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ABSTRACT 

Long-term changes in soil phosphorus influence 
ecosystem development and lead to a decline in the 
productivity of forests in undisturbed landscapes. 
Much of the soil phosphorus occurs in a series of 
organic compounds that differ in their availability 
to organisms, but changes in the relative abun- 
dance of these compounds during pedogenesis 
remain unknown. We used alkaline extraction and 
solution phosphorus-31 nuclear magnetic reso- 
nance spectroscopy to assess the chemical nature of 
soil organic phosphorus along a 120,000-year post- 
glacial chronosequence at Franz Josef, New Zea- 
land. Inositol phosphates, DNA, phospholipids, and 
phosphonates accumulated rapidly during the first 
500 years of soil development characterized by 
nitrogen limitation of biological productivity, but 
then declined slowly to low concentrations in older 
soils characterized by intense phosphorus limita- 
tion. However, the relative contribution of the 
various compounds to the total organic phosphorus 
varied along the sequence in dramatic and sur- 
prising ways. The proportion of inositol hexakis- 
phosphate, conventionally considered to be 
relatively recalcitrant in the environment, declined 

markedly in older soils, apparently due to a corre- 
sponding decline in amorphous metal oxides, 
which weather to crystalline forms during pedo- 
genesis. In contrast, the proportion of DNA, con- 
sidered relatively bioavailable in soil, increased 
continually throughout the sequence, due appar- 
ently to incorporation within organic structures 
that provide protection from biological attack. The 
changes in soil organic phosphorus coincided with 
marked shifts in plant and microbial communities, 
suggesting that differences in the forms and bio- 
availability of soil organic phosphorus have eco- 
logical significance. Overall, the results strengthen 
our understanding of phosphorus transformations 
during pedogenesis and provide important insight 
into factors regulating the composition of soil 
organic phosphorus. 
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INTRODUCTION 

Soil development is characterized by a long-term 
loss of phosphorus by leaching at a greater rate 
than it is added in rainfall or released by the 
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weathering of bedrock (Walker and Syers 1976). 
Simultaneously, primary mineral phosphate (for 
example, apatite) present at the onset of soil for- 
mation is converted by biological and chemical 
processes into organic and 'occluded' forms, some 
of which are of limited availability to plants. In the 
absence of catastrophic disturbance, these processes 
alter the nutrient status of the ecosystem: young 
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soils contain relatively large amounts of phospho- 
rus and biological productivity is limited by nitro- 
gen availability (Chapin and others f 994), whereas 
older soils contain little phosphorus and are char- 
acterized by intense phosphorus limitation (Wardle 
and others 2004). This pattern has been docu- 
mented in several chronosequences, defined as a 
series of soils developed on the same bedrock and 
under similar climate and vegetation, but that vary 
in the time since the onset of pedogenesis (Stevens 
and Walker 1970). These include chronosequences 
formed on wind-blown sand (Syers and Walker 
1969), glacial forelands (Stevens 1968; Richardson 
and others 2004), uplift terraces (Coomes and 
others 2005), volcanic tephra (Parfitt and others 
2005), and volcanic islands (Crews and others 
1995; Chadwick and others 1999). 

The changes in soil phosphorus during pedogen- 
esis have important ecological consequences, be- 
cause phosphorus limitation can become sufficiently 
intense in the late stages of ecosystem development 
to cause a decline in forest biomass and productivity 
(Wardle and others 2004). This 'retrogressive' phase 
may also coincide with changes in plant community 
composition and a decline in species diversity. For 
example, the Franz Josef post-glacial chronose- 
quence in New Zealand is characterized by a de- 
crease in the total number of species and a gradual 
shift from evergreen angiosperms to conifers of the 
Podocarpaceae, which are well-adapted to survival 
under phosphorus-limited conditions (Richardson 
and others 2005). The exception seems to be lowland 
rain forests in the mainland tropics, which exhibit 
hyper-diverse tree communities on old, infertile soils 
(Losos and Leigh 2004; Kitayama 2005). 

A key aspect of the pedogenic changes in soil 
phosphorus is its accumulation in organic forms. 
For example, Syers and Walker (1969) reported 
that organic phosphorus increased from 3 to 63% 
of the total phosphorus during 10,000 years of soil 
development on a wind-blown sand chronose- 
quence at Manawatu, New Zealand. Similarly, 
Parfitt and others (2005) reported that organic 
phosphorus was greater than 90% of the total soil 
phosphorus in a series of contrasting chronose- 
quences formed on volcanic tephra, glacial fore- 
lands, and uplift terraces. This accumulation of soil 
organic phosphorus is rarely assigned ecological 
significance, because models that describe changes 
in phosphorus during pedogenesis consider organic 
phosphorus as a single functional pool of limited 
availability to plants (for example, Walker and 
Syers 1976). This limits our understanding of eco- 
system development for two reasons. First, soil 
organic phosphorus represents a dynamic pool of 

phosphorus in forest soils that is potentially avail- 
able to plants through a variety of mechanisms, 
including the synthesis of phosphatase enzymes, 
secretion of organic acids, and association with 
mycorrhizal fungi (Attiwill and Adams 1993). 
Second, soil organic phosphorus occurs in a broad 
spectrum of compounds that differ markedly in 
their behavior in soil and, therefore, the degree to 
which they are available to organisms (Condron 
and others 2005). For example, phosphate diesters, 
such as nucleic acids and phospholipids, turn over 
relatively rapidly in soils and may provide an 
important source of nutrition for organisms (Bow- 
man and Cole 1978; Harrison 1982). In contrast, 
inositol phosphates bind strongly to metal oxides 
and other soil components, so they accumulate in 
soils and are considered to be of limited bioavail- 
ability (Turner 2007). 

Changes in the chemical composition of soil or- 
ganic phosphorus during ecosystem development, 
although currently unknown, seem likely given 
that pedogenesis involves changes in mineralogy 
and other soil properties linked to phosphorus 
stabilization (Vitousek and others 1997). As the 
expression of traits involved in the utilization of 
organic phosphorus varies widely among organ- 
isms (see chapters in Turner and others 2005a), it 
also seems possible that changes in soil phosphorus 
composition during pedogenesis influence the 
composition of plant and microbial communities. 

The Franz Josef post-glacial chronosequence in- 
cludes soils up to 120,000-year-old and offers an 
opportunity to assess changes in soil nutrients 
during pedogenesis. We used solution 31P nuclear 
magnetic resonance (NMR) spectroscopy to deter- 
mine the chemical nature of soil organic phos- 
phorus along this sequence, including the 
retrogressive phase characterized by extreme 
phosphorus limitation and marked changes in the 
forest community. 

METHODS 

Site Description 

The Franz Josef glacial chronosequence (approxi- 
mately 43°S and 170°E) consists of a series of post- 
glacial schist outwash surfaces on the South Island 
of New Zealand. Some site characteristics are re- 
ported in Table 1, with further details available 
elsewhere (Stevens 1968; Almond and others 
2001). The climate is cool-temperate and soil 
development is rapid due to the high rainfall 
(>6,000 mm at the younger sites) and associated 
intense leaching. 
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Table 1.    Selected Characteristics of Sites along the 120,000-year Franz Josef Post-Glacial Chronosequence, 
New Zealand 

Age (years)       Site name Elevation (m)      Precipitation (mm/year)       Soil texture Landform 

5 Glacier Terminal 240 &520 
60 Young Terrace 240 6576 

130 Peter's Pool 220 6,188 
280 Waiho Footbridge I 200 &300 
500 Waiho Footbridge II 200 6278 

5,000 Upper Wombat 245 6,427 
12,000 Mapourika 265 3,706 
60,000 Okarito Forest 225 3,623 

120,000 Deep Creek Ridge 145 3,652 

Data from Stevens (1968) and Richardson and others (2004). 
'This site was added to the chronosequence after Stevens (1968), from which soil texture information is taken. 

Gravelly sand 
Sand 
Sand 
Sandy loam 
Sandy silt 
Clay 
Silt loam 
Not classified1 

Silty clay 

Terrace slip 
River terrace 
River terrace 
River terrace 
Outwash surface 
Kame terrace 
Kame terrace 
Moraine 
Moraine 

Angiosperms 

Podocarpaceae 

Figure 1. Changes in the proportion of angiosperms and 
conifers (Podocarpaceae) in the forest canopy along the 
120,000-year Franz Josef post-glacial chronosequence, 
New Zealand (data from Richardson and others 2004 ). 

Forests in the region are dominated by evergreen 
angiosperms (for example, Griselinia littoralis, Met- 
rcwzWeros MMzWZa&z, WnMmaMMz'a racemosa) and 
conifers in the Podocarpaceae (for example, Dacry- 
dium cupressinum, Podocarpus hallii), while tree ferns 
such as Dicksonia squarrosa are also present (Wardle 
1980). However, there are marked changes in for- 
est community composition along the Franz Josef 
chronosequence (Richardson and others 2004). 
Angiosperms account for 100% of the total canopy 
cover in the early stages of ecosystem development, 
but eventually decline to only 46% of the total by 

the oldest stage of the sequence (Figure 1). In 
contrast, conifers appear after 500 years and grad- 
ually increase as the ecosystem ages, representing 
54% of total canopy cover after 120,000 years 
(Figure 1). Overall diversity and forest height also 
decline strongly in the later stages of the sequence, 
characteristic of ecosystem retrogression (Wardle 
and others 2004). 

Soil was sampled from nine locations along the 
chronosequence. Soil properties (Table 2) were 
described previously (Richardson and others 2004), 
except for amorphous aluminum and iron, which 
were determined by oxalate extraction (Loeppert 
and Inskeep 1996). The oxalate procedure extracts 
'active' (amorphous or non-crystalline) aluminium 
and iron oxides, plus some organically-bound 
forms, all of which are important in phosphorus 
retention due to their large surface area (Vitousek 
and others 1997). 

Briefly, the soils are characterized by a relatively 
rapid loss of approximately half the total phos- 
phorus during the first 500 years of pedogenesis, 
followed by a gradual decline to the end of the 
sequence. Soil at the oldest stage contains approx- 
imately one-eighth of the phosphorus present ini- 
tially. The initial loss of phosphorus is associated 
with a decline in pH and the loss of acid-extractable 
inorganic phosphate (that is, primary calcium- 
phosphate minerals such as apatite). Amorphous 
aluminum and iron increase to maximum values 
after 130 years and then decline slowly. The de- 
cline in total phosphorus occurs in parallel with an 
increase in soil organic matter; the resulting in- 
creases in the ratios of carbon-to-phosphorus and 
nitrogen-to-phosphorus indicate that the ecosys- 
tem becomes progressively more phosphorus lim- 
ited, especially in the late stages of the 
sequence. This is supported by leaf tissue nutrient 
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Table 2.    Selected Soil Properties for Locations along the 120,000-year Franz Josef Post-Glacial Chronose- 
quence, New Zealand 

Age Total elements pH Amorphous Element NaHC O 3 -phosphate 
(years) (g/kg) 

C N P 

metals 

Al 

(g/kg) 

Fe 

ratios (mg P/kg) 

C/N C/P N/P 

5 1.9 0.05 0.805 6.79 1.9 1.6 45.8 2.3 0.07 0.26 
60 32.9 2.21 0.805 5.62 3.1 3.2 15.1 40.2 2.69 3.51 

130 666 3.74 0.554 4.59 4.2 4.0 17.8 126 7.08 7.43 
280 106.9 6.08 0.514 436 2.5 2.9 17.8 208 11.8 14.16 
500 146.0 8.02 0.458 3.95 3.7 2.3 18.2 312 17.1 963 

5,000 93.9 4.99 0.327 3.87 3.7 2.0 18.8 287 15.3 9.46 
12,000 125.7 5.23 0.299 3.94 4.1 1.4 23.9 417 17.4 7.53 
60,000 86.2 3.37 0.201 3.87 2.6 0.4 25.4 431 16.9 10.21 

120,000 90.1 3.56 0.108 3.93 

amorous 

1.4                  0.2        24.8 

aluminum and iron concentrations. 

821 333 5.18 

Data are from Richardson and others (2004) except the 

concentrations and resorption proficiency, which 
indicate that plants are extremely phosphorus- 
limited during the retrogressive phase (Richardson 
and others 2004, 2005). 

It is important to acknowledge that observed 
changes in soil properties across the Franz Josef 
chronosequence may be partly attributed to factors 
other than progressive soil development with time, 
including temporal and spatial differences in cli- 
mate and substrate. In particular, the two oldest 
sites of the chronosequence have experienced at 
least one glacial-interglacial cycle, and soil forma- 
tion and loess accumulation are likely to have oc- 
curred simultaneously during the last glaciation 
(Almond and Tonkin 1999; Richardson and others 
2004). Despite this, the Franz Josef chronose- 
quence exhibits surprisingly clear trends in soil 
nutrient pools, vegetation, and soil organisms (for 
example, Walker and Syers 1976; Richardson and 
others 2004; Wardle and others 2004; Allison and 
others 2007). Biologically, therefore, the Franz 
Josef sequence represents a clear sequence of age- 
related nutrient stresses that are reflected in both 
above- and belowground communities. 

Solution 31P NMR Spectroscopy 

Mineral soil (0-10 cm) was collected from five plots 
at each location (5 cores per plot), sieved (<4 mm), 
air-dried (30°C), re-sieved (<2 mm) and ground 
prior to analysis. Soil from each of the replicate 
plots at each location was then pooled for NMR 
analysis. 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 (ethylenedi- 
aminetetraacetate) for 16 h at 22°C (Cade-Menun 
and Preston 1996). This was an adaptation of the 

original method (Bowman and Moir 1993), which 
involved a 2-h extraction at 85°C. It is assumed that 
the procedure extracts organic phosphorus quan- 
titatively from soil (Bowman and Moir 1993; 
Turner and others 2005b), although this is impos- 
sible to confirm because no direct method exists for 
the determination of soil organic phosphorus. 

Extracts were centrifuged at 10,000$ for 30 min 
and an aliquot taken for determination of total 
phosphorus by ignition and acid digestion (Ander- 
son 1976). The remaining solution was frozen at 
-80°C, lyophilized, and ground. Each freeze-dried 
extract (~100 mg) was re-dissolved in 0.1 ml of 
deuterium oxide and 0.9 ml of a solution contain- 
ing 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 oper- 
ating at 202.456 MHz for 31P. Samples were ana- 
lyzed using a 6-us 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 suffi- 
cient spin-lattice relaxation between scans for 
phosphorus compounds in NaOH-EDTA (Cade- 
Menun and others 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% H3P04. Sig- 
nals were assigned to phosphorus compounds or 
functional groups based on literature reports (Turner 
and others 2003b) and signal areas calculated by 
integration. Spectra were plotted with a line broad- 
ening of 5 Hz. Concentrations of wyo-inositol hexa- 
kisphosphate (Turner and others 2003c) and scyllo- 
inositol hexakisphosphate (Turner and Richardson 
2004) were determined by spectral deconvolution 
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Table 3.    Total, Inorganic, and Organic Phosphorus Extracted in NaOH-EDTA Irom Soils along the 120,000- 
year Franz Josef Post-Glacial Chronosequence, New Zealand 

Age (years) Total P1 Inorganic P2'3 Organic P2'4 C/organic N/organic 
(mg P/kg) (mg P/kg) (mg P/kg) P ratio P ratio 

5 18(2) 13(73) 5 (27) 386 11 
60 155 (58) 58(37) 97 (63) 339 23 

130 308 (56) 87(28) 221 (72) 301 17 

280 388 (76) 134 (35) 253 (65) 422 24 
500 397 (87) 137 (35) 260 (65) 562 31 

5,000 278 (85) 99(36) 179 (64) 525 28 
12,000 262 (88) 87(33) 175 (67) 719 30 
60,000 180 (90) 83(46) 97 (54) 889 35 

120,000 95(88) 36(38) 59(62) 1530 60 

Inorganic and organic phosphorus concentrations were determined by solution   P NMR spectroscopy. 
' Values in parentheses are the proportion (%) of the total soil phosphorus (Table 2). 
2 Values in parentheses are the proportion (%) of the total phosphorus extracted in NaOH-EDTA. 
^wm o/pAgipAak aW pyrop&osp&ak (see TaWe 4J. 
"*a#M o/pWpWr moMoesfers. p&oapAafe dfeaers, aW pWpWzafe; fiee ZaWe 4/ 

and quantification of the appropriate signals (see 
below). All spectral processing was done using NMR 
Utility Transform Software (NUTS) for Windows 
(Acorn NMR Inc., Livermore, California, USA). 
Analysis of replicate extracts was not performed due 
to the time and expense involved, although error for 
solution 31P NMR spectroscopy of soil extracts and 
similar samples is approximately 5% for the larger 
signals and 10% for smaller signals (Cade-Menun 
and others 2005; Turner and others 2007). A blank 
sample containing only 0.25 M NaOH and 0.05 M 
Na2EDTA taken through the entire procedure con- 
tained only 1 mg P/kg as phosphate. 

Statistical Analysis 

Concentrations of phosphorus compounds are ex- 
pressed on the basis of oven-dried soil (105°C). A 
correlation matrix (R values) was calculated to 
investigate relationships between soil properties 
and phosphorus compounds. Regression models 
were calculated using least squares linear regres- 
sion. All analyses were performed using standard 
procedures in Sigma Plot 6.0. 

RESULTS 

Total Phosphorus Extraction in NaOH- 
EDTA 

Phosphorus concentrations in NaOH-EDTA extracts 
increased from 18 mg P/kg in the youngest soil to a 
maximum of 397 mg P/kg in the 500-year soil, and 
then declined to 95 mg P/kg by the end of the se- 
quence (Table 3). Recovery of total soil phosphorus 
was 2% in the 5-year-old soil, increased to 87% in 

the 500-year soil, and then remained at similar val- 
ues until the end of the sequence (Table 3). The low 
recovery in the initial sample was due to its mainly 
mineral content, with most phosphorus present in 
primary minerals (that is, extractable in acid rather 
than alkali). The concentrations of total phosphorus 
extracted in NaOH-EDTA were almost identical to 
the organic phosphorus concentrations determined 
by the ignition method (Figure 2A). The remaining 
phosphorus not extracted in NaOH-EDTA was 
quantitatively similar to the acid-extractable inor- 
ganic phosphate (Figure 2B). 

Phosphorus Determination by Solution 
31P NMR Spectroscopy 

Identification of compounds. Several groups of 
compounds were identified in NaOH-EDTA ex- 
tracts by solution 31P NMR spectroscopy, including 
phosphate esters, inorganic phosphates, and phos- 
phonates (Figure 3). 

Of the inorganic phosphates, phosphate was de- 
tected as the strong signal at approximately 
6.4 ppm, whereas pyrophosphate, an inorganic 
polyphosphate with a chain length of two, was 
detected as the signal at approximately -4.0 ppm 
(Figure 3). Long-chain polyphosphate was not de- 
tected in any sample. 

A variety of organic phosphorus compounds were 
detected (Figure 3). Phosphate esters were classified 
into monoesters and diesters. Phosphate monoesters 
were identified as a complex group of signals be- 
tween 3 and 7 ppm (excluding the inorganic phos- 
phate signal at 6.4 ppm). Within this group, several 
compounds were identified, including two inositol 
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Figure 2. The relationship between A soil organic 
phosphorus determined by the ignition procedure and 
the total phosphorus extracted in NaOH-EDTA, and B 
acid-extractable inorganic phosphate and the phosphorus 
not extracted in NaOH-EDTA. In both figures, the 1:1 
relationship is shown by the solid line. Data on the igni- 
tion procedure are from Richardson and others (2004 ). 

phosphates (Figure 4). The presence of wyo-inositol 
hexakisphosphate was indicated by a signal at 
5.9 ppm from the phosphate at the C-2 position on 
the inositol ring (Turner and others 2003c), whereas 
scy/Zo-inositol hexakisphosphate was identified as a 
strong signal at 4.2 ppm (Turner and Richardson 
2004). Signals at around 6.8 ppm slightly downfield 
of the phosphate signal probably also represent 
inositol phosphates (Turner and Richardson 2004), 
but were not quantified separately. 

Other strong signals in the phosphate monoester 
region at 4.9 and 5.2 ppm were assigned to 
P-glycerophosphate and phosphatidic acid, respec- 
tively (Figure 4). These are the degradation prod- 
ucts of phospholipids, such as phosphatidyl 
choline, in alkaline solution (Turner and others 
2003b).   Ribonucleic   acid   (RNA),   a   phosphate 

f*#wi#Mi*W**4M**WWAiW'' 

D 
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*wLA*. 

^W*V^AM#WWVwk#" 

ww*mA**A*y***wwv"Wi 
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5y 
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1 

/\#*#wV Wiv»* 

60,000 y 
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Figure 3. Solution P NMR spectra of NaOH-EDTA 
extracts of soils from the 120,000-year Franz Josef post- 
glacial chronosequence, New Zealand. The signals were 
assigned as follows: A, phosphate; B, phosphate mono- 
esters; C, pyrophosphate; D, phosphonates; E, DNA; F, 
phospholipids. The spectra are plotted with 5 Hz line 
broadening. 

diester, also degrades rapidly in strong alkali and is 
detected as a series of signals in the phosphate 
monoester region between 4.3 and 4.8 ppm 
(Makarov and others 2002a; Turner and others 
2003b). Consequently, many of the 'other' phos- 
phate monoesters (that is, those not identified as 
inositol phosphates) were the degradation products 
of RNA and phospholipids and would have oc- 
curred as phosphate diesters in the original sample. 

Some phospholipids, such as phosphatidyl etha- 
nolamine,  are  relatively  stable  in  strong  alkali 
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Figure 4. Solution 31P NMR spectrum of an NaOH- 
EDTA extract of a 130-year-old soil from the Franz Josef 
post-glacial chronosequence, New Zealand. The spectrum 
shows only the phosphate monoester region and is 
truncated vertically. The signals were assigned as follows: 
A, unidentified inositol phosphate; B, phosphate; C, the 
C-2 phosphate of wyo-inositol hexakisphosphate; D, the 
degradation products of phospholipids in alkali (phos- 
phatidic acid at 5.2 ppm, P-glycerophosphate at 
4.9 ppm); E, the three remaining signals of wyo-inositol 
hexakisphosphate; F, xcy/to-inositol hexakisphosphate. 
The spectrum is plotted with 5 Hz line broadening. 

(Turner and others 2003b) and were detected intact 
as broad and weak signals between 0.5 and 2 ppm in 
some extracts (Figure 3). The other form of phos- 
phate diester present in extracts was deoxyribonu- 
cleic acid (DNA), which occurred as a broad signal at 
0 ppm in all soils except the youngest (Figure 3). 

Phosphonates, which contain a direct carbon- 
phosphorus bond, were identified as signals at 
approximately 20 ppm in all but the youngest and 
oldest soils (Figure 3). Two phosphonates were al- 
ways present, probably representing 2-aminoeth- 
ylphosphonic acid at 20.8 ppm and a 
phosphonolipid, such as phosphonoethanolamine, 
at 19.3 ppm (Turner and others 2003b). 

Concentrations of compounds. The concentrations of 
all compounds followed a similar trend through 
120,000 years of pedogenesis, being low or unde- 
tectable at the onset of soil development, increasing 
rapidly to a maximum after no more than 
500 years, and then declining slowly to the end of 
the sequence (Figure 5; Table 4). With the excep- 
tion of the initial sample, which contained mainly 
acid-extractable phosphate in primary minerals, 
approximately one-third of the phosphorus ex- 
tracted in NaOH-EDTA was inorganic, and two 
thirds was organic (Table 3). The concentration of 

150 

100 

10°   101   102   103   10"   105 10°   101   102   103   104   105 

Years 

Figure 5. Changes in the concentrations (mg P/kg soil) 
of phosphorus compounds in soils from the 120,000-year 
Franz Josef post-glacial chronosequence, New Zealand, 
determined by NaOH-EDTA extraction and solution 31P 
NMR spectroscopy. Note the different F-axis scales. 

total inorganic phosphorus (the sum of phosphate 
and pyrophosphate) in the extracts increased to a 
maximum of 137 mg P/kg after 500 years, and 
then declined to 36 mg P/kg by the end of the se- 
quence (Table 3). Phosphate and pyrophosphate 
both increased to a maximum after 500 years. 
Phosphate reached a maximum of 105 mg P/kg and 
then declined to 22 mg P/kg by the end of the se- 
quence. Pyrophosphate concentrations were smal- 
ler, increasing to a maximum of 32 mg P/kg after 
500 years, but then remaining relatively stable. 

Total organic phosphorus (the sum of phosphate 
monoesters, phosphate diesters, and phosphonate) 
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Table 4.    Concentrations of Phosphorus Compounds During 120,000 years of Soil Development Determined 
in NaOH-EDTA Extracts by Solution 31P NMR Spectroscopy 

Age Inorganic P (mg P/kg) Organic P (mg P/kg) 

(years) 
Phosphate Pyrophosphate Phosphate : monoesters Phosphate diesters Phosphonates 

my o-IP 6 scyllo-lP6 Other DNA Phospholipids 

5 13 (70) <1(3) ND ND 5(27) ND ND ND 
60 47 (31) 11 (7) 15(10) 11 (7) 56(36) 14(9) ND <1 (<1) 

130 75 (24) 13(4) 46(15) 30 (10) 108 (35) 24(8) 5 (2) 9(3) 
280 104 (27) 30(8) 28(7) 29(7) 126 (32) 38 (10) 10(3) 23(6) 
500 105 (26) 32(8) 28(7) 30(8) 118 (30) 45 (11) 13(3) 25(6) 

5,000 74 (27) 25(9) 23(8) 30(11) 76 (27) 31 (11) 7(2) 12(4) 
12,000 61 (23) 27 (10) 22(9) 27 (10) 71 (27) 40 (15) ND 14(6) 
60,000 56(31) 27(15) 10(6) 12 (7) 47 (26) 24(13) ND 3(2) 

120,000 22(23) 14 (14) 6 (6)            3 (3)            35 (37)      15 (16)              ND 

•hosphorus extracted by NaOH-EDTA (see Table 3 for total soil phosphorus values). 

ND 

Values in parentheses are the proportion (%) of the total p 
ND, not detected. 

in the NaOH-EDTA extracts increased to a maxi- 
mum of 260 mg P/kg after 500 years, and then 
declined to only 59 mg P/kg at the end of the se- 
quence (Table 3). The carbon to organic phospho- 
rus and nitrogen to organic phosphorus ratios 
calculated from these values increased markedly in 
the late stages of the sequence (Table 3). The con- 
centration of myo-inositol hexakisphosphate in- 
creased rapidly to 46 mg/P kg after 130 years, 
declined to 28 mg P/kg after 280 years, and then 
declined gradually to only 6 mg P/kg by the end of 
the sequence (Figure 5; Table 4). The concentra- 
tion of scy/fo-inositol hexakisphosphate increased to 
30 mg/kg after 130 years and then remained at 
about this level until the late stages of the se- 
quence, where concentrations decreased markedly 
to only 3 mg P/kg after 120,000 years (Figure 5). 

Young soils contained less scy/Zo-inositol hexa- 
kisphosphate than myo-inositol hexakisphosphate 
(ratio < 1), whereas between 280 and 60,000 years 
the opposite was true (ratio > 1). The ratio steadily 
increased for the first 12,000 years of soil devel- 
opment, indicating the preferential accumulation 
of scyllo-inositol hexakisphosphate compared to the 
myo isomer. However, it declined steadily in the 
later stages, and after 120,000 years the concen- 
tration of myo-inositol hexakisphosphate was twice 
that of the scyllo isomer, although both concentra- 
tions at this stage were small. Phosphate monoes- 
ters other than the inositol hexakisphosphates 
constituted up to 126 mg P/kg, declining to 35 mg 
P/kg by the end of the sequence (Figure 5; Ta- 
ble 4). 

Concentrations of DNA increased steadily to a 
maximum of 45 mg P/kg after 500 years, and then 

declined to 15 mg P/kg by the end of the sequence 
(Figure 5; Table 4). DNA therefore occurred in 
similar concentrations to the inositol phosphates. 
Intact phospholipids were detected only in samples 
between 130 and 5,000 years at concentrations up 
to 13 mg P/kg (Figure 5; Table 4). As discussed 
above, the phospholipids were almost certainly 
under-estimated due to degradation of some com- 
pounds during extraction and analysis in strong 
alkali. The maximum concentration of phospho- 
nates was 25 mg P/kg after 500 years, with none 
detected in the youngest and oldest soils (Figure 5; 
Table 4). 

Proportions of the total inorganic/organic phospho- 
rus. There were marked differences among the 
various inorganic and organic phosphorus com- 
pounds when expressed as a proportion of the total 
inorganic (Figure 6) or total organic (Figure 7) 
phosphorus, respectively. Similar patterns were 
evident for compounds expressed as a proportion of 
the total extracted phosphorus (Table 4). However, 
we consider that expression as a proportion of the 
inorganic/organic phosphorus is more meaningful 
given that small changes in the solubility of inor- 
ganic phosphorus, which is not extracted quanti- 
tatively by the NaOH-EDTA solution, can have a 
large impact on values for organic phosphorus 
when expressed as a proportion of the total ex- 
tracted phosphorus. 

Phosphate and pyrophosphate extracted in 
NaOH-EDTA displayed opposite trends (Figure 6). 
Phosphate declined rapidly from 96% of the inor- 
ganic phosphorus in the initial sample to 77% after 
280 years, and then declined slowly to 62% by the 
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10°      101      102      103      104     105 

Years 

Figure 6. Changes in inorganic phosphorus compounds 
in NaOH-EDTA extracts of soils from the 120,000-year 
Franz Josef post-glacial chronosequence, New Zealand, 
expressed as a proportion of the total inorganic phos- 
phorus. 

end of the sequence. In contrast, pyrophosphate 
increased rapidly from only 4% of the inorganic 
phosphorus initially to 23% after 500 years, and 
then continued to increase steadily to 38% by the 
end of the sequence. 

Of the organic phosphorus compounds, inositol 
phosphates initially increased rapidly in the first 
130 years of soil development, with myo- and scyllo- 
inositol hexakisphosphate constituting 21 and 13% 
of the organic phosphorus, respectively (Figure 7). 
The proportion of wyo-inositol hexakisphosphate 
then remained relatively constant at 10-13% until 
the end of the sequence, whereas scy/fo-inositol 
hexakisphosphate increased to 17% after 
5000 years, then declined gradually to only 4% by 
the end of the sequence. As a proportion of the 
phosphate monoesters, myo-inositol hexakisphos- 
phate constituted up to 25% and scy/fo-inositol 
hexakisphosphate up to 23%. Other phosphate 
monoesters constituted between 40 and 60% of the 
organic phosphorus for most of the sequence. The 
exception was the youngest soil, in which inositol 
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100 
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Figure 7. Changes in organic phosphorus compounds in 
NaOH-EDTA extracts of soils from the 120,000-year 
Franz Josef post-glacial chronosequence, New Zealand, 
expressed as a proportion of the total organic phospho- 
rus. Note the different F-axis scales. 

phosphates could not be identified due to the low 
concentration of phosphate monoesters (see Fig- 
ure 3). 

Of the phosphate diesters, intact phospholipids 
increased to 5% of the total organic phosphorus 
after 500 years, but then declined to an undetect- 
able level after 12,000 years. In contrast, DNA in- 
creased rapidly to 14% of the organic phosphorus 
after only 60 years, but continued to increase 
steadily until the end of the sequence, where it 
represented 26%. Phosphonates followed a similar 
trend to phospholipids and scy/Zo-inositol hexakis- 
phosphate, increasing rapidly to 10% of the organic 
phosphorus after 500 years, but then declining to 
zero by the end of the sequence (Figure 7). 

Relationships between Soil Properties 
and Phosphorus Compounds 
There was a strong and positive correlation be- 
tween  total  carbon  and  total  nitrogen,   and  a 
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Table 5.    Correlation Coefficients Between Soil Properties and Phosphorus Compounds Determined by 
Solution 31P NMR Spectroscope along the 120,000-year Franz Josef Post-Glacial Chronosequence 

Inorganic phosphorus Organic phosph orus 

Total Phosphate Pyro- 
phosphate 

Total myo-lP6 scy/fo-IP6 Other 

monoesters 

DNA Phospho- 
lipids 

• Phospho- 
nates 

Total C 0.78* 0.70* 0.91*** 0.73* 0.44 0.68* 0.66 0.93*** 0 58 0.78* 
Total N 0.91*** 0.87** 0.89** 0.87** 0.59 0.80** 0.83** 0.96*** 0.79* 0.90*** 
Total P -0.20 -0.07 -0.54 -0.10 0.04 -0.12 -0.05 -0.40 0.03 -0.10 
C/N ratio -0.68* -0.69* -0.57 -0.71* -0.68* -0.66 -0.74* -0 63 -0.45 -0.45 
C/organic P ratio -028 -0.35 0.09 -0.35 -0.47 -0.42 -0 36 -0.06 -0.34 -0.29 
N/organic P ratio -0.07 -0.17 0.25 -0.14 -0.30 -0.23 -0.14 0.12 -0.14 -0.12 
pH -0 63 -0.53 -0.81** -0.56 -0.39 -0.56 -0.51 -0.76* -0.34 -0.47 

NaHC03-extractabIe 0.89** 0.85** 0.90*** 0.79* 0.55 0.73* 0.78* 0.82** 0.64 0.74* 
phosphate 

Oxalate Al 0.56 0.59 039 0.68* 0.78* 0.82** 0.60 0.61 0.35 0.49 
Oxalate Fe 0 36 0.50 -0.08 0.55 0.74* 0.53 0.61 0.16 0.45 0.33 
Oxalate Al+Fe1 0.55 0.62 0.24           0.71* 

i, with significance at the 5, 

0.86**    0.80**        0.68* 

1, and 0.1% level indicated by *, **, and 

0.49            0.44 

***, respectively. 

-0.34 

'Ca/cw/akd wa'mg mokr va/wes. 
Statistically significant correlations are highlighted in hoi 

negative correlation between these values and 
soil pH. Both inorganic phosphates were corre- 
lated significantly and positively with total carbon 
and nitrogen, although only pyrophosphate was 
correlated significantly (negatively) with soil pH 
and neither compound was correlated signifi- 
cantly with amorphous metals (Table 5). Inor- 
ganic phosphate compounds were also correlated 
with NaHC03-extractable phosphate, but neither 
was correlated significantly with total soil phos- 
phorus or the ratios of elements in organic mat- 
ter. 

Of the organic phosphorus compounds, DNA was 
correlated significantly and positively with total 
carbon and nitrogen, and negatively with soil pH 
(Table 5). However, it was not correlated signifi- 
cantly with amorphous metals. DNA was therefore 
associated with similar soil properties as pyro- 
phosphate. In contrast, myo-inositol hexakisphos- 
phate was not correlated significantly with total 
carbon or nitrogen, but was correlated significantly 
and positively with amorphous metals. Concen- 
trations of scy/fo-inositol hexakisphosphate were 
correlated with amorphous aluminum (but not 
iron) and also with total carbon and nitrogen. 
However, the inositol phosphates were not corre- 
lated significantly with soil pH, total phosphorus, or 
element ratios. Phospholipids were only correlated 
significantly with total nitrogen, whereas phos- 
phonates were correlated positively with total car- 
bon, total nitrogen, and NaHC03-extractable 
phosphate. 

DISCUSSION 

Organic phosphorus is quantitatively important 
during long-term soil development, but the possi- 
bility that its composition and, therefore, ecological 
significance varies through time is rarely consid- 
ered. Our detailed assessment of soil phosphorus 
speciation along a developmental chronosequence, 
including the retrogressive phase, demonstrates 
clearly that the chemical nature of soil organic 
phosphorus varies dramatically during pedogene- 
sis. This allows a more detailed description of the 
Walker and Syers (1976) model of changes in soil 
phosphorus during pedogenesis (Figure 8). The 
revised model includes accurate information not 
only on the changes in total soil organic phospho- 
rus (Figure 8a), overestimated using conventional 
ignition procedures (see below), but also on chan- 
ges in individual organic phosphorus compounds 
and functional groups (Figure 8b). 

There have been previous attempts to assess the 
organic phosphorus composition of soils from 
the Franz Josef chronosequence. Baker (1976) 
reported small concentrations of phospholipids 
(<14 mg P/kg) and larger concentrations of inositol 
penta- and hexakisphosphates (the stereoisomeric 
composition was not determined), which in young 
surface soils accounted for up to 38% of the total 
organic phosphorus. However, the author regarded 
the latter values with caution, due to analytical 
difficulties in the extraction and analysis of soil 
inositol  phosphates   using   conventional   column 
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Figure 8. Summary of the changes in phosphorus fractions along the 120,000-year Franz Josef post-glacial chronose- 
quence, New Zealand. A Fractions of the total soil phosphorus; B fractions of the soil organic phosphorus. 

chromatography. It should be noted that sub- 
sequent revision of the chronology of the Franz 
Josef chronosequence (Almond and others 2001) 
means that the oldest site in Baker (1976) corre- 
sponds to the 120,000-year site reported here. 

Soil organic phosphorus followed a unimodal 
pattern along the Franz Josef chronosequence that 
was clearly related to ecosystem nutrient status. 
Leaf tissue analysis indicates that productivity in 
woody plant communities is limited by nitrogen in 
the early stages of ecosystem development 
(approximately the first 500 years) and by phos- 
phorus in the remainder of the sequence (Rich- 
ardson and others 2004, 2005). Soil organic 
phosphorus therefore accumulated under nitrogen 
limitation and declined under phosphorus limita- 
tion. Similar patterns were found on the basaltic 
soils of Hawaii during four million years of eco- 
system development (Crews and others 1995; Ki- 

tayama and Mueller-Dombois 1995). The nutrient 
status of the ecosystem is therefore of key impor- 
tance for interpreting information on soil organic 
phosphorus. However, expression of data as a 
proportion of the total organic or inorganic phos- 
phorus revealed dramatic and surprising differ- 
ences in the various compounds along the 
chronosequence that challenge our conventional 
understanding of soil organic phosphorus. In par- 
ticular, the proportion of inositol phosphates, con- 
sidered conventionally to be recalcitrant in soils 
(Turner 2007), declined markedly during the late 
stages of the sequence. In contrast, the proportions 
of DNA and pyrophosphate, considered conven- 
tionally to be relatively labile in soils (Condron and 
others 2005), increased continually throughout the 
sequence. 

Phosphorus  speciation  along  the  sequence  is 
probably regulated by three main factors: changes 
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in the potential for phosphorus stabilization, 
changes in phosphorus inputs, and differences in 
the biological utilization of the various compounds. 
Pedogenic changes in mineralogy are likely to be of 
key importance, because they affect the potential 
for phosphorus stabilization on the surfaces of 
metal oxides. For the basaltic soils of the Hawaiian 
Islands (Vitousek and others 1997), primary min- 
erals present at the onset of soil formation (for 
example, plagioclase and feldspars) weather rela- 
tively rapidly during the first 20,000 years to 
amorphous (non-crystalline) minerals (for exam- 
ple, ferrihydrite and allophane) with large surface 
areas that retain phosphorus strongly. These 
amorphous minerals then undergo further weath- 
ering to crystalline minerals (for example, kaolinite 
and hematite) that are less effective in retaining 
phosphorus. There is little information on such 
mineralogical changes along the Franz Josef chro- 
nosequence, although the decline in plagioclase 
and feldspar (Stevens 1968), as well as amorphous 
aluminum and iron oxides (Table 2), with soil age 
indicate that similar processes have occurred. 

Of the soil organic phosphorus compounds de- 
tected along the Franz Josef chronosequence, the 
inositol phosphates are most likely to be influenced 
by mineralogical changes during pedogenesis, be- 
cause correlations between inositol phosphates and 
oxalate-extractable aluminum and iron reported 
here and elsewhere (McKercher and Anderson 
1968; Anderson and others 1974; Turner and oth- 
ers 2003c) suggest that inositol phosphates are 
stabilized mainly by association with amorphous 
metal oxides rather than through incorporation in 
organic matter structures. In addition, amorphous 
iron oxides such as ferrihydrite have a greater 
capacity to retain myo-inositol hexakisphosphate 
than more crystalline oxides such as goethite (re- 
viewed in Cell and Barberis 2007). The decline in 
amorphous metals in the late stages of the se- 
quence would therefore reduce the potential for 
stabilization of inositol phosphates, rendering them 
susceptible to biological attack (Lung and Lim 
2006). The association of inositol phosphates with 
metal oxides may also mean that they are lost from 
surface horizons by leaching during podzol devel- 
opment (Skjemstad and others 1992), which occurs 
towards the end of the Franz Josef chronosequence 
(Stevens 1968). Walker and Syers (1976) previ- 
ously noted a small accumulation of organic 
phosphorus in the deeper horizons of old soil pro- 
files, although the majority of the total organic 
phosphorus remained in the surface horizons. 

The changes in inositol phosphate concentrations 
reported here also offer an explanation for the fact 

that soils in temperate regions, being formed 
mainly since the last glaciation approximately 
10,000 years ago, often contain a large proportion 
of their organic phosphorus as inositol phosphates 
(Turner 2007). The accumulation of scy/Zo-inositol 
hexakisphosphate compared to the myo isomer 
(that is, an increasing scyllo to myo ratio) in the early 
stages of soil development is consistent with the 
greater apparent recalcitrance of the scyllo structure 
(Cosgrove 1966), despite potentially larger inputs 
of myo-inositol hexakisphosphate from plant 
material (Raboy 2007). 

In contrast to the inositol phosphates, the pro- 
portion of the organic phosphorus as DNA in- 
creased continually throughout the sequence and 
was strongly correlated with soil organic carbon 
and nitrogen, suggesting that DNA was stabilized 
by association with stable soil organic matter. This 
is supported by the presence of DNA in precipitated 
humic acids (Makarov and others 1997; Mahieu 
and others 2000), including those isolated from 
soils from the first 5,000 years of the Franz Josef 
chronosequence (Baker 1977), and in high organic 
matter soils under strong phosphorus limitation 
(Turner and others 2003a; Turner and Newman 
2005). Pyrophosphate also increased continually as 
a proportion of the inorganic phosphate and was 
strongly correlated with soil organic carbon and 
nitrogen, indicating that it behaves in a function- 
ally similar manner to DNA in soil, despite being an 
inorganic phosphate. Strong correlations between 
soil organic matter and the concentrations of DNA 
and pyrophosphate were reported previously for a 
series of temperate pasture soils (Turner and others 
2003d) and there is evidence that pyrophosphate 
can become incorporated into humic structures 
when it is used to extract organic matter from soil 
(Francioso and others 1998). These findings chal- 
lenge the common assumption that DNA and 
pyrophosphate are relatively labile and degrade 
rapidly in soil, because it appears that they can be 
preferentially stabilized to the extent that they 
persist under conditions of extreme phosphorus 
limitation. 

Some of the compounds detected here must have 
originated from live microbial cells at the time of 
extraction, although microbial phosphorus typi- 
cally represents only a few per cent of the total soil 
organic phosphorus (Brookes and others 1984). 
Phospholipids and DNA displayed different patterns 
along the chronosequence, of which only phos- 
pholipids corresponded to changes in microbial 
biomass (Allison and others 2007). This suggests 
that the phospholipids most closely reflected live 
microbial cells, whereas DNA was present mainly 
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as stable extracellular compounds, supporting re- 
sults from a previous detailed study of the origins of 
phosphate diesters in alkaline soil extracts (Maka- 
rov and others 2002b). 

Changes in microbial community composition, 
notably a shift dominance by bacteria to fungi, 
occur along the Franz Josef chronosequence (Alli- 
son and others 2007), as well as along a sequence 
of uplift terraces in Fjordland National Park, New 
Zealand (Williamson and others 2005). Such 
changes could influence the concentrations of 
compounds such as myo- and scyllo-inositol phos- 
phates, which are both synthesized by soil microbes 
(Turner 2007). It is also possible that inputs of myo- 
inositol hexakisphosphate, the dominant phos- 
phorus compound in seeds (Raboy 2007), are al- 
tered by shifts in tree community composition from 
angiosperms to gymnosperms, especially if changes 
in nutrient status influence allocation of phospho- 
rus to reproductive parts. Phosphonates only tend 
to accumulate under acidic or waterlogged condi- 
tions (Condron and others 2005), but they declined 
to undetectable levels in the late stages of the Franz 
Josef chronosequence (soil pH < 4.0), suggesting 
that phosphorus limitation is an additional factor 
influencing their abundance. It is also of interest to 
note that previous work on soil organisms along 
the Franz Josef chronosequence indicated a rich 
protozoan fauna, especially in the younger soils 
(Stout and Dutch 1967). As soil protozoa are an 
important source of phosphonates (Hilderbrand 
1983) and possibly also the phosphorylated inositol 
stereoisomers such as scy/Zo-inositol hexakisphos- 
phate (Turner 2007), the changes in the concen- 
trations of these compounds could be due in part to 
corresponding changes in protozoan abundance. 

The changes in soil phosphorus composition dur- 
ing pedogenesis have ecological significance for both 
above- and belowground communities. In particu- 
lar, the decline in the availability of inorganic 
phosphate may favor organisms that can access soil 
organic phosphorus. This could, for example, in- 
volve a shift towards soil microbes that express 
phytase activity that enables them to utilize inositol 
phosphates (Hill and Richardson 2007), and may 
also influence the shift in dominance from angio- 
sperms to Podocarps that occurs along the Franz 
Josef sequence. Many Podocarp species are charac- 
teristic of New Zealand soils that contain little 
available phosphate, so their increasing dominance 
along the Franz Josef chronosequence is thought to 
reflect adaptation to low soil nutrient concentra- 
tions, conferred by traits such as efficient nutrient 
resorption from senescing tissues, long leaf lifespan, 
and slow growth (Richardson and others 2004,2005; 

Wardle and others 2004). As soil organic phosphorus 
was depleted in the late stages of the chronose- 
quence where the abundance of Podocarps was 
greatest, an additional factor may be that these trees 
have a greater ability to access soil organic phos- 
phorus. If so, it might be expected that differences in 
mycorrhizal infection would be important, although 
the angiosperm and Podocarp species that occur 
along the Franz Josef chronosequence form associ- 
ations with the same species of arbuscular mycor- 
rhizae (Russell and others 2002). Such fungi are not 
widely considered to use organic forms of phospho- 
rus (Joner and others 2000b), although some species 
express phosphatase activity and can grow on a 
range of organic phosphates, including myo-inositol 
hexakisphosphate (Joner and others 2000a; Koide 
and Kabir 2000). Ectomycorrhizae, in contrast, are 
well-known for their ability to use organic forms of 
nutrients (Read and Perez-Moreno 2003), so it is of 
interest that Leptospermum scoparium, the only spe- 
cies found along the chronosequence that can asso- 
ciate with such fungi, occurs only at the oldest site. It 
is not known whether L. scoparium is associated with 
arbuscular or ectomycorrhizae at that location, al- 
though examples growing in Podocarp forests in the 
west coast region of New Zealand are mainly asso- 
ciated with arbuscular mycorrhizae (Moyersoen and 
Fitter 1999). 

Soil organic phosphorus in often measured by 
ignition procedures, in which organic phosphorus 
is calculated as the difference in acid-extractable 
inorganic phosphate before and after a high tem- 
perature treatment to destroy organic matter (for 
example, Saunders and Williams 1955). Such 
methods are considered to provide a reasonable 
approximation of the organic phosphorus in most 
soils (Condron and others 2005), but are known to 
be in error for strongly-weathered soils (Williams 
and others 1970; Condron and others 1990) and 
are therefore inappropriate for comparing soils with 
marked differences in degree of weathering, such 
as those represented by the Franz Josef chronose- 
quence. Furthermore, a large component of the soil 
inorganic phosphorus (both phosphate and pyro- 
phosphate) is alkali-extractable, but as this fraction 
is not recovered in the initial acid extraction of the 
ignition procedure, it contributes to the increase in 
acid-extractable phosphate following ignition. Gi- 
ven these two sources of error in the ignition pro- 
cedure it seems likely that some previous studies of 
soil chronosequences have overestimated soil or- 
ganic phosphorus and underestimated carbon to 
organic phosphorus ratios. 

In summary, we used solution 31P NMR spec- 
troscopy to quantify changes in the chemical nat- 
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ure of soil organic phosphorus during 
120,000 years of ecosystem development along the 
Franz Josef post-glacial chronosequence. Organic 
phosphorus accumulated rapidly during the first 
500 years of pedogenesis when biological produc- 
tivity was limited by nitrogen availability, but then 
declined gradually as the degree of phosphorus 
limitation increased. There were surprising changes 
in the soil organic phosphorus composition along 
the chronosequence, with DNA being preferen- 
tially stabilized in older soils compared to the ino- 
sitol phosphates. The decline in inositol phosphates 
may be linked to the weathering of amorphous 
metal oxides to more crystalline forms, whereas 
DNA and pyrophosphate appeared to be stabilized 
by incorporation into organic matter structures. 
The changes in soil organic phosphorus occurred in 
parallel with changes in plant and microbial com- 
munities, suggesting that the ability to access soil 
organic phosphorus may influence the distribution 
of species surviving on older surfaces. Future 
research should aim to assess the importance of 
organic phosphorus in sustaining biological activity 
on old soils. 
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