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Abstract, The present level of understanding of P controls on organic matter accumulation
and cycling in a pedological context owes much to soil sequence studies, and the hypotheses
that emerged from them to explain the variation of P compounds with soil type and develop-
ment. It is now widely accepted that nutrient transformations in soil are closely linked through
a more dynamic biological cycle in which microorganisms have a central role. Concepts
developed to account for the effects of P on N cycling, and for interpreting inter-relationships
of C, N, P and S in both a pedological and biological context have yet to be tested adequately
across different ecosystems. These concepts are discussed, in relation to some recent support-
ing evidence.

Introduction

The close relationship between C, N, organic P (P,) and S contents in mature
soils, and the special role that P has in controlling soil organic matter
through its effect on nitrogen fixation, are both well established tenets of soil
science (Walker & Syers 1976). However, predictions of nutrient trans-
formations based on an assumed stoichiometry of the major nutrient ele-
ments in soil organic matter (Cole & Heil 1981) or plants (Till et al. 1982)
can be misleading, because different nutrients cycle at characteristically
different rates in the same system.

The processes involved in nutrient transformations in soil are generally
well understood, but comparatively little is known yet about the mechan-
isms controlling these transformations (Paul 1984). This is especially true
where the interaction of two or more nutrients is involved. For example,
despite strong evidence to indicate the close linkages between P and N (Cole
& Heil 1981) more research is still needed to resolve cause and effect
relationships, particularly across different ecosystems.

The purpose of this brief overview of P controls on organic matter
accumulation and cycling is to indicate some of the supporting evidence, and
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to draw attention to several recent reviews relevant to this topic. Among
these, Cole & Heil’s (1981) excellent review of P effects on N cycling is
essential reading. Other recent reviews have discussed progress towards a
better understanding of soil P dynamics in soils and landscapes (Smeck
1985), compared the P cycle between some different temperate ecosystems
(Harrison 1985) and discussed the soil P cycle, emphasising the rates and
pathways of P through soil organic matter (Tate 1984, 1985). Many aspects
of the C, N, P, S, and micronutrient cycles have also recently been discussed
by Stevenson (1985).

Discussion
P transformations and availability

The complete transformation of P from primary mineral forms to sparingly
soluble Al and Fe phosphates (occluded P) occurs through the formation of
a number of intermediate forms, over a geological timescale. These forms
vary in their availability to plants and soil microorganisms, principally
because their solubilities in the soil environment differ.

Pedological P transformations are mainly driven by leaching and varying
acidity, whereas the biological P cycle is controlled by the need for P in the
energy transport processes of living cells. In reviewing P transformations
along both pedological and biological pathways, Smeck (1985) considered
that the long-term evolution of P forms in soil ecosystems is controlled by
the less dynamic pedological pathway, ultimately resulting in the accumula-
tion of P in mainly occluded forms.

In the short term, the pathways by which P becomes more or less available
to plants and soil microorganisms can be summarised by the following
equilibria:

soil solution P :{as_f labile P, T—m?t non-labile P
The labile P, (inorganic P) per unit soil volume, soil solution P concentra-
tion, the ability of the soil to replenish solution P, and the rate of replenish-
ment, all interact to control the overall P supply. The non-labile P includes
the P in primary (apatite) and secondary minerals (P; and P, sorbed to Fe
and Al on clay minerals), insoluble Ca salts, and the P in organic forms. The
rate of P release from these non-labile forms is controlled by the soil mineral
composition and reaction, as well as the size, composition, and activity of
the soil microbial population. The possible ecological significance of rapid
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transfer of P from dying roots to living plants should also not be overlooked
when considering pathways by which P is made available to perennial plants
(Ritz & Newman 1985).

The stabilisation of organic matter by clay minerals has a considerable
influence on the short- to medium-term cycling of P (Tiessen et al. 1984b,
Van Veen et al. 1985). An extreme example is the limitation of P availability
by clay minerals of short-range order (e.g. allophane) in Andisols, where P,,
and organic matter -TP, complexes, linked through Al bridges, effectively
remove P from active cycling (Borie & Zunino 1983). The amounts of the
different P compounds present also influence P availability. In moderately
weathered soils, for example, secondary P, minerals are an important source
of available P, whereas in strongly weathered acid soils (e.g. some tropical
soils), available P is increasingly supplied by mineralisation of labile P,
(Tiessen et al. 1984a).

Soil microorganisms are also an important reservoir of potentially avail-
able nutrients, including P, as well as being the main agents of decom-
position. It is, however, the size of the P flux through the microbial biomass,
rather than the biomass itself, that determines P availability from this source
(Brookes et al. 1984). Indeed, sustained P cycling through an active decom-
poser population, regulated by microbial/faunal interactions (Ingham et al.
1985, Lee 1985), is considered essential for maintaining soil fertility (Har-
rison 1985).

The factors controlling the population dynamics and activities of these
soil organisms, such as temperature, moisture, aeration and the soil reaction
(Tate 1985), also determine the rates and pathways of P through soil organic
matter, and consequently the supply of available P and other nutrients from
this source. The mechanisms involved are not well understood, however,
compared to dissolution—desorption processes in relation to P availability.

In summary, these complex physico-chemical and biochemical mechan-
isms together govern the equilibrium concentration of P in the soil solution,
and the capacity of the soil to maintain this concentration against uptake by
plants and microorganisms. A better appreciation of these mechanisms will
certainly assist in unravelling the cause and effect relationships between P
and other nutrients, with ensuing benefits for improved management of
terrestrial ecosystems.

P controls on organic matter transformations
Present knowledge of the influence P has on organic matter owes much to

early studies of pedogenesis involving soil sequences (Walker & Syers 1976).
In a wind-blown sand chronosequence, for example, the continued accu-
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mulation after 10,000 years of C, N and S depended on the recycling of P
through organic forms (Syers et al. 1970), at a rate sufficient to satisfy the
high energy demands of the nitrogen-fixing organisms. These rapidly recycl-
ing forms of P, include orthophosphate diesters of mainly microbial origin,
identified recently in a climosequence of increasingly acid New Zealand soils
(Tate 1984).

The P and Fe chemistry of these climosequence soils confirmed they also
represented a development sequence (Molloy & Blakemore 1974), with
C/P,, N/P_ and P, /P, ratios all increasing across the sequence (Table 1). The
changes in these ratios with soil development mainly resulted from an
increased loss of P with weathering intensity, causing P, accumulation to
decrease relative to C and N. Organic matter accumulation was also fa-
voured in this sequence by increases in both clay content and secondary clay
minerals with soil development (Churchman 1978), making differentiation
of the effects of clay and P on C and N accumulation difficult (Schimel et
al. 1985). Other evidence however supports the hypothesis that organic
matter accumulation and cycling in these soils is largely controlled by P, as
proposed by McGill & Cole (1981). Appreciable increases in N mineralisa-
tion rates, yields of dry matter, and plant N contents resulted from the
addition of P, K and S (Ross & Bridger 1978) (Fig. 1) suggesting that P was
controlling N cycling. Similar soils have required very high P applications,
as well as S, when developed for agricultural use (Mclntosh et al. 1985).
Air-drying, with or without P, K and S additions, had a similar effect on N

Table 1. Organic C, N, total P, and C:P_, N:P, and P,:P, ratios of topsoils from a climo-
sequence under tussock grassland, South Island, New Zealand. The soils are listed in order of
increasing weathering.'

Soil classification C N P, C:P, N:P, P,:P,
%) (%) (ugg'soil)
Xeralfic Haplargid 3.5 0.21 1060 106 6 0.5
Typic Ustochrept 2.1 0.18 940 46 4 1.0
Udic Haplustalf 2.3 0.19 890 61 5 0.8
Haplic Cryohumod 9.3 0.52 1040 107 6 5.1
Typic Cryorthod 49 0.32 880 75 5 2.8
Dystric Cryochrept 4.8 0.30 840 80 5 2.5
Typic Placaquept 7.3 0.33 520 170 8 4.8
Typic Dystrochrept 7.5 0.49 510 160 10 11.8
Typic Placaquod 18.7 0.44 430 468 11 13.3

' Molloy & Blakemore 1974.
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mineralisation rates (Fig. 1), due in part to the release of P (Sparling et al.
1985) and other nutrients from killed microbial cells.

Increases in N mineralisation rates (Cornish & Raison 1977) and mineral-
N uptake (Cole & Heil 1981) can occur in response to P through more
effective root growth and soil exploitation. Furthermore, biochemical eff-
ects, such as increased assimilation of NO,—N into proteins may result from
correcting P deficiency in plants (Schjorring 1986). Although P supply might
also control nitrification in some soils, in others NH,—N supply, moisture,
or pH seem to be more important. Pastor et al. (1984) have found across a
series of edaphic climax forests for example that differences in nitrification
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Fig. 1. Mineral-N concentrations in a Udic Haplustalf adjusted to 60% of water-holding
capacity and incubated at mainly 15-22°C. Soil sampled from tussock grassland, South
Island, New Zealand. FM, initially field-moist (undried); AD, initially air-dried; + PKS,
incubated with P, K, S fertiliser. Modified from Ross & Bridger (1978).
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among the soils studied were apparently related to P, supply in the spring
and early summer, but in mid- to late summer, NH,—-N supply was the most
influential factor. They suggested that given sufficient time without distur-
bance, the complex interrelationships among N mineralisation, nitrification,
productivity, plant species composition, P supply and site moisture status
would eventually approach a steady state. A similar hypothesis was
proposed by Cole & Heil (1981) for soil P and N cycling. In both cases,
however, although the experimental evidence was suggestive, the hypothesis
still awaits adequate testing.

Although soil microbial activity and P, turnover can be stimulated by
increasing the availability of C (Helal & Sauerbeck 1984), the ultimate
control on P, mineralisation appears to be the availability of P;, rather than
a need for energy. Support for this hypothesis (McGill & Cole 1981) was
provided from incubation experiments involving additions of C and N to
two soils, each with similar microbial biomass, but widely different P status
(Hedley et al. 1982). Despite these additions, uptake and accumulation of
extractable P, by microorganisms was still limited in the P deficient soil.

Such incubation experiments illustrate that nutrient transformations in
terrestrial ecosystems are closely inter-related through microbial growth
processes, (e.g. regulated by microbial/faunal interactions (Ingham et al.
1985; Harrison 1985)), and by larger soil animals like earthworms (Lee
1985). Cole & Heil (1981) have proposed that, given time, N and P
supplies become synchronised through these microbial processes, as for
aquatic ecosystems. They estimated from experiments using isotopes (‘°N,
32P) that the amounts of biologically active N and P in a semi-arid grassland
were 24 and 3gm~? (240 and 30kgha~") respectively. A similar close link
between C and P cycling, as indicated from correlation of microbial C and
P measurements for several UK soils under different management regimes,
was recently used (Brookes et al. 1984) to estimate annual P fluxes through
the microbial biomass; these ranged between 23 kg ha™' for grassland soils,
and 7kgha~! for some arable soils.

The characteristically slower rate of cycling of P compared to C, N and
S in temperate ecosystems is also observed in some tropical ecosystems (e.g.
Mueller-Harvey et al. 1985). Even here, where soil conditions and climate
often favour very large nutrient fluxes through soil organic matter, a dich-
otomous system, as proposed by McGill & Cole (1981), for stabilising C and
N on the one hand, and P on the other, is evident.

McGill & Cole’s (1981) conceptual model is also consistent with field
observations of changes in C:N:P:S stoichiometry in soil horizons and
profiles from a variety of soil sequence studies. On a biological timescale, the
model envisages that C, N and C-bonded S are stabilised together, and used
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by soil microorganisms as a source of energy (biological mineralisation),
whereas mineralisation of P, and sulphate esters is controlled by the supply
of, and need for, P and S (biochemical mineralisation). This latter mechan-
ism operates through adaptive enzymes (e.g. phosphohydrolases) that are
produced by plant roots and soil microorganisms at low soil solution P
concentrations, but repressed when these concentrations are high. The onset
of P deficiency in plants, for example, is accompanied by increases in plant
phosphatase activity (e.g. McLachlan 1984). A similar response by soil
microorganisms to P stress is likely (Spiers & McGill 1979). In P deficient
soils, C:P, ratios often exceed 200. Decomposition of substrates with such
wide ratios is alone unlikely to satisfy the P needs of a decomposer popula-
tion with microbial C:P ratios of ¢. 45 (Chauhan et al. 1981). It must be
remembered, however, that the balance point between net mineralisation
and immobilisation depends on the C:P ratio of the substrate being decom-
posed, rather than on the ratio for soil organic matter or plant residues as
a whole (White 1981).

The concepts embodied in McGill & Cole’s (1981) model provide a
rational framework for understanding C, N, P and S inter-relationships over
both pedological and biological time scales, with P being the ultimate
control on organic matter accumulation and cycling. Rigorous evaluation of
this model is however seriously limited by a lack of experimental data. The
challenge now is to obtain more quantitative data on the rates and pathways
of C, N, P and S through soil organic matter, with particular emphasis on
their inter-relationships, and for this, the use of isotopes (e.g. Till et al. 1982)
is essential. The ingenuity of experimentalists is also challenged by the
incomplete state of knowledge of the relationship between these nutrient
cycles and net primary production in different terrestrial ecosystems.

Acknowledgements

We are grateful to the Organising Committee of the Workshop on C, N, P,
and S Interactions in Different Ecosystems (Sapelo Island, Georgia, USA,
April 1986), for their invitation to attend, and for financial assistance.

References

Borie, F. & H. Zunino (1983) Organic matter — phosphorus associations as a sink in
P-fixation processes in allophanic soils of Chile. Soil Biology and Biochemistry 15: 599-603

Brookes, P.C., D.S. Powlson & D.S. Jenkinson (1984) Phosphorus in the soil microbial
biomass. Soil Biology and Biochemistry 16: 169-175



106

Chauhan, B.S., JW.B. Stewart & E.A. Paul (1981) Effect of labile inorganic phosphate status
and organic carbon additions on the microbial uptake of phosphorus in soils. Canadian
Journal Soil Science 61: 373-385

Churchman, G.J. (1978) Studies on a climosequence of soils in tussock grasslands. 21.
Mineralogy. New Zealand Journal of Science 21: 467480

Cole, C.V. & R.D. Heil (1981) Phosphorus effects on terrestrial nitrogen cycles. In: Clark F.E.
& T. Rosswall (Eds) Terrestrial Nitrogen Cycles (pp. 363-374). Ecological Bulletin 33,
Stockholm

Cornish, P.S. & R.J. Raison (1977) Effects of phosphorus and plants on nitrogen mineralisa-
tion in three grassland soils. Plant and Soil 47: 289-295

Harrison, A.F. (1985) Effects of environment and management on phosphorus cycling in
terrestrial ecosystems. Journal of Environmental Management 20: 163-179

Hedley, M.J., J.W.B. Stewart & B.S. Chauhan (1982) Changes in inorganic and organic soil
phosphorus fractions induced by cultivation practices and by laboratory incubations. Soil
Science Society of America Journal 46: 970-976

Helal, H.M. & D.R. Sauerbeck (1984) Influence of plant roots on C and P metabolism in soil.
Plant and Soil 76: 175-182

Ingham, R.E., J.A. Trofymow, E.R. Ingham & D.C. Coleman (1985) Interactions of bacteria,
fungi, and their nematode grazers: Effects on nutrient cycling and plant growth. Ecological
Monographs 55: 119-140

Lee, K.E. (1985) Chemical effects on soils. In: Earthworms, their Ecology and Relationships
with Soils and Land Use (pp. 200-243). Academic Press, Sydney

Mclintosh, P.D., A.G. Sinclair & P.D. Enright (1985) Responses of legumes to phosphorus
and sulphur fertilisers on 2 toposequences of North Otago soils, New Zealand. New
Zealand Journal of Agricultural Research 28: 505-515

McGill, W.B. & C.V. Cole (1981) Comparative aspects of cycling of organic C, N, S and P
through soil organic matter. Geoderma 26: 267-286

McLachlan, K.D. (1984) Effects of drought, aging and phosphorus status on leaf acid
phosphatase activity in wheat. Australian Journal of Agricultural Research 35: 777-787

Molloy, L.F. & L.C. Blakemore (1974) Studies on a climosequence of soils in tussock
grasslands. 1. Introduction, sites and soils. New Zealand Journal of Science 17: 233-255

Mueller-Harvey, 1., A.S.R. Juo & A. Wild (1985) Soil organic C, N, S and P after forest
clearance in Nigeria: mineralisation rates and spatial variability. Journal of Soil Science 36:
585-591

Pastor, J., J.D. Aber, C.A. McClaugherty & J.M. Melillo (1984) Above ground production
and N and P cycling along a nitrogen mineralization gradient on Blackhawk Island,
Wisconsin. Ecology 65: 256-268

Paul, E.A. (1984) Dynamics of organic matter in soils. Plant and Soil 76: 275-285

Ritz, K. & E.I. Newman (1985) Evidence for rapid cycling of phosphorus from dying roots
to living plants. Oikos 45: 174-180

Ross, D.J. & B.A. Bridger (1978) Nitrogen availability in some soils from tussock grasslands
and introduced pastures. 2. Nitrogen mineralisation as influenced by added P, K and S and
by air-drying: relationships with ryegrass growth. New Zealand Journal of Science 21:
435-442

Schimel, D., M.A. Stillwell & R.G. Woodmansee (1985) Biogeochemistry of C, N and P in a
soil catena of the shortgrass steppe. Ecology 66: 276-282

Schjorring, J.K. (1986) Nitrate and ammonium absorption by plants growing at a sufficient
or insufficient level of P in nutrient solutions. Plant and Soil 91; 313-318

Smeck, N.E. (1985) Phosphorus dynamics in soils and landscapes. Geoderma 36: 185-199

Sparling, G.P., K.N. Whale & A.J. Ramsay (1985) Quantifying the contribution from the soil



107

microbial biomass to extractable P levels of fresh and air-dried soils. Australian Journal of
Soil Research 23: 613-621

Spiers, G.A. & W.B. McGill (1979) Effects of phosphorus addition and energy supply on acid
phosphatase production and activity in soils. Soil Biology and Biochemistry 11: 3-8

Stevenson, F.J. (1985) Cycles of Soil: Carbon, Nitrogen, Phosphorus, Sulfur, Micronutrients.
John Wiley & Sons, Inc., New York, USA (Soils and Fertilizers (1986) 49: 8651)

Syers, J.K., J.A. Adams & T.W. Walker (1970) Accumulation of organic matter in a chronose-
quence of soils developed on wind-blown sand in New Zealand. Journal of Soil Science 21:
146-153

Tate, K.R. (1984) The biological transformation of P in soil. Plant and Soil 76: 245-256

Tate, K.R. (1985) Soil phosphorus. In: D. Vaughan & R.E. Malcolm (Eds) Soil Organic
Matter and Biological Activity, Developments in Plant and Soil Sciences. Vol 16 (pp.
329-377). Martinus Nijhoff/Dr W. Junk Publishers, Dordrecht

Tiessen, H., J.W.B. Stewart & C.V. Cole (1984a) Pathways of phosphorus transformations in
soils of differing pedogenesis. Soil Science Society of America Journal 48: 853-858

Tiessen, H., J.W.B. Stewart & H.W. Hunt (1984b) Concepts of soil organic matter trans-
formations in relation to organo-mineral particle size fractions. Plant and Soil 76: 287-295

Till, A.R., G.J. Blair & R.C. Dalal (1982) Isotopic studies of the recycling of carbon, nitrogen,
sulphur and phosphorus from plant material. In: J.R. Frenzy & 1.E. Galbally (Eds), Cycling
of Carbon, Nitrogen, Sulphur and Phosphorus in Terrestrial and Aquatic Ecosystems (pp.
51-59). Springer-Verlag, Berlin

Van Veen, J.A., J.N. Ladd & M. Amato (1985) Turnover of carbon and nitrogen through the
microbial biomass in a sandy loam and a clay soil incubated with [*C(U)] glucose and
[*N](NH,),SO, under different moisture regimes. Soil Biology and Biochemistry 17: 747
756

Walker, T.W. & J.K. Syers (1976) The fate of phosphorus during pedogenesis. Geoderma 15:
1-19

White, R.E. (1981) Pathways of phosphorus in soil. In: T.W.G. Hucker & G. Catroux (Eds)
Proceedings of a Symposium on Phosphorus in Sewage Sludge and Animal Waste Slurries
(pp. 21-46) Reidel



