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Abstract 
 

 

Keywords: phosphorus, fertilization, drying and rewetting cycles, soils, eutrophication. 

 

Phosphorus continuous application in fertilizers, in quantities superior to those required 

by plants causes a P buildup in soils, potentially increasing nutrient losses and 

compromising water quality by eutrophication process.  

This work was aimed at assessing the effect of DRW cycles, in two soils with different 

fertilization histories subjected to organic and mineral fertilization, over P availability. 

Soils were collected from a long-term fertilizer management platform (NW Italy) divided 

in two plots experiencing since 1996 different fertilization management (one plot 

fertilized with low N and K levels and no P and another with fertilization high on N and 

P levels), and each was divided in 3 subplots treated with mineral, compost and without 

fertilization, since 2010.  

The soils were subjected, under laboratory conditions, to four DRW cycles and 

compared with another set at constant moisture. Weekly the soils were sampled and 

analyzed for some of their P forms. 

Soluble P increased in compost fertilized soil, especially after the third dry and rewet 

cycle, following microbial decay. Yet, this was more pronounced in the overfertilized 

soils.  

From these findings it is possible to conclude that the availability of P may be further 

enhanced by water content variations as by compost addition.
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Resumo 
 
 

Palavras-chave: fósforo, fertilização, ciclos secos e húmidos, solos, eutrofização. 

 

A concentração em fósforo diretamente assimilável pelas plantas é bastante reduzida 

no solo, e a sua disponibilidade depende, de entre outros factores, de variações no 

conteúdo em água do solo.  

Pretendeu-se determinar os efeitos de ciclos de secagem e de humedecimento em 

solos com historiais de fertilização diferentes, cada um sujeito a três diferentes 

tratamentos de fertilização, sobre as transformações de algumas formas de fósforo no 

solo. 

Os solos utilizados provêm de uma plataforma de experimentação (NO Itália) e desde 

1996 que parte do solo não recebe fertilização fosfórica enquanto a outra parte 

manteve a fertilização tradicional, elevada em azoto e fósforo. Cada parcela foi ainda 

dividida em três sub-parcelas, nas quais uma não recebeu fósforo, noutra foi aplicado 

fertilizante mineral a na restante foi adicionado composto.  

Os solos foram recolhidos e sujeitos, em laboratório, a diferentes tratamentos de 

humidade para comparação sobre a dinâmica do fósforo. Semanalmente, algumas 

formas de fósforo nestes solos eram analisadas.  

Os resultados mostraram que o fósforo bio-disponível aumentava progressiva e 

especialmente a partir do terceiro ciclo de secagem e humedecimento, coincidindo 

com a diminuição do fósforo microbiano.  

No entanto, este aumento era mais acentuado no solo tradicionalmente fertilizado e 

com composto aplicado.
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Resumo 
 
 
Palavras-chave: fósforo, fertilização, ciclos secos e húmidos, solos, eutrofização. 

 

Com o crescimento demográfico também a agricultura tem vindo a intensificar-se de 

modo a dar resposta às necessidades produtivas. Muitas vezes, para atingir este fim, é 

adicionado ao solo mais quantidade de nutrientes do que aqueles realmente 

necessários pelas culturas uma vez que a baixa solubilidade do fósforo (P) nos solos é 

um dos factores que afectam bastante a produtividade das mesmas. Por esta razão, 

grandes quantidades de fertilizantes fosfatados são geralmente adicionadas ao solo 

gerando um excedente deste nutriente. De facto, apesar de ser fundamental ao 

crescimento cultural, é também um dos factores que afecta a ocorrência de 

eutrofização no compartimento aquático. 

Dado que este se vai acumulando no solo pode chegar a atingir quantidades 

superiores às necessárias para as culturas. O fósforo acumulado, sob determinadas 

condições, como por exemplo pH, pode representar um importante risco na 

contaminação dos cursos de água, uma vez que condiciona a ocorrência de 

eutrofização. Visando evitar o excesso deste nutriente nos solos e minimizando perdas 

têm vindo a implementar-se determinadas medidas agro-ambientais. 

 

O presente estudo tem como base a análise de dois solos com diferentes historiais de 

fertilização, provenientes de uma plataforma experimental pertencente à faculdade de 

agronomia de Turim. Um dos solos foi fertilizado, desde 1996, tendo como base a 

implementação de uma medida agro ambiental que não permite a aplicação de P em 

solos com concentrações de P disponível superiores a 20 ppm e cujas quantidades 

aplicadas de N e K eram baixas (designado por SUST), enquanto o outro solo 

manteve a fertilização tradicional, rica em N e P (TRAD).  

 

Cada parcela de ambos os solos foi ainda dividida em 2010 em três sub-parcelas, 

cada uma com diferente tratamento de fertilização: sem fertilização (designada por 

ZERO), com fertilização mineral (MIN) e com adição de composto (COMP), obtido do 

tratamento de uma mistura de resíduos sólidos urbanos com restos de culturas 

provenientes da limpeza de jardins municipais. Também devido à ocorrência natural 

de flutuações no teor em água no solo e ao facto de estas afectarem 

significativamente o ciclo do fósforo, os solos recolhidos foram submetidos, em 
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laboratório, a dois tratamentos de humidade. Enquanto parte das amostras foram 

mantidas a humidade constante, outra parte foi sujeita a ciclos de secagem e de re-

humedecimento.  

 

Pretendeu-se, deste modo, determinar se de facto o cessamento da adição de fósforo 

como medida ambiental, a diferente fertilização nos dois solos e a variação nos seus 

teores de humidade teriam algum impacto sobre a solubilização do fósforo afectando 

assim as perdas e consequente poluição dos cursos de água receptores. 

 

Os resultados mostraram que o fósforo, directa e potencialmente disponível para as 

plantas, estava em média em maior quantidade nos solos tradicionalmente fertilizados, 

assim como estas concentrações aumentavam especialmente a partir do terceiro ciclo 

de secagem e humedecimento em ambos os solos SUST e TRAD, o que pode ser 

justificado pela morte de parte da biomassa microbiana, com consequente decréscimo 

do fósforo microbiano. 

 

Assim, pode ser concluído que a implementação da medida ambiental objecto de 

análise minimiza as potenciais perdas de fósforo em solos sobre-fertilizados. No 

entanto, estas perdas podem ser acentuadas pelo decréscimo da biomassa 

microbiana, e por sua vez do fósforo microbiano, e aumento do fósforo solúvel como 

resultado das flutuações na humidade dos solos, assim como pela aplicação de 

fósforo orgânico através de composto nos solos sujeitos a práticas sustentáveis. 



7 
 

Index 
 

Abbreviations .................................................................................................................... 8 

Index of Figures ................................................................................................................ 9 

Index of Tables ............................................................................................................... 10 

 

1. Introduction .............................................................................................................. 11 

1.1 Phosphorus in the Soil .......................................................................................... 11 

1.2 Phosphorus in Agriculture .................................................................................... 18 

1.3 Phosphorus transfer and potential losses from soil to water ............................... 20 

Aim of the thesis ......................................................................................................... 23 

 

2 Material and Methods .............................................................................................. 24 

2.1 Soils and experimental location ............................................................................ 24 

2.2 Experimental design and set-up ........................................................................... 26 

2.3 Phosphorus measurements .................................................................................. 28 

2.4 Statistical analysis ................................................................................................ 30 

 

3 Results ..................................................................................................................... 31 

3.1 Reactive P ............................................................................................................. 31 

3.2 Resin P .................................................................................................................. 33 

3.3 Microbial P ............................................................................................................ 35 

3.4 Total P ................................................................................................................... 36 

3.4 Unreactive P ......................................................................................................... 38 

 

4 Discussion ............................................................................................................... 40 

 

5 Conclusion ............................................................................................................... 44 

 

6 References .............................................................................................................. 46 

 



8 
 

Abbreviations 
 

 

Al – Aluminum  

C – Carbon 

Ca – Calcium  

CO3 – Carbonate  

COMP – Compost Fertilization 

Corg – Organic Carbon 

Dm – Dry Matter 

DRW – Dried and Rewetted Soils 

Fe - Iron 

FumP – Fumigated Phosphorus  

H2O - Water 

H2PO4
- – Dihydrogen phosphate 

HPO4
2- – Monohydrogen phosphate 

K – Potassium  

K2OTot – Total Potassium Oxide 

KH2PO4 – Potassium dihydrogen 

phosphate 

KTot – Total Potassium 

Mg – Magnesium  

MicP – Microbial Phosphorus 

MIN – Mineral Fertilization 

MOIST – Constantly Moist Soils 

N – Nitrogen 

Norg – Organic Nitrogen 

NTot – Total Nitrogen 

O.M. – Organic Matter 

P – Phosphorus  

P2O5Tot – Total Phosphorus Oxide 

PO4 – Phosphate 

PP – Particulate Phosphorus 

PSR – Agro-environmentally 

Sustainable Fertilization  

PTot – Total Phosphorus 

PVC – Polyvinyl chloride 

ResinP – Resin Phosphorus 

RP – Reactive Phosphorus 

rpm – Rotations Per Minute 

SOM – Soil Organic Matter 

TDP – Total Dissolved Phosphorus 

TP – Total Phosphorus 

TRAD – Traditional Fertilization  

UP – Unreactive/Organic P 

USDA – United States Department of 

Agriculture 

WFPS – Water Field Pore Space 

ZERO – Without Fertilization 



9 
 

Index of Figures 
 

 

Figure 1: Phosphorus cycle in the soil 12 

Figure 2: Pathways for phosphorus potential losses from agricultural fields 20 

Figure 3: Evolution of Olsen P (mg P kg-1) content in PSR/TRAD soils 25 

Figure 4: Variation of Olsen P concentrations (mg P kg-1) with depth in PSR/TRAD  

soils in 2008                  26  

Figure 5: Wetting of the dry soils in the laboratory of the Agronomy Faculty 27 

Figure 6: Resin P extraction in the laboratory  29 

Figure 7: Changes in Reactive P (mg P kg-1) 31 

Figure 8: Changes in Resin P (mg P kg-1) 33 

Figure 9: Changes in Microbial P (mg P kg-1) 35 

Figure 10: Changes in Total P (mg P kg-1) 36 

Figure 11: Changes in Unreactive P (mg P kg-1)  38 



10 
 

Index of Tables 
 

 

Table 1: Soil Physical and Chemical Characteristics .................................................... 24 

Table 2: Compost Physical and Chemical Characteristics  .......................................... 27 

Table 3: Samplings performed during the experiment: treatments and dates .............. 28 

Table 4: Average concentrations of RP, ResinP and MicP (mg P kg-1) in both PSR and 

TRAD systems subjected to both MOIST and DRW moisture treatments. ..........  40 

Table 5: Balance (Final Concentrations – Initial Concentrations) of RP, ResinP and 

MicP (mg P kg-1) in both PSR and TRAD systems subjected to both MOIST and 

DRW moisture treatments ....................................................................................... 41 

  



11 
 

1. Introduction 
 

1.1 Phosphorus in the Soil 

 

Phosphorus can occur in soil in either inorganic or organic forms. In most agricultural 

soils, 50-75% of the P is inorganic, although this fraction can vary from 10 to 90% 

(Sharpley and Reikolainen, 1997). 

The P cycle includes three principal pools of P: available P, labile P and stable 

inorganic P/organic P. Available P is the fraction of inorganic P that is in the soil 

solution and that is directly available for plant and microbial uptake. In agricultural 

systems the application of fertilizers is aimed at directly increasing this plant available 

pool (Butterly, 2008).The replenishment of this available P pool results from the solid 

phase desorption and from the decomposition of the labile P pool, which is in 

equilibrium with inorganic P in the soil solution. Labile P is then the potentially available 

fraction of P, occurring either in organic or inorganic forms of P. The organic labile pool 

is rapidly mineralized in order to increase the inorganic P concentration within the soil 

solution. Also it can originate from organic residues decomposition or as a result of the 

turnover of the microbial biomass. Kelly et al. (1983) mentioned that between 35 and 

85% of labile P has been found to be in an organic form. The last P pool represents the 

majority of total P within soil as is the fraction which exists as a stable inorganic and 

organic pool, as it comprises inorganic P compounds that are poorly soluble and 

organic P compounds that are resistant to mineralization by microbial biomass. 

Therefore, it consists in a significantly stable pool contributing poorly to the available P 

pool supply within the soil solution. 
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Figure 1: Phosphorus cycle in the soil 

 

Thus, phosphorus cycle in soil is based on a set of complex processes that strongly 

depend on the relation of many factors like, for example, the nature of the soil solid 

phases, the chemistry of the soil solution (like pH), soil moisture content and 

temperature, biological activity, etc. 

Inorganic P forms are dominated by apatites, which are the most common primary Ca-

P minerals found within the earth’s crust (Frossard et al. 1995) occurring mainly in 

calcareous or scarcely weathered soils. Its dissolution, in the presence of an H+ source, 

releases inorganic P as orthophosphate (H2PO4
- and HPO4

2-). However, there is a 

certain inability of this relatively small pool of native soil P to supply and maintain 

proper amounts of soluble orthophosphate to the soil solution for satisfactory crop 

development and growth, as water soluble P fertilizers application is required. In acidic, 

non-calcareous soils, the other important inorganic P pool consists in hydrous 

sesquioxides and amorphous and crystalline Al and Fe compounds which through 

adsorption/desorption reactions can make P available for crops. 

Inorganic P may occur in soil (a) as phosphate anions adsorbed to soil components 

that are positively charged, (b) as poorly soluble precipitates, and (c) in the soil 

solution. When in soil solution, inorganic orthophosphate represents the primary source 

of P for plants and microorganisms, and because these concentrations are often very 
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low, orthophosphate removed by plant and microbial uptake must be continuously 

replenished in order to sustain their growth. One factor that determines significantly the 

form in which inorganic P exists in soil solution and affects P reaction with other 

elements is pH.  

The common unavailability of inorganic P in agricultural soils is one of the main causes 

for poor crop yields in many parts of the world, which in turn, leads to an over 

application of organic and mineral fertilizers, with detrimental effects over water 

environments. 

The organic P pool is originated from plant, animal and microbial detritus (Condron et 

al. 2005) usually presenting a large proportion of P within soils (between 20 and 80% of 

total soil P); (Dalal, 1977; Tiessen et al. 1994). It may be recycled into the soil microbial 

biomass or stabilized in the soil matrix (Oehl et al. 2003). 

Organic P forms include relatively labile phospholipids, nucleic and teicoic acids, 

inositol phosphates and more resistant compounds such as P incorporated into fulvic 

and humic acids (Celi and Barberis, 2005). 

In order to be available to plants nutrition, mineralization of organic P is required, being 

its rate of decomposition in the biological residues mentioned above affected (a) by the 

solubility of the residue itself, (b) by the substrate accessibility to microorganisms and 

its enzymes, (c) by the chemical nature and nutrient content of the substrate (lignin 

C:N:P ratio) and (d) by the surrounding soil water characteristics (pH, nutrient 

concentrations, etc.). 

However, the incorporation of these organic residues into the soil may lead to a rapid P 

sorption within soil surfaces, like reactive clay surfaces, which in turn will decrease the 

rate of availability, originating stable organic compounds. Furthermore, organic P 

compounds may also become resistant to hydrolysis by phosphatase through 

complexation with Al and Fe (Tate, 1984), becoming unavailable for plants. 

Both inorganic and organic P forms are involved in a set of biogeochemical processes 

within soil. This set includes physicochemical reactions, such as dissolution-

precipitation and sorption-desorption, which control the transfers of P mainly as 

inorganic forms between the solid phase and the soil solution, or biological processes 

such as immobilization/mineralization, which manages the transformations between 

inorganic and organic forms (Figure 1). These biological processes are often related to 

the inorganic ones, as they depend on plant and microbial uptake of the P released as 
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a result of primary and secondary minerals weathering, consisting in the solubilization 

of soil P minerals. 

Therefore, it’s possible to classify these processes into two different groups since they 

can increase or decrease the concentration of P in soil solution. The combined 

processes involved in the replenishment of plant and microbial available P into the soil 

solution are dissolution and desorption of inorganic P and mineralization of organic P, 

while the processes causing P removal from soil solution are sorption, precipitation, 

immobilization and plant uptake. 

 

Dissolution/Precipitation 

 

Dissolution of P minerals, like apatite, is a natural occurring process in soils requiring, 

though, acidic conditions as previously mentioned, also depending on the form of P 

minerals existing in the solid phase. 

Furthermore, the rate of dissolution varies, for example, with the accessibility of the 

apatite particle, with its morphology and the exchanging rate between PO4 and CO3 

within the crystal lattice. However, this way of P input into the soil is not significant 

when it comes to supply crop and microbial biomass needs, as it is therefore necessary 

the application of P fertilizers that are manufactured in a way that mimics the natural 

dissolution process, releasing, ultimately, available P into the soil solution.  

Precipitation of P occurs when P reacts with other ions in solution, resulting in the 

formation of insoluble complexes. The generation of these complexes depends directly 

on pH, as this process is affected by the concentration of positively charged ions within 

the soil. In alkaline soils, P will react with Ca originating Ca phosphates, while in acid 

soils P ions precipitate into Fe and Al phosphates, transforming soluble P in less 

soluble compounds. 

 

Desorption/Sorption 

 

Desorption consists in the release of P from the solid phase into the soil solution and 

may be promoted by plant uptake, runoff or leaching. The ability of a soil to desorb P is 

inversely related to the P sorbing capacity (Frossard et al. 1995). Indeed, since the 
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larger fraction of the P taken up by plants (available P) is derived from labile, weakly 

adsorbed P, desorption process plays an important role within the soil P cycle. Hence, 

a soil with high P adsorption, usually acidic and high in clay or Fe/Al oxides (Pierzynski 

et al. 2000), presents low concentrations of available P, therefore, as were mentioned 

by many researchers, desorption of either organic or inorganic forms increases as soil 

pH increases. 

Sorption is the process that consists in the removal of inorganic P from the soil solution 

by reaction with the main reactive soil solid phases (soil minerals like clays, oxides and 

hydroxides of Fe, cations of Al and calcium carbonate; and organic compounds), being 

one of the major P retention process that affects greatly the availability of P, hence 

causing the low available P content within the soil solution, but consequently 

decreasing the risk of soluble P transport into water resources. Moreover, the 

anaerobic decomposition of organic matter causing the dissolution of Fe compounds 

leads to the re-precipitation as amorphous minerals, now with a strong P sorption 

capacity (Sah and Mikkelsen, 1986; Sah et al. 1989). 

 

Mineralization and Turnover/ Immobilization 

 

The two main biotic processes affecting inorganic P release into the soil solution are 

organic P mineralization and turnover through the microbial biomass (Frossard et al. 

2000). Therefore, the size and activity of soil microbes is of great importance in P 

cycling as well as in increasing available P concentration within the soil solution. 

Mineralization consists in the transformation of organic P into orthophosphate mediated 

by phosphatase enzymes, which can be synthesized by plants or by the microbial 

biomass.  The production of these enzymes is usually triggered when inorganic P 

supply limits plant growth.  Also, phosphatase enzymes released from cells, may be 

adsorbed to soil particles but still active within the soil (Oehl et al. 2001). 

Organic P mineralization processes include biological and biochemical processes. 

They are basal mineralization, flush effects, re-mineralization and biological 

immobilization. Basal P mineralization involves the mineralization of soil organic matter 

(SOM) in a soil that hasn’t acquired fresh organic matter recently, presenting the basal 

potential of a soil to deliver inorganic P from the organic P to the soil solution. The 

microbial death and following decomposition of microbial cells as a consequence of 

drying-wetting, for example, constitutes the flush effects. However, they may also be a 
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consequence of soils physical disturbance, which might destroy some SOM 

aggregates. Re-mineralization accounts for the mineralization of recently synthesized 

organic P and release of inorganic P retained in the microorganisms.  

Turnover comprises the transformation of P between different pools, by decomposition 

of residues, mineralization of organic P and life cycle of microbial biomass, including its 

growth and death. Additionally, microbial biomass turnover varies with C availability 

and variations in soil water content, the later resulting from drying and rewetting events 

for example. 

Immobilization refers to soil microorganism’s assimilation of inorganic P from the soil 

solution, which may follow the addition of organic matter or in response to changes in 

physiology as affected by water fluctuations or other disturbances (Frossard et al. 

2000).  

 

Plant Uptake  

 

The rhizosphere is the critical zone of interactions among plants, soils and 

microorganisms (Shen et al. 2011), where chemical and biological processes defines 

mobilization, soil nutrients acquisition, microbial dynamics, and even controls nutrient 

use efficiency of crops, therefore affecting significantly crop productivity.   

Current evidence points to the fact that the only forms of phosphorus taken up by 

plants are inorganic forms (preferentially the mono-valent form of P – H2PO4-) which 

are mostly bounded to soil humic substances (Butterly, 2008). Moreover, soil solution 

pH and its content in cations (Al, Ca, Mg and Fe) influence plant uptake of P, since soil 

pH modifies P chemical forms and alters solubility of P minerals and consequently the 

number of potential P binding sites, as well as high concentrations of mobile cations 

result in precipitation reactions reducing the amount of P that is available to the plant 

(Butterly, 2008). 

Since its concentrations in soil solution are very low, even in well fertilized soils, high-

affinity active transport systems are required for this inorganic P uptake against a steep 

chemical potential gradient across the plasma membrane of root epidermal and cortical 

cells (Shen et al. 2011). Phosphorus uptake occurs primarily at the young root tip, into 

the epidermal cells with root hairs, and into cells in the outer layer of the root cortex 

(Mikkelsen, 2005). As the young root tips expand, they are in contact with soil solution 

P. While P is taken up it is developed a depletion zone surrounding the root surface, 
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promoting root hairs expansion and, consequently, the surface area available for P 

absorption. Within plant cells, P becomes a fundamental component of nucleic acids 

and membrane lipids, as well as in regulating metabolism. When P is deficient, plants 

may develop adaptive responses in order to promote inorganic P acquisition and 

translocation efficiently as well as consume stored P through changing P internal cycle. 

Moreover, roots may secrete organic acids into the rhizosphere, enhancing P 

availability, as well as some microorganisms, living in the rhizosphere, may solubilize 

soil P. All the mechanisms mentioned can help enhance P recovery; however, they 

require the presence of P in the soil to begin with. Hence, to maintain adequate soil 

fertility, proper fertilization techniques should be used as well as appropriate 

management to keep the nutrients where they are necessary for the growing plant. 
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1.2 Phosphorus in Agriculture  

 

Agriculture is considered to be the main non-point source of phosphorus (P) which is 

an essential element for all living forms, and can naturally be found in the earth’s crust, 

water and ultimately in living organisms. P is the most important nutrient element (after 

nitrogen) affecting agricultural production (Holford, 1997) since it is essential in some 

key processes like respiration, photosynthesis, energy storage and transfer, cell 

division and cell enlargement. For this reason, adequate P content in soils is strictly 

imperative to meet global food requirements and make crop and livestock production 

profitable (Hedley and Sharpley, 1998). Despite having guaranteed high and constant 

levels of crop and animal production in most European cropping systems, continues 

supplies of P led to overfertilized agricultural soils, since soil P levels exceed crop 

needs, consequently increasing nutrient losses and eutrophication risk. 

Many European countries have been applying guidelines for both mineral fertilization 

and sludge application strongly based on nitrogen crop requirements, allowing P to be 

more supplied to soil than is actually needed by crops (Goodlass et al. 2003). This led, 

in many cases, to a P surplus in agricultural soils and an enhanced risk of 

compromising water quality. One example is the north of Italy, where the applications 

of P threat the water quality of the main river, the Po river. 

Despite being a natural process, eutrophication can be considerably accelerated by 

human activities that increase the rate at which nutrients enter the water environments. 

As previous mentioned, agriculture constitutes the principal diffuse human activity with 

major impact over water resources, as nutrient supply from agricultural soils losses 

increases algae growth. As algae die, they are decomposed by bacteria, causing 

oxygen shortages that restrict water uses (fisheries, recreation, industry and drinking). 

Hence, rapid-growing fish replaces high-quality edible fish, scum and undesirable 

odors are produced as well as potentially toxic compounds, which not only poses a 

serious health hazard to livestock, wildlife and humans but also increases water 

treatment costs. 

Aimed at protecting and improving water quality, by minimizing the amount of P 

entering streams, affecting surface, subsurface and subterranean waters quality, 

certain agricultural management practices should be changed. Therefore, European 

lawmakers have been working on some agro-environmental guidelines. The 

implementation of nutrient management tools should maintain crop profitability and 
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minimize detrimental environmental impacts, mainly in soils that are vulnerable to P 

loss. 

Organic and inorganic P amendments are necessary to maintain adequate available P 

for crop development. However the quantities applied may vary depending on soil and 

plant type, as well as on P content in the fertilizer. Once they’ve been applied, P will be 

taken up by the crop or will become weakly or strongly adsorbed on to Al, Fe and Ca 

surfaces (physisorption or chemisorption, respectively; Borda, 2010). Nevertheless, 

fertilizers’ use is limited by their cost, and organic inputs are often insufficient to supply 

crop needs thanks to low tissue P concentrations. Thus, to control the amount and 

forms of phosphorus in soils that may lead to environmental threats, soil P cycle as well 

as chemical and biochemical processes involved, affecting P availability to terrestrial 

plants, and ultimately to animals and humans (Pierzynski et al. 2005) must be 

managed. 

Depending on many factors such as type, concentration and amount added of organic 

material, organic amendments applied to soils may affect P solubility in many ways as 

organic molecules may (a) sorb to soil minerals, competing with P for the sorption sites 

(Iyamuremye and Dick, 1996; Singh and Jones, 1976); (b) form complexes with 

surface-bound Al or Fe originating soluble organic-metal compounds substituting for, 

and releasing previously sorbed P; or (c) sorb to soil particles in nonspecific sites, 

increasing the negative charge of the particle surface, reducing electrostatic attraction 

between soil surface and P. A significant limitation regarding organic amendments’ use 

is, however, its bulkiness being for that reason required great amounts in order to 

provide even a fraction of what would be necessary to sustain agricultural production at 

a desirable level (Mokwunye et al. 1996). Moreover, organic fertilizers differ from 

chemical ones as they have a double effect: not only they provide for plants but also 

build the soil, in which soils with a great amount of organic material remain loose and 

airy, hold moisture and nutrients, speed up the growth of soil organisms, and promote 

healthier plant root development. On the other hand, mineral fertilizers provide readily 

available P, accelerating plant uptake and consequently productivity, as chemicals are 

essentially 100% bio available and are removed from the root zone since they are 

water soluble. For the reasons mentioned above, sustainable fertilization practices 

should be investigated, taking into consideration the soil fertilizer history, soil nutrient 

content, soil characteristics, climate, topography etc., in order to minimize nutrient 

losses. In this study, were applied mineral and organic fertilizers to two soils subjected 

to different fertilization management, in order to determine the effects over soil P           

dynamics and consequent potential P losses.                                     
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1.3 Phosphorus transfer and potential losses from soil to water  

 

Soils subjected to continuous mineral or organic fertilization may accumulate high 

quantities of P, in both inorganic and organic forms, with consequent transfer into 

waters through leaching and runoff. Significant part of P losses occurs through 

horizontal pathways, as erosion and runoff movements (Gburek et al. 2005), following 

storm flow events or irrigation practices. However, leaching processes become 

significant when P levels are in excess in soils with low P buffer capacity and sandy 

texture, since soil P fixing capacity is very low. 

Phosphorus can be transported either in soluble form or in particulate form (Figure 2), 

the former considered as readily available for biological uptake and the latter includes 

P sorbed to soil particles and organic matter eroded during flow events and constitutes 

the major proportion of P transported from cultivated land (60-90%; Pietilainen and 

Rekolainen, 1991; Sharpley et al. 1992). In grass or forest land runoff, since it contains 

low sediment, is usually dominated by soluble P, considered as promptly available for 

algae growth and directly related to soil P status (Heckrath et al. 1995).  

 

Even though particulate P is not immediately biological available, it may consist in a 

long-term source of P for aquatic biota, once the conditions in the receiving water 

compartment change or agricultural management modifies chemical-physical 

Figure 2: Pathways for phosphorus potential losses from agricultural fields 
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characteristics on eroded particulate. For this reason, bioavailable P consists in soluble 

phosphorus and bioavailable particulate phosphorus. 

If P is added to soil regularly by fertilizer application or released by mineral weathering, 

fixation problems become less important since soil P sorption capacity is slowly 

saturated and a larger concentration of P is kept in soil solution, increasing, on the 

other hand, the risk of nutrient losses. 

One factor that is believed to greatly affect the availability of P, and potentially affect 

nutrient losses into waters is drying and rewetting cycles i.e. rainfall or irrigation events 

followed by a dry period and rewetted again. Drying and rewetting effects can be 

biological, chemical and physical. In that process, microorganisms play a fundamental 

role as their activity influences P dynamics and since they represent an organic P 

compartment acting as a sink and source of plant-available P (Macklon et al. 1997). 

Indeed, as confirmed by Turner et al. (2003) a substantial proportion of the increase in 

water-extractable organic P after soil drying resulted from lysed bacterial cells, while 

some microorganisms may survive by accumulating cytoplasmic solutes serving as 

osmoregulators in the cells. In addition, some microorganism’s cells may burst 

following rapid rewetting, by water influx into the cells, whereas others may survive 

through the release of intracellular solutes and mineralization of compounds released 

after microbial death. 

Furthermore, the fraction of inorganic or organic P forms within microorganisms is 

conditioned by the respective concentration in the soil solution, by the concentration of 

P in the cell and the age of the cells. Other researches showed that drying would 

increase soil solution concentration, causing P fixation; decrease Fe, Al and Ca 

phosphates solubility; and would form less soluble P compounds by oxidation. Still, 

drying and rewetting could also chemically breakdown organic matter, increasing P 

availability. Also, physical disruption of organic compounds bonds may accelerate 

mineralization and consequently P availability or, on the contrary, this breakdown 

would reveal more P adsorption sites, therefore decreasing P availability.    

According to Gburek et al. (2005) P losses, from land to water bodies, can happen in 3 

ways : (a) as water-soluble and/or particulate P in surface runoff (overland flow), 

referring to P picked up by rainwater which flows over land surfaces to streams or 

rivers; (b) as water-soluble and/or particulate P leaching, referring to P picked up by 

water which enters the soil profile and moves through the soil to streams or rivers 

without ever reaching the main water-table; and (c) as water-soluble and/or particulate 
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P in flow to groundwater, referring to P picked up by water that passes to the water-

table and which is subsequently discharged to streams, rivers or lakes as seepage. 

Besides, special attention must be given also to source and transport factors, which 

together allow P losses to happen. While source factors are well defined, reflecting not 

only land use (soil P status) but also fertilizer P inputs, and are a result of soil, crop and 

management characteristics, transport factors are not so easy to identify since they 

depend on the interaction of landscape and climate, turning potential into actual P 

losses. 
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Aim of the thesis 

 

The aim of the thesis was to assess the effect of drying and rewetting cycles on P 

dynamics on soils with different fertilization histories subjected to mineral and organic 

fertilizations, to know if the implementation of an agro environmental measure that 

prohibits P fertilization in overfertilized soils (available P > 20 mg P ha-1) as well as 

compost application would decrease nutrient losses and consequently limit water 

pollution and improve soil quality, with or without water content fluctuations. 
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2 Material and Methods 
 

2.1 Soils and experimental location 

 

The experiment is based on soils coming from Lombriasco, in Piemonte, North-West 

Italy (44°50’34.09’’ N 7°38’20.74’’E), where the Agronomy Faculty manages an 

experimental platform under a wheat-maize crop rotation since 1996. The climate is 

temperate characterized by two main rainy periods (spring and autumn). The mean 

annual precipitation is 600 mm and the mean annual temperature is 13°C. The soil is a 

sandy silt soil, classified as an alfisol (UDSA, 1999).  

The platform was set up in order to control the amount of P and the potential losses of 

nutrient from soil, through runoff and leaching, and to investigate the effect of the 

application of agro environmental measures over these losses. The systems studied 

were subjected since 1996 to different fertilizer management: PSR (agro-

environmentally sustainable, with low N and K and no P application) and TRAD 

(traditionally managed with high levels of N and P applied). In March 2011, soils were 

sampled from the two plots (PSR and TRAD) at 0-15 cm of soil depth, air dried and 

then sieved at 2 mm before use. 

Soils characteristics are presented in Table 1 and the evolution in available P content, 

determined by Olsen method, of both soils is presented in Figure 3. 

 

 

Table 1 Soils Physical and Chemical Characteristics determined in 2010 at 0-15 cm 
(Borda et al. 2011) 

Soils 
Clay 
(%) 

Silt 
(%) 

Sand 
(%) 

pH 
C 

(%) 
N 

(%) 
C/N 
(%) 

O.M. 
(%) 

Olsen P 
mg P kg

-1
 

PSR 5.0 38.1 56.9 6,6 0.7 0.1 7.1 1.2 33 

TRAD 6.8 41.8 51.4 6.5 0.8 0.1 7.2 1.4 54 
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The difference between fertilization histories of the two systems affects significantly the 

amount of P in the soil. In the PSR system, the amount of bio-available P (Olsen P), 

decreased significantly during the 15 years (45%), while in the TRAD system, soil 

Olsen P remained almost constant, on average 52 mg P kg-1, emphasizing the 

condition of over-fertilization (Figure 3). Besides, crop quality and productivity was not 

compromised by the diminishment in the amount of P in the PSR system (Borda et al. 

2011). 

In Figure 4 it can be observed that Olsen P concentrations only decrease significantly 

at 60 cm depth which means that the risk of leaching is relatively high for both systems. 

This may be explained by the low sorption capacity of the soil as well as the sandy 

texture. 

Figure 3 Evolution of Olsen P (mg P kg
-1

) content in PSR (dashed lines) and TRAD (solid 

lines) soils, previous to the set-up of the experiment (Borda et al. 2011) 
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2.2 Experimental design and set-up 

 

The field experiment was divided in two plots (PSR and TRAD), and each one divided 

in 3 subplots submitted to different kinds of fertilizations. In both PSR and TRAD, one 

subplot didn’t receive phosphorus fertilization (ZERO), the second had mineral P 

fertilizer (MIN) and in the last one, fertilization was organic with compost addition 

(COMP). 

In the laboratory the experimental field scheme below was reproduced in plastic tray 

containers. 
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Figure 4 Variation of Olsen P concentrations (mg kg
-1

) with depth in PSR (dashed lines) and 

TRAD (solid lines) soils in 2008 (Borda et al. 2011) 
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Plastic trays (10cm×20cm×5cm) containing 500 g of soil collected from each subplot 

(with four replicates, accounting for a total of 24 trays), were weighted and then brought 

to 70% WFPS. 

The amount of P added through both mineral and compost fertilization was 60 kg P ha-

1. In order to reach this amount, mineral P (KH2PO4) was added to the MIN subplots, 

while to the COMP was added a certain amount of fresh compost, taking into 

consideration its water content and its chemical characteristics (Table 2).  

The compost was produced from the treatment of urban solid residues plus some 

residues of public gardens. 

 

Table 2 Compost Physical and Chemical Characteristics (Agronomic laboratories of 

Turin, 2011) 

Water 
Content      

% 

Dry Soil      
% 

pH in 
H2O 

Norg           
% 

Corg           
% dm 

O.M.          
% dm 

Ktot                  
g kgdm

-1
 

K                     
% 

43.7 56.3 7.2 1.4 22.7 39.2 12.9 0.7 

K2OTot            
g kgdm 

-1
 

PTot 
g kgdm

-1
 

P         
% 

P2O5Tot         
g kgdm

-1
 

Ntot                      
% dm 

C/N N/P N/K 

15.5 4.9 0.3 11.2 2.6 8.8 5.3 2 

 

 

The trays were placed randomly in a 

temperature-controlled room at 26°C and re-

randomized after each watering.  

Then the following treatments were started: 

half of the samples (6 from PSR and 6 from 

TRAD) were kept constantly at 70% of water 

field pore space (WFPS) – MOIST and 

analyzed at the seventh day. 

The other twelve ones were left to dry for 7 

days and then analyzed  – DRW(7d), then 

rapidly rewetted and analyzed again 2 hours 

after wetting – DRW(2h). 
Figure 5: Wetting of the dry soils in the 

laboratory of the Agronomy Faculty 
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Soil moisture in constantly moist soils was monitored daily by gravimetric difference 

and corrected by adding the appropriate amount of deionized water. 

In dried and rewetted soils, the amount of deionized water needed to moist the soil 

again was calculated by gravimetric difference taking into consideration the previous 

sampling of the dried soil.  

 

2.3 Phosphorus measurements 

 

The experiment took five weeks, and the samplings were performed according to Table 

3. 

Table 3 Samplings performed during the experiment: treatments and dates 

Sampling and P 

Determinations 
1st Week 2nd Week 3rd Week 4th Week 5th Week 

MOIST M1 M2 M3 M4 - 

DRW (2 hours 

after wetting 

dried soil) 

- DRW1(2h) DRW2(2h) DRW3(2h) DRW4(2h) 

DRW (7 days 

dried) 
- - DRW1(7d) DRW2(7d) DRW3(7d) 

 

Soils were sampled weekly to determine reactive P (RP), resin P (ResinP), microbial P 

(MicP), total P (TP), total dissolved P (TDP) and organic P (UP). 

Reactive P stands for the amount of P in soil solution, therefore readily bioavailable, 

while resin P stands for actual plant available P levels in the soil.  

Microbial P represents the portion of P integrated in the microbial biomass.  

All phosphorus forms extractions were carried out first by shaking 2.5 g of soil sample, 

from MOIST/DRW(2h)/DRW(7d) treatments, with 30 ml of deionized water in 50ml PVC 

flasks for 16 hours in an horizontal shaker, to reach the steady state. 
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This test uses a mechanism that 

approximately simulates the 

soil/soil solution/plant root system. 

Soil, water and ion exchange 

membranes are shaken overnight, 

while during this process, 

phosphate in the soil moves into 

the water phase where is 

efficiently taken up by the ion 

exchange membranes (Figure 6). 

Consequently, the content in P 

adsorbed onto the membrane 

(ResinP) is proportional to the soils 

ability to replenish P into soil 

solution. 

For RP, TDP and TP analysis, PVC flasks with the samples were placed in a centrifuge 

for about 10 minutes at 300 rpm. Then, the supernatant was removed and filtered using 

0.45 µm pore filters for RP and TDP determination. 

TP and TDP (< 0.45 µm) were determined by colorimetric reaction by UV absorption 

(Hitachi U-2000 UV-vis spectrophotometer, Tokyo, Japan) using green malachite 

(Ohno and Zibilske, 1991) after sulpho-perchloric digestion (Kuo, 1996). 

RP was also determined colorimetrically by UV absorption as TP and TDP. 

The concentration of dissolved organic P (UP) was calculated subtracting RP to the 

TDP (Haygarth and Sharpley, 2000).  

To determine ResinP and FumP, resin strips were added to the PVC flasks, as well as 

1 mL of chloroform in the fumigated soil samples. 

 

Figure 6: Resin P extraction in the laboratory 

(Source: www.hill-laboratories.com) 

 

This method was used instead of the Olsen one to better estimate plant available P, 

since Olsen method tends to overestimate this P form under low soil pH, and it’s more 

accurate when pH is 8.5.  

After being on the horizontal shaker for 16 hours, ResinP and FumP analysis followed 

the method of extraction by HCl 0.5M of Kuono et al. (1995).  
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MicP was estimated from the difference between FumP and ResinP. 

 

2.4 Statistical analysis 

 

The effects of fertilization histories and type of fertilization on phosphorus forms in soils 

subjected to dry and rewet cycles or constantly moist were tested by analysis of 

variance (ANOVA) using SPSS statistical model. If the F-test was significant (p<0.05), 

the means were compared using LSD test.
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3 Results 
 

On average, the overfertilized system (TRAD) when compared with the agro-

environmentally sustainable one (PSR) showed initial P concentrations higher in all P 

forms analyzed as expected, and a more pronounced increase with DRW cycles. Yet, 

between type of fertilization within each system, the mineral fertilizer (MIN) also 

presented higher values on average when compared with the control (ZERO) and 

compost (COMP) treatments, following MIN>COMP>ZERO, for both PSR and TRAD 

systems. 

A significant difference (p<0.05) was found, between the 2 different fertilization 

histories on the third and fourth weeks of constantly moist soils (M3 and M4) and on 

the fourth and fifth weeks of the dried soils (DRW3(2h), DRW3(7d) and DRW4(2h)), 

which means that fertilization histories only affects significantly P cycle after some 

weeks of experience, independently of  the moisture treatment.   

 

3.1 Reactive P 
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In spite of following the same pattern (Figure 7a), reactive P concentrations from TRAD 

soils were significantly higher (p<0.05) when compared with PSR in moist incubated 

soils, as RP concentrations in PSR ranges from 5.5 to 21.53 mg P kg-1 while in TRAD 

the lowest RP concentration is 10.51 mg P kg-1 and the highest 32.83 mg P kg-1. 

Moreover, within fertilizer treatments, compost increased greatly RP concentrations 

within soil solution throughout the experience, being more pronounced in the 

sustainable system. 

Drying caused, in most cases, an increase in RP concentrations and rewetting a 

decrease, which for the saturated system (TRAD) only happened on the second week, 

as it continued increasing until stabilizing in the last week of incubation (Figure 7b). 

Besides, it can be observed a progressive increase in both systems, despite being 

more pronounced in the saturated one (58.8% higher than in PSR), since in PSR, RP 

concentrations remained more or less constant, having ranged from 3.21 to 7.7, 3.03 to 

10.33 and 5.86 to 12.12 mg P kg-1, in ZERO, COMP and MIN treatments respectively.  

Compared to constantly moist soils, drying and rewetting led to a more pronounced 

increase in RP concentrations, when comparing final and initial concentrations. 

Comparing RP concentrations of constantly moist soils to the ones subjected to dry 

and rewet cycles, the former presented, on average, higher concentrations in both PSR 

and TRAD soils, but a smaller increase.  

Figure 7: Changes in Reactive P (mg P Kg
-1

) during the incubation period of PSR 

(dashed lines) and TRAD (solid lines) soils, with three different fertilizer applications, 0 

(without fertilizer), M (mineral fertilizer addition), C (compost addition).  (a) for constantly 

moist soils (MOIST) and (b) for soils subjected do dry and rewet cycles (DRW) 
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3.2 Resin P 

 

 

 

 

Resin P concentrations increased in both PSR and TRAD soils independently of the 

fertilizer application and moisture treatment (Figure 8), being more progressive in the 

constantly moist soils. Moreover, initial concentrations are relatively low in both 

constantly moist and dried and rewetted soils. 

 Figure 8: Changes in Resin P (mg P Kg
-1

) during the incubation period of PSR (dashed 

lines) and TRAD (solid lines) soils, with three different fertilizer applications, 0 (without 

fertilizer), M (mineral fertilizer addition), C (compost addition).  (a) for constantly moist 

soils (MOIST) and (b) for soils subjected do dry and rewet cycles (DRW) 
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In constantly moist soils, resin P concentrations differed significantly (p<0.05) between 

PSR and TRAD soils in the last two weeks of moist treatment, where it can be 

observed a more pronounced increase in TRAD soils with mineral and organic 

fertilization (Figure 8a). The moist incubated soils increased resin P concentrations on 

13.37, 24.82 and 20.63 mg P kg-1 in PSR system and on 25.74, 43.19 and 34.81 mg P 

kg-1 in the TRAD one, in soils without P addition, compost and mineral fertilization, 

respectively, which means that compost was responsible for the higher increase. Yet, 

resin P concentrations were, on average, 27.4% higher in TRAD than in PSR soils. 

Increases in ResinP occurred always after drying in all treatments and decreases 

followed rapid rewetting (Figure 8b). The greatest absolute increase in ResinP 

occurred in the soil with mineral fertilization in both PSR and TRAD systems, where up 

to 22.74 and 51.96 mg P kg-1 was released after the second week of drying, 

respectively. The PSR soil with no P fertilization, showed the least fluctuations in 

ResinP. At the end of the experience, the TRAD soil released, on average, 66% more 

resin P than the PSR one, even though both followed the same increasing pattern.  

Both moisture treatments (MOIST and DRW) led to an increase in resin P 

concentrations, though superior in the MOIST samples and in compost fertilized soil. 

However, resin P average concentrations were higher in DRW soils.  
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3.3 Microbial P 

 

 

 

 

In constantly moist soils, the overfertilized soil (TRAD) had, on average, higher 

microbial P concentrations than PSR, by 59%. However, the reduction of microbial P 

was higher in TRAD, between systems, and in compost, between fertilizer treatments 

(Figure 9a).  

Figure 9: Changes in Microbial P (mg P Kg
-1

) during the incubation period of PSR 

(dashed lines) and TRAD (solid lines) soils, with three different fertilizer applications, 0 

(without fertilizer), M (mineral fertilizer addition), C (compost addition).  (a) for constantly 

moist soils (MOIST) and (b) for soils subjected do dry and rewet cycles (DRW) 
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The fertilizer history affected significantly microbial P in the first three weeks of 

experience in the constantly moist soils and in the first two weeks in dried and rewetted 

soils, but microbial P concentrations were one more time higher, on average, in TRAD 

soils than in PSR.  

In TRAD soils, drying resulted in an increase in microbial P for the three fertilizer 

treatments, followed by a decrease after rewetting (Figure 9b). This effect was also 

observed in PSR for the MIN treatment. Moreover, TRAD had, on average, a bigger 

decrease in microbial P when compared with PSR, and within treatments, COMP was 

the one which decreased the most throughout the experience.  

Furthermore, after the second week of drying microbial P concentrations decreased 

significantly until very low concentrations and remained almost constant with small 

fluctuations.  

On general, microbial P concentrations always decreased for all treatments 

independently of the system and the fertilization treatment, finishing with very low 

concentrations. 

 

3.4 Total P 
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In MOIST incubated soils, TP concentrations follow approximately the same pattern for 

all fertilizer treatments in both systems (Figure 10a). It can be observed at the second 

week a decrease for all treatments except for mineral fertilized soil in PSR system, 

which decrease was not so significant. On the third week, total P concentrations 

increased again substantially: 36 mg P kg-1 on average in PSR system and 52 mg P kg-

1 in TRAD. Finally, on the fourth week decreased once again. Overall, total P 

concentrations decreased in soils coming from the sustainable system (PSR), with no 

significant difference between fertilizer treatments (p<0.05). On the contrary it can be 

observed an increase in TRAD soils of 10.44 mg P kg-1, on average, also without a 

significant difference between types of fertilization.  

In dried and rewetted soils it can be observed a progressive increase until the second 

week of rewetting in both PSR and TRAD systems as well as in fertilizer treatments 

(Figure 10b). The following week of drying induced a decrease over total P 

concentrations, with small fluctuations in all total P concentrations until the end of the 

experience. Yet, total P concentrations ranged from 8.64 to 50.46 mg P Kg-1 in the agro 

sustainable system, while in TRAD the ranging concentrations were higher, with a 

minimum of 15.79 mg P Kg-1 and a maximum of 56.61 mg P Kg-1.  

Figure 10: Changes in Total P (mg P Kg
-1

) during the incubation period of PSR (dashed 

lines) and TRAD (solid lines) soils, with three different fertilizer applications, 0 (without 

fertilizer), M (mineral fertilizer addition), C (compost addition).  (a) for constantly moist 

soils (MOIST) and (b) for soils subjected do dry and rewet cycles (DRW) 
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Moreover, mineral fertilized soils had on average the higher concentrations in both 

PSR and TRAD systems. 

Overall, constantly moist soils had, on average, greater concentrations of total P than 

the soils subjected to water content fluctuations. 

3.4 Unreactive P 

 

 

Figure 11: Changes in Unreactive P (mg P Kg
-1

) during the incubation period of PSR 

(dashed lines) and TRAD (solid lines) soils, with three different fertilizer applications, 0 

(without fertilizer), M (mineral fertilizer addition), C (compost addition).  (a) for constantly 

moist soils (MOIST) and (b) for soils subjected do dry and rewet cycles (DRW) 
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Although UP concentrations in TRAD were 6.12% higher than in PSR system, in 

MOIST incubated soils it wasn’t found a significant difference (p>0.05) either between 

PSR and TRAD systems or between fertilizer treatments. Moreover, there was, on 

average, a negative balance when comparing initial and final concentrations of UP, 

being the decrease higher in PSR system, which decreased 3.4 mg P kg-1, than in 

TRAD which decrease was 1.4 mg P kg-1. 

It can be observed a slightly decrease on the first week (except for mineral fertilized 

soil within PSR system) and then a very significant increase on the third week (higher 

in TRAD), decreasing once again on the last week of experience (Figure 11a). 

In DRW incubated soils, all fertilizer treatments within PSR and TRAD systems follow 

the same pattern and same negative balance, as final concentrations are lower than 

initial ones. UP concentrations increased after one week drying, and then start 

decreasing in a progressive way until the end of the experience, with just a small 

increase on the third week of wetting (Figure 11b). 

As it can be observed, the ranging values of UP concentrations in PSR and TRAD soils 

don’t differ significantly (p<0.05), as it varies from 0 to 23.54 mg P kg-1 in PSR and from 

0 to 24.84 mg P kg-1. This is also true for the constantly moist soils, as it varies from 0 

to 49.00 mg P kg-1 and from 0 to 57.29 mg P kg-1 in PSR and in TRAD systems, 

respectively. Moreover, it can be noted that once again, moist UP concentrations are 

higher, on average, than the UP content in DRW soils by 45%.  
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4 Discussion 
 

Biogeochemical cycles are shaped by events that follow soil drying and rewetting 

(Turner and Haygarth, 2001). 

As it could be concluded from the evolution of Olsen P concentrations within both 

systems, despite the significant decrease in the system which applied the 

environmental measures (PSR), the remaining concentration might be due to soil P 

fixation capacity, probably as a result of the presence of calcium phosphates. 

Therefore, the reason why all phosphorus concentrations determined were always 

higher in the TRAD than in the PSR system, for both moisture treatments, may be an 

effect of the higher starting point of Olsen P amounts previous to this experience, 

respectively.  

 

Table 4 Average concentrations of RP, ResinP and MicP (mg P kg
-1

) in both PSR and 

TRAD systems subjected to both MOIST and DRW moisture treatments. Different letters 

indicate significant differences (P < 0.05).  

Average Concentrations 
MOIST DRW 

(mg P kg-1) 

Reactive P 

PSR 

0 9,24 b 5,19 b 

C 11,00 ab 6,48 ab 

M 15,03 a 8,51 a 

TRAD 

0 16,09 b 8,95 a 

C 17,35 b 9,53 a 

M 21,96 a 12,72 a 

Resin P 

PSR 

0 19,16 a 26,12 a 

C 23,89 a 32,12 a 

M 23,72 a 33,02 a 

TRAD 

0 25,76 b 38,68 a 

C 28,13 ab 43,90 a 

M 38,12 a 45,62 a 

Microbial P 

PSR 

0 3,56 c 3,24 b 

C 7,90 b 5,75 a 

M 12,82 a 8,80 a 

TRAD 

0 18,17 a 11,49 a 

C 22,19 a 14,80 a 

M 18,75 a 14,10 a 
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Table 5 Balance (Final Concentrations – Initial Concentrations) of RP, ResinP and MicP 

(mg P kg
-1

) in both PSR and TRAD systems subjected to both MOIST and DRW moisture 

treatments. Different letters indicate significant differences (P < 0.05). 

Balance 
MOIST DRW 

(mg P Kg-1) 

Reactive P 

PSR 

0 -1,95 b 4,49 b 

C 6,65 a 7,30 a 

M -1,66 b 4,29 b 

TRAD 

0 12,48 a 10,58 b 

C 8,64 b 13,66 a 

M 5,84 b 14,78 a 

Resin P 

PSR 

0 13,37 b 4,87 b 

C 24,82 a 12,29 a 

M 20,63 a 11,69 a 

TRAD 

0 25,74 b 23,06 b 

C 43,19 a 28,52 ab 

M 34,81 ab 33,29 a 

Microbial P 

PSR 

0 -11,11 a -0,35 a 

C -19,21 b -6,83 b 

M -21,20 b -8,41 b 

TRAD 

0 -20,50 a -1,30 a 

C -38,02 b -17,00 c 

M -31,33 b -6,45 b 
 

 

Under field conditions, soils normally experience periodic drying and rewetting cycles 

which can substantially affect soil fertility by altering nutrient dynamics. Such cycles 

may stimulate mineralization of soil organic P (Birch and Friend, 1961), therefore, 

increasing soluble P concentrations (Table 5), without considering potential adsorption. 

As also reported by other researchers (Turner and Haygarth, 2001; Turner et al. 2002) 

soil drying releases substantial amounts of phosphorus into water, which is thought to 

be mainly in organic form. Yet, they attribute part of this release to lysed bacterial cells 

after osmotic shock and cell rupture following rewetting events (Table 5) (Salema et al. 

1982; Kieft et al. 1987). Indeed, the greatest increase in reactive and resin P occurred 

more or less from the second week of drying and followed microbial decay. Turner et 

al. (2003) found that lysed bacterial cells were responsible for 95% of UP release. Yet, 

as reported by Salema et al. (1982) cell lyses may not occur exactly after soil drying 

but from the osmotic shock upon rapid rewetting. This was not true for this experience 



42 
 

since microbial P increased after one week drying, which means that immobilization 

took place, and only after rewetting osmotic shock was induced upon dessicated cells, 

with consequent decrease in microbial P (Figure 9b). Another reason why microbial P 

might have increased is because some microorganisms may survive by accumulating 

cytoplasmic solutes operating as osmoregulators in the cells while another may be 

more vulnerable to such stresses and be killed, likely causing the increase on 

unreactive P concentrations. 

Since soluble P concentrations increased the most with drying and rewetting cycles 

(Table 5) and Butterly et al. (2009) showed that P pulses after one drying and rewetting 

event and then moist for the next week were temporary, lasting only a few days, 

repeated DRW events may be essential for maintaining P availability within soil.  

Drying caused RP, ResinP, MicP and UP increases on the first week of experience. 

However, bio-available P continued increasing with subsequent drying and rewetting 

cycles (Figure 7b; Figure 8b), unlike MicP (Figure 9b) and UP which decreased. The 

lack of relationship between RP, ResinP and MicP within the first week indicates that 

soluble P increased due to the solubilization of non-living organic matter and/or release 

of adsorbed inorganic P. This finding matches also other studies which found that P 

pulses were caused by the increased organic P solubility rather than the release from 

microbial biomass (Magid and Nielsen, 1992; Turner and Haygarth, 2003; Butterly et al. 

2009).However, considering that surviving microbial biomass may recycle solubilized 

P, before being transported from the soil, this P pool can, therefore, regulate the P 

concentration in leachate (Blackwell et al. 2009), being vital on limiting water bodies 

pollution. 

Drying can also induce organic matter disruption, exposing new organic sources that 

may be released into soil solution or be mineralized by microbial biomass, and 

consequently immobilized.  

Fluctuations towards decreasing occurred in organic dissolved P (UP), which means 

that organic compounds released during microbial turnover were stabilized within the 

soil and/or mineralized upon release, contributing to plant available P increase.  

Moreover, when it comes to the fertilizer treatment, compost application increased the 

most reactive and resin P concentrations within soil solution in the PSR system (Table 

5), which might be explained by higher organic material decomposition and possible 

organic acids release, which in turn compete with P for the adsorption sites. Also, given 

the low initial reactive P concentrations as a result of one week drying, on DRW soils 
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compared to MOIST, drying and rewetting led to a more pronounced increase in 

reactive P concentrations, even though MOIST soils had higher average 

concentrations.  

Since the release of available P, by drying and rewetting events, can potentially be 

available for plant uptake or environmental loss via soil water movement, it’s necessary 

to understand the complex pathways of this solubilized P within soil matrix and during 

transport to surface waters (Blackwell et al. 2010) given potential adsorption and 

desorption reactions. 

In both systems, and independently of the treatment, microbial P decreases 

substantially after some dry and rewet cycles (Table 5). This might be due to microbial 

death and/or nutrient release upon these stresses. Indeed, growing reactive and resin 

P concentrations may be due to mineralization from an increase in decomposable 

organic substrates, derived from the death of microorganisms and/or from non-living 

soil organic matter, which becomes available for decomposition by physical disruption 

of soil structure, by substrate desorption from aggregate surfaces and/or from 

increased mobility of soluble organic compounds. The fact that microbial P 

concentrations in the initial dried samples are lower than the initial concentration of the 

moist samples indicates that even the first week of drying treatment may kill a certain 

fraction of microbial biomass (Bottner, 1985; Kieft et al. 1987; Van Gestel et al. 1993) 

This study showed that soil subjected to different fertilization measures may affect P 

dynamics differently and that can be further enhanced by drying and rewetting cycles. 

These cycles not only affect P solubilization, and therefore P availability to plants, but 

also potential P losses and consequent water bodies’ degradation. Hence, long-term 

fertilizer management, type of fertilization and water content fluctuations, which can 

cause strong variations over P dynamics and nutrient cycling, should be object of 

investigation in order to determine the best practices for nutrient availability considering 

at the same time environment preservation. As Sharpley (1995) affirmed, soil P 

dynamics is of agronomic and environmental significance, influencing greatly not only 

crop productivity but also eutrophication in such way that must be considered in 

developing effective management plans. 

Even in the absence of fertilizer application, P can be released from both organic and 

inorganic soil phosphorus, with the goal of providing P for plant growth. This release 

can continue for many years at a rate which depends on the initial P level and soil 

properties controlling fluxes from less readily to very slowly available forms to readily 

available P pools (Colomb et al. 2007).
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5 Conclusions  
 

The quantity of water soluble P in soils, not only is of great importance when it comes 

to sustain crop production, but also when affects environmental protection. 

Eutrophication events have been increasing throughout the world, as a result of 

nutrient losses, which are more current in soils that are overfertilized. Besides, it is well 

known that are many factors which may influence nutrient availability and movement 

within soil.  

The current study aimed at determining if a certain environmental sustainable measure 

that doesn’t allow phosphorus fertilization in soils with available P content higher than 

20 ppm, implemented in 1996, would affect phosphorus availability, when compared to 

a soil that has been traditionally fertilized with high levels of N and P. Yet, these soils 

were also subjected to different fertilization treatments to assess which one may 

increase the most P availability and consequent losses. Moreover, most soils usually 

experience water fluctuations, which can accentuate P solubility and decrease soil 

aggregate stability possibly leading to leaching of the soluble phosphorus and to 

particulate detachment and consequent transport in surface runoff, respectively. 

Soils with high sorbing capacity have the potential to retain soluble P as water passes 

through the soil profile into groundwater, since soil particles have an enormous 

capacity to retain soluble P allowing only a small proportion of the total and plant-

available P to exist in the soluble form. However, the soil used in this experience has a 

sandy texture and a low buffer capacity, which enhances relatively P losses by 

leaching. To prevent this, it is very important to understand which processes may 

contribute and affect these losses.  

It was possible to conclude that soluble P increased particularly in the soils with mineral 

and organic fertilization after the third drying and rewetting cycle following microbial 

death, suggesting that the risk of P losses can my further enhanced by water content 

fluctuations, as a result of repeated drying and rewetting events. Moreover, this effect 

may be intensified in soils fertilized with compost in the agro-environmental system 

(PSR), in the long term, since it presents the highest balance despite smaller average 

concentrations. 

Since proper management can limit the amount of P reaching streams, wetlands and 

lakes from agricultural fields, protecting water quality, it is important to know if available 



45 
 

P levels in the soil are sufficient for crop yield but not excessive for losses. If 

phosphorus content is simply too low, more phosphorus fertilizer should be added. If 

the problem is P availability, it may be improved by methods rather than applying 

fertilizer. From the results obtained, compost is the fertilization treatment more 

adequate, since in the long term it may provide sufficient amounts of P available to 

plants at an appropriate rate, contributing to a slow release of available P by organic 

decomposition, which minimizes P losses into the water compartment. Besides, 

phosphate fertilizers are expensive and limited, which makes compost (depending on 

the treated prime materials) a better option as they give a new value to residues and 

helps recycling organic matter. Also, the residues from the crops itself should be used 

again to fertilize the soils, by recycling process. 

This research should be continued in order to understand better the effects of new 

fertilization managements, sustainable ones, and water content fluctuations upon 

nutrient release and availability for future minimization and/or prevention of water 

bodies’ pollution as well as soil degradation. Moreover, phosphate fertilizers are 

resources that can start running low within a couple of decades, and since they are 

being misused and almost not recycled, the world’s food supplies will be very 

dependent on new kind of phosphorus fertilizations. Since demand is rising and most of 

the best reserves of phosphate rock are gone, this should be considered a serious 

issue with important environmental consequences. 

Thus, soil conservation measures, nutrient management planning and knowledge of 

weather patterns should be taken in consideration all together. 
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