2000) proposed an analogous progres-
sion of soil P over decadal time scales, following
cutting, burning and converting tropical forests on
Oxisols to grass pasture. Beyond conceptual models,
new analytical methods are proliWc, including the use
of phosphate sorption isotherms (e.g., Fox and Kamprath
1970; Novak and Watts 2004), radioisotopic labeling
and kinetic techniques (McDowell et al. 2001; Hamon
et al. 2002), modeling approaches that predict changes
in soil P over time with respect to management and
pedogenesis (Cox et al. 1981; Karpinets et al. 2004),
and chemical and spectroscopic P fractions in long-
term soil experiments (Barber 1979; Cope 1981;
McCollum 1991; Schmidt et al. 1996; Soloman et al.
2002). These analytical developments generally con-
Wrm that, in contrast with other nutrients, chemical
compounds associated with soil P lend themselves to
sequential chemical extractions that can describe soil P
in operationally discrete fractions (e.g., Chang and
Jackson 1957; Shelton and Coleman 1968; Dalal 1977;
Novais and Kamprath 1978; Hedley et al. 1982a, 1982b;
Cross and Schlesinger 1994; Frizano et al. 2002). More-
over, the changes in P fractions in long-term soil exper-
iments provide a special perspective that impacts upon
our understanding of how slowly cycling P contributes
to P bioavailability over time scales of decades
(Schmidt et al. 1996, 1997; Beck and Sánchez 1994;
Tiessen et al. 1992; Goh and Condron 1989).

The objective of this paper is to evaluate changes in
P fractions and bioavailability in Ultisols that sup-
ported the four- to Wve-decade growth of a forest from
seedlings to mature trees. The study is based at the

long-term soil experiment at the USDA Forest Ser-
vice’s Calhoun Experimental Forest, in soils histori-
cally cultivated and fertilized for cotton.

The Calhoun experiment is well-suited to the meth-
ods of Hedley et al. (1982a, 1982b), which are used to
examine how organic and inorganic fractions of P con-
tribute to the uptake and circulation of P in long-term
systems of land management. In this study, archived
samples collected on seven occasions between 1962
and 2005 are available for analyzing the change in soil
P during the period in which planted tree seedlings
grew to maturity but after the soils had long been culti-
vated and fertilized for cotton. The aggrading tree bio-
mass and forest Xoor have been strong sinks for P,
hypothetically depleting bioavailable fractions of
organic and inorganic soil P as mineral soils are utilized
to meet nutritional requirements for growing plant bio-
mass and new O horizons. In long-term soil experi-
ments, P fractions are taken to be sources or sinks of P,
to the extent that a fraction of P decreases or increases
over time (Schmidt et al. 1996).

Methods

The Calhoun ecosystem

The Calhoun Experimental Forest is located in Union
County, South Carolina, at about 34.5°N, 82°W (Rich-
ter and Markewitz 2001). Elevation is about 200 m, and
the underlying geologic material is part of the Pied-
mont’s most common bedrock, a partly metamor-
phosed granitic gneiss. Soils that form on broad,
geomorphically stable interXuves of the Piedmont’s
granite gneiss are acidic Ultisols, one of the world’s
common soil orders, found most often in humid, warm
temperate regions and medium to low-elevation tro-
pics (Buol et al. 2003; Richter and Babbar 1991). In the
Southern Piedmont, soils on the broad interXuves are
typically Wne, kaolinitic, thermic Typic Kanhapludults
(Soil Survey StaV 2003) of the Appling and Cecil series.
SurWcial A and E horizons have quartz-dominated
mineralogy, and are sandy loams or loamy sands. If not
eroded by agriculture, surWcial horizons can be rela-
tively deep (>40 cm). Below are acidic, clayey B hori-
zons, dominated by kaolinite clays, quartz and Fe and
Al oxides. Physical, chemical and biological data on the
soils have been published (Richter et al. 1994, 1999;
Markewitz et al. 1998; Richter and Markewitz 1995,
2001), and a summary of information on the soils is
provided by Table 1.

The Calhoun ecosystem currently has a warm
temperate, humid continental climate with long, hot
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summers and short, mild winters. Annual precipitation
averaged about 1,250 mm between 1973 and 1987
(Whitmire, South Carolina), and hydrologic model
simulations have found the evapotranspiration from
mature forests to average 880 mm and the drainage to
be about 370 mm annually (Gnau 1992). Mean annual
air and soil temperature is about 16 °C. Soil tempera-
ture ranges between 5 and 25 °C over the year at about
20 cm depth (D.D. Richter, unpublished data).

Site history

On upland sites, vegetation prior to about 1800 was
predominantly mixed deciduous forest composed of
oaks, hickories and other hardwoods. Upland soils,
especially those derived from granitic bedrock, were
strongly acidic and relatively low in bioavailable P
(Richter and Markewitz 2001). Despite relatively low
native fertility, physical soil attributes were attractive
for cultivation, and early in the nineteenth century,
upland hardwood forests began to be extensively con-
verted to agricultural Welds, mainly driven by cotton in
upstate South Carolina.

From about 1800 to the U.S. Civil War in the 1860s,
Welds in the Carolina Piedmont were managed for cot-
ton, corn, tobacco, wheat and other crops, with mini-
mal fertilization. After forests were initially cleared,
they were often burned (RuYn 1852; Gray 1933), and
ash eVects promoted nutrient bioavailability, including
that of P. Following several years of cropping, farmers
switched to less demanding uses before abandoning
Welds and moving onto “fresh soil” (Gray 1933; Richter
and Markewitz 2001).

After the Civil War, Welds in the Southern Piedmont
were more continuously cropped. As systems of share-

cropping and tenant farming developed (Vance 1929),
fertilization and liming became more standard farm
practices, with P and lime originating from mines on
the Atlantic and Gulf Coastal Plains (Sheridan 1979).
Cotton production increased across the region until the
1920s, when the boll weevil, farm economics and soil
degradation combined to create vast areas of aban-
doned southern farmland. Successional pine forests
expanded in area throughout much of the twentieth
century, regenerating vigorously in abandoned old
Welds. In the early twenty-Wrst century, most old Welds
in the Southern Piedmont are now pine or mixed hard-
wood–pine forests, hayWelds and pastures.

The speciWc soils under study are located on old
upland cotton Welds formerly cultivated on the 800-ha
Old Ray Place, a nineteenth-century cotton plantation
managed by Rev. Thomas Ray and his family from
1820 to 1876. In the early 1930s, the USDA Forest Ser-
vice purchased the farm property for the Sumter
National Forest, and Calhoun Experimental Forest.
From the 1930s through to 1955, these Welds were culti-
vated for cotton by a local farmer. In January 1957,
after a two-year fallow, the soils were planted with pine
seedlings in 16 permanent plots, arranged in four
blocks of four plots each. The plots are in close proxim-
ity to each other, and blocks were selected to represent
diVerent soil-landform conditions.

Soil sampling and general soil analysis

To examine the eVects of forest growth on fractions of
soil P, we used archived soil collections from the Long-
Term Calhoun Soil Experiment, which included eight
of the 16 permanent plots in the experiment, repeated
and intensive within-plot sampling, and the soil archive

Table 1 General physical and chemical information of the Ultisols from the long-term soil experiment at the Calhoun Experimental
Forest, South Carolina, USA. Soil data are from 1990s samplings

a pHs is soil pH in 0.01 M CaCl2
b Exchangeable cations are NH4–acetate-extractable Ca, Mg and K, and KCl-exchangeable acidity; and SO4 is NH4VO3-extractable
(adapted from Richter et al. 1994; Markewitz et al. 1998)
c DCB-extractable Fe and Al

Horizon Depth
(m)

Bulk density
(Mg m¡3)

pHsa Exchangeable/extractableb 
(mmolc kg¡1)

SOC
(%)

Clay 
(%)

DCB-extractable 
(mmolc kg¡1)

Ca Mg K Acidity SO4 Fec Alc

A 0–0.075 1.52 3.8 0.6 0.2 0.3 10.8 0.2 0.67 10.0 31.0 21.9
E 0.075–0.15 1.52 4.2 0.5 0.2 0.2 6.8 0.2 0.41 13.0 44.5 25.0
BE 0.15–0.35 1.52 4.4 2.3 0.7 0.5 6.5 1.1 0.31 18.0 130.7 76.0
B22 0.35–0.6 1.44 4.4 10.2 3.2 1.1 9.2 7.8 0.33 39.3 373.4 170.9
B23 0.6–1.0 1.44 4.0 7.1 4.7 1.2 16.2 10.2 0.23 48.5 554.1 202.1
BC1 1.0–1.5 1.40 4.0 2.9 2.2 0.7 20.8 10.1 0.23 42.9 512.9 141.2
BC2 2.0–2.5 1.42 4.0 0.3 0.5 0.9 31.0 8.3 0.07 37.7 293.1 80.0
CB1 2.5–3.0 – 4.0 0.4 0.6 1.1 34.1 na 0.08 28.5 202.7 62.0
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