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Abstract 

The intensification of agriculture in Ireland aims to increase the exports of dairy and beef 

products considerably in the coming years, which inevitably implies the expansion of grassland 

systems to areas that were previously uncultivated. This reclamation of new land is generally 

made on peats and other related soils rich in organic matter (OM) that typically are located in 

upland areas, within catchments defined as High Status Waterbodies (HSW) in the European 

Water Framework Directive (WFD). Previous Irish studies at laboratory scale have shown 

organic soils to have low phosphorus (P) sorption ability compared to mineral soils. However, 

the optimum fertiliser P management for these soils is as yet unknown. This is especially 

important when P fertilisers are applied to these soils to improve grass productivity under land 

reclamation and expansion. This thesis derived an improved management strategy that 

accounts for rates, timing and frequency of P additions to minimise P losses to waterbodies 

from this soil type. Soil samples with contrasting OM content from different HSW catchments 

across the country were collected and subjected to a series of agronomic, soil chemistry, rainfall 

and leaching experiments. 

Compared to mineral soils, organic soils exhibited an immediate yield response to P 

applications due to the absence of a build-up phase resulting in a higher proportion of added P 

available for plant. The limited ability of these soils to adsorb added P into the soil matrix was 

further evidenced by the diminished ability of organic soils to accumulate added P when soil P 

fractions were examined following P additions. The low pH of some of the organic soils 

immobilised freshly applied P, rendering it unavailable for plant uptake. There was a small 

turnover in recalcitrant soil P pools in organic soils in the short term, and the ability to supply 

P from non-labile to labile pools was limited. Single fertiliser applications exhibited 

significantly higher P loads in surface runoff compared to split applications, although the decay 

rate and time at which P loads in overland flow returned to basal concentrations were similar 

across the different P treatments. Leachate P losses were very small and did not follow a clear 

pattern from the different P rates and timing regime treatments. However, nitrification was the 

main process dominating nitrogen (N) losses in the leached water in organic soils. 

This study established the management criteria to minimise losses from organic soils and 

demonstrated the risk of P transfer from these soils to water due to an inability to build-up their 

P reserves, suggesting that great care should be taken when they are bought into agricultural 

production. Optimum management strategies were proposed to mitigate potential P losses, such 

as liming prior any P fertilisation program or the adoption of a “little and often” approach when 

P fertilisers are to be applied to newly reclaimed areas under this soil type. Sustainability of 

these systems will require careful use of P in terms of rate, timing and frequency to protect the 

quality of waters in catchments with organic soils. 
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Chapter 1 

Introduction 

 

1.1 Overview 

The European Union (EU) Water Framework Directive (WFD) 2000/60/EC seeks to establish 

common ground among member states for water quality monitoring and management towards 

the protection and improvement of Europe’s water bodies. The principal objectives of the WFD 

are to maintain ‘high’ and ‘good’ water quality status, where it exists, and to achieve at least 

‘good’ status for all waters by 2015 (the first reporting period). High Status Water bodies 

(HSW) are surface water bodies whose measured values reflect undisturbed conditions. In 

Ireland, trends show that there has been a steady and substantial loss in the number HSW over 

the last number of years. Diffuse, non-point sources of phosphorus (P) transfers originating to 

a great extent from agricultural practices, remain as the main cause impacting in the decline of 

the number of HSW in Ireland (EPA, 2018; Ni Chathain et al., 2013; Carpenter, 2008). 

Whilst agricultural nutrients are a pressure on water quality, a catchment’s response to this 

pressure is driven by the mosaic of soil types that characterise the source and hydrology in a 

catchment. Melland et al. (2012) reported that despite similar farming intensities in two 

catchments, mean winter P export from one catchment was four times (0.16 mg L-1 TP) higher 

than the other (0.04 mg L-1 TP), largely owing to variations in catchment characteristics such 

as soil drainage and hydrology. In another catchment study in Ireland, Schulte et al. (2009) 

found that the predominant peat (organic) and gley soils in the catchment contributed to P 

transfers from land to water due to poor P retention of peats and the impeded drainage 

characteristics of gleyed soils. Ni Chathain et al. (2013) hypothesised that ‘relatively low 

intensity activities’ can become a significant pressure and have a disproportionate impact on 

high status sites relative to the same pressure on an already degraded system. Therefore, there 

is an urgent need to stem the degradation of high status sites due to the unique ecosystem 

services these areas deliver and their significance in supporting aquatic species (e.g. freshwater 

pearl mussel) and overall catchment biodiversity. 

The highest rates of decline in the number of HSW in Ireland have been located in the western 

seaboard of the country (Ni Chathain et al., 2013). It is generally accepted that most of these 
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sites are located in upland areas with low population density, and predominantly characterised 

by extensively farmed land. The predominant soils in these areas are peat soils and soils classed 

as peaty gleys and peaty podzols. Peat soils are mostly composed of organic materials in which 

the particle–size distribution of the mineral fraction usually has little textural significance. 

These soils are often derived from partially decomposed wetland vegetation where plant debris 

accumulated over long periods of time in flooded conditions, before the land was drained for 

agricultural production (Okruszko and Ilnicki, 2003). These soils are generally moderately 

acidic with a low content of clay minerals and aluminium (Al)/iron (Fe) oxides, and are 

characterised by poor P sorption and buffering capacities. Significant differences in the P 

sorption mechanisms in soils are due to the content of organic matter (OM), as there are 

competitive sorption reactions between P and the organic acids (humic and fulvic acids, low 

molecular weight acids) derived from partial decomposition of this OM for soil sorption sites 

(Guppy et al., 2005; Daly et al., 2001). Hence, soil OM content plays an important role 

regarding P dynamics.  

The intensification of agricultural production, promoted by a series of national policies, has led 

farmers to reclaim and expand their farming enterprises to land on peats and other related 

marginal soils that were otherwise previously undisturbed. This new strategy has implications 

for sustainable use of fertiliser and slurry on these organic soils. Nutrient application to these 

soils requires a different management strategy compared to mineral soils due to the high 

potential for P transfer to water. As Ireland seeks to implement the schedule of the WFD, the 

maintenance of HSW is now accepted as being of paramount importance, especially in light of 

the steady decline reported by the EPA.  

 

1.2 Objectives 

The main objective of this thesis was to derive a soil-specific P management strategy to 

optimise the use of P-containing fertiliser on soils with an elevated concentration of OM with-

a-view to minimising the risk of P loss to surrounding waters. The specific aims undertaken to 

achieve this objective were to: 

  

 Characterise and quantify P uptake and growth yield of high OM soils and to compare 

with mineral soils of similar P status (Chapter 3). 
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 Develop a model of the P cycle in organic soils that will help to better understand P 

assimilation, transformation and potential transfers to surrounding waters (Chapter 4). 

 Assess different mitigation practices, such as P application rates and timing and 

frequency regimes, on incidental losses of P, both in runoff (Chapter 5) and leachate 

(Chapter 6) pathways, arising from soils rich in OM content. 

 

1.3 Structure of the thesis 

Chapter 2 comprises a literature review in which the use of P fertilisers on organic soils with 

an inherently low ability to sorb and retain this nutrient and the subsequent risk of P losses to 

the surrounding water bodies, is discussed.  

Chapter 3 focuses on the quantification of the grass response to increasing P fertiliser 

applications in six soils with different amounts of OM in a pot experiment. These responses 

are evaluated using the Mitscherlich equation with-a-view to developing appropriate strategies 

for P applications that optimise biomass and herbage P content and reduce the potential risk to 

water quality. 

Chapter 4 assesses, using the same six soils of Chapter 3, the changes in the different soil P 

fractions receiving increasing amounts of P fertiliser, and examines which pools acted as sinks 

or sources for P so as to gain a better understanding of the soil P cycle. 

Chapter 5 evaluates P concentrations in runoff from a rainfall simulation experiment, where P 

was applied as single and “split” applications and at different P doses. Additionally, the decay 

rate and persistence of P losses in overland flow derived from the different P applications in 

this rainfall experiment is assessed. 

Chapter 6 compares leaching losses of P and nitrogen (N) from two soils of contrasting OM 

content receiving different doses of dairy slurry in one single application or split in two, and 

determines the potential risk of nutrient loss arising from these slurry applications on the 

leached water. 

Finally, Chapter 7 presents the overall conclusions of the previous chapters, in addition to 

recommendations for further research in this topic. 
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1.4 Contribution to existing knowledge 

1.4.1 Peer-reviewed publications (published) 

To date, two international peer review papers have been published from this work, based on 

Chapters 3, 4 and 5: 

 González Jiménez, J.L., Healy, M. G., Roberts, W. M., Daly, K., 2018. Contrasting 

yield responses to phosphorus applications on mineral and organic soils from 

extensively managed grasslands: Implications for P management in high ecological 

status catchments. Journal of Plant Nutrition and Soil Science, 181, 861–869. 

doi:10.1002/jpln.201800201. 

 González Jiménez, J.L., Healy, M. G., Daly, K., 2019. Effects of fertiliser on 

phosphorus pools in soils with contrasting organic matter content: A fractionation and 

path analysis study. Geoderma, 338, 128-135. 

https://doi.org/10.1016/j.geoderma.2018.11.049Get  

 González Jiménez, J.L., Daly, K., Roberts, W. M., Healy, M. G., (2019). Split 

phosphorus fertiliser applications as a strategy to reduce incidental losses in surface 

runoff. Journal of Environmental Management, 242, 114-120. 

http://doi.org/10.1016/j.jenvman.2019.04.046 

 

Additionally, a third paper has been published as part of the project HARMONY of which this 

thesis is encompassed: 

 Roberts, W. M., González Jiménez, J.L., Doody, D. G., Jordan, P., Daly, K., 2017. 

Assessing the risk of phosphorus transfer to high ecological status rivers: Integration of 

nutrient management with soil geochemical and hydrological conditions. Science of the 

Total Environment, 589, 25-35. https://doi.org/10.1016/j.scitotenv.2017.02.201 

 

1.4.2 Peer-reviewed publications (under review) 

The following paper based on Chapter 6 has been submitted to the Journal of Environmental 

Management and is currently under review: 
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González Jiménez, J.L., Daly, K., Roberts, W. M., Healy, M. G., (2019). Impacts of single 

and split dairy slurry applications on the column leachate of two soils with contrasting organic 

matter content. (Sumbitted to Pedosphere). 

1.4.3 Conference papers (in proceedings) 

 

 González-Jiménez, J.L., Healy, M.G., Roberts, W.M., Daly, K. 2016. Grass yield and 

phosphorus fractions in organic soils. Organic Phosphorus in the Environment: 

Solutions for Phosphorus Security Conference. Oral presentation. September 5-9, Lake 

District, England. 

As a result of this conference, a peer-reviewed paper with all the presenters has been published: 

 George, T. S., Giles, C. D., Menezes-Blackburn, D., Condron, L. M., Gama-

Rodrigues, A. C., Jaisi, D., Lang, F., Neal, A. L., Stutter M. I., Almeida, D. S., Bol, 

R., Cabugao, K. G., Celi, L., Cotner, J. B., Feng, G., Goll, D. S., Hallama, 

M., Krueger, J., Plassard, C., Rosling, A., Darch, T., Fraser, T., Giesler, 

R., Richardson, A. E., Tamburini, F., Shand, C. A., Lumsdon, D. G., Zhang, 

H., Blackwell, M. S. A., Wearing, C., Mezeli, M. M., Almås, Å. R., Audette, 

Y., Bertrand, I., Beyhaut, E., Boitt, G., Bradshaw, N., Brearley, C. A., Bruulsema, 

T. W., Ciais, P., Cozzolino, V., Duran, P. C., Mora, M. L,. de Menezes, A. B., Dodd, 

R. J., Dunfield, K., Engl, C., Frazão, J. J., Garland, G., González Jiménez, 

J. L., Graca, J., Granger, S. J., Harrison, A. F., Heuck, C., Hou, E. Q., Johnes, 

P. J., Kaiser, K., Kjær, H. A., Klumpp, E., Lamb, A. L., Macintosh, K. A., Mackay, 

E. B., McGrath, J., McIntyre, C., McLaren, T., Mészáros, E., Missong, 

A., Mooshammer, M., Negrón, C. P., Nelson, L. A., Pfahler, V., Poblete-Grant, 

P., Randall, M., Seguel, A., Seth, K., Smith, A. C., Smits, M. M., Sobarzo, 

J. A., Spohn, M., Tawaraya, K., Tibbett, M., Voroney, P., Wallander, H., Wang, 

L., Wasaki, J., Haygarth, P. M., 2018. Organic phosphorus in the terrestrial 

environment: a perspective on the state of the art and future priorities. Plant and Soil, 

427, 191-208. 

 

The published journal papers are provided in Appendix A 
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Chapter 2 

Literature review 

 

2.1 Overview 

Phosphorus is one of the most important elements for grass and animal health, and is typically 

applied as fertiliser to replace P exported in products (meat, milk, grass) in either chemical or 

organic (manure and/or slurry) forms. When applied in excess of crop requirements, it may 

transfer to surrounding water bodies via leaching and overland flow, causing eutrophication. 

With the intensification of agriculture, more marginal soils which may have a high content of 

OM are being brought into production. Organic soils, comprising mainly histosols and other 

related OM-rich soils such as histic and humic top horizons, typically have a high OM content, 

low pH and low Al and Fe content, and are therefore associated with a low P sorption capacity. 

In this chapter, the use of P fertilisers on organic soils with an inherently low ability to sorb 

and retain this nutrient and the subsequent elevated risk of P losses to the surrounding water 

bodies are discussed. Current water quality legislation and agricultural practices, the use of P 

fertilisers, the P cycle in soils and organic soils in particular, and potential losses of P from 

organic soils are introduced, with-a-view to determining the main knowledge gaps concerning 

the efficient use of P in organic soils. 

 

2.2 Background 

The growth of the world’s population has increased exponentially since the beginning of the 

industrial revolution and, despite dropping birth rates, is expected to increase to 8.6 billion by 

2030, at an average growth rate of 1.1 % per year (UN, 2017; Pimentel, 2012). Predictions 

estimate that the world’s population could stabilise or even begin to decrease before 2100 

(Figure 2.1). 
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Figure 2.1. World's population prospects for the XXI century. Adapted from: UN (2017). 

 

Food production has increased markedly since the Word War II, doubling or tripling in many 

places (FAO, 1996). Despite enhanced net agricultural production, per capita food production 

peaked in the mid-1980s and has remained practically constant since then (FAO, 2015). 

Currently, there are about 1.5 billion hectares under agricultural production, which has 

remained largely unchanged for the last three decades (Scherr, 1999). This means that food 

production increases are mainly due to the intensification of land use, and to lesser extent to 

the use of pesticides, irrigation and technological development, not from a net expansion of 

land. This increase in food and agricultural productivity has been achieved primarily due to the 

use of chemical fertilisers, mainly N and P compounds, which help to maintain and increase 

soil fertility after continuous cropping cycles. World fertiliser use has increased by 

approximately 700 % over the last 40 years (Foley et al., 2005), but has stabilised over the last 

decade in developed countries (Figure 2.2). For example, in the EU, the use of N for agriculture 

per year was approximately 11 Mt from 2011 to 2016, whereas the use of P for the same period 

was approximately 1.1 Mt (Eurostat, 2017).   
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Figure 2.2. Trends of fertilizer consumption in the world, developing countries and industrial 

countries. Source: Scholz et al. (2013). 

 

In Ireland, the average consumption of N and P mineral fertilisers was approximately 330,000 

and 32,500 t, respectively, for the period 2011 to 2016 (Eurostat, 2017). With nearly 5 M ha of 

land under agriculture production (62 % of total land), managed grassland for dairy and beef 

cattle production is the predominant type of farming practiced, with more than 4 M ha used 

(CSO, 2016; DAFM, 2015). In line with the general intensification of agriculture in Europe 

(EEA, 2013), the Irish Government has enacted Food Harvest 2020 (FH2020; DAFF, 2010) 

and Food Wise 2025 (FW2025; DAFM, 2015), which aim to increase the agri-food industry’s 

export value by 85% through the expansion of beef, dairy and seafood sectors. 

 

2.3 Phosphorus in soils 

Phosphorus is an essential nutrient for plant and animal growth. It plays a key role in 

fundamental biochemical processes such as the formation of genetic material 

[deoxyribonucleic acid (DNA), ribonucleic acid (RNA)], energy transfer (adenosine 

triphosphate, ATP) and the formation of biological structures (phospholipids and 
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hydroxyapatite) (Tiessen, 2008). Biological productivity depends on an adequate supply of P 

to the photosynthetic organisms, which incorporates P (in the form of dissolved, mineral 

orthophosphate) into their tissues, with a subsequent transfer to the rest of the trophic networks. 

Orthophosphate can exist in three forms in the soil solution, depending on the soil pH, namely, 

𝐻ଶ𝑃𝑂ସ
ି, 𝐻𝑃𝑂ସ

ିଶ and 𝑃𝑂ସ
ଷି (Figure 2.3). These anions are highly reactive with cations and/or 

positively charged soil surfaces, such as Al and Fe (hydro) oxides, clays or calcium (Ca2+)-

bearing compounds (Ruttenberg, 2003). 

 

 

Figure 2.3. Speciation of orthophosphate ions (expressed as mole fraction of total P) in solution 

as a function of pH. Source: Hinsinger (2001). 

 

The natural source of P in soils comes from the weathering of P-containing minerals [mainly 

apatite, Ca10(PO4)6(OH,F,Cl)2] during soil formation from the continental bedrock, whereby 

unavailable P is physically eroded and weathered through a series of biochemical reactions that 

eventually convert it to dissolved orthophosphate, available for plant and microbial uptake, 

returning to the soil by the decay of living organisms (Ruttenberg, 2003). These processes 

involved in the terrestrial P cycling can be inorganic or biological. Inorganic processes include 

physico-chemical reactions such as precipitation/disolution and sorption/reactions, whilst 

biological processes include active solubilisation of soil P minerals, followed by mineralisation 

and immobilisation reactions.  

Briefly, dissolution-precipitaton processes require a source of H+ to dissolve P-containing 

primary minerals (apatite), which can originate from the soil itself or from biological sources 
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(microbes or plant roots exhudates). The dissolution output releases orthophosphate ions that 

can precipitate with cations. Depending on the soil pH, the most common are Ca2+ (in alkaline 

soils), and Fe3+ and Al3+ (in acidic soils). Sorption and desorption reactions control the 

equilibrium of the orthophosphate ions between the soil surface and the soil solution. 

Orthophosphate ions adsorb to the surfaces and edges of clay minerals, hydrous oxides, and 

carbonates by replacing OH- groups. Adsorption of orthophosphate in the soil is usually 

enhanced by the presence of metal oxides of Fe or Al, clay minerals, organic ligands or tertiary 

complexes of humic compounds with metal cations (Sims and Pierzynski, 2005; Frossard et 

al., 1995). 

These processes leave concentrations of orthophosphate in the soil solution to be typically very 

low (as low as 10 μg L-1) (Johnston et al., 2014), and therefore can severely limit crop 

productivity if inputs of P are not applied to replace the P exported in the crops (Hedley and 

McLaughlin, 2005).  Bioavailable P needs to be added using soluble P-containing mineral 

and/or organic (slurry, manures) fertilisers to maintain an adequate supply of P to the crops. 

Pierzynski et al. (2005) presented a well-established soil P cycle (Figure 2.4), which includes 

external inputs of P (fertilisers), outputs (losses), as well as the internal cycling of P within the 

soil.  

 

Figure 2.4. The soil P cycle. Source: Pierzynski et al. (2005). 
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This internal cycling encompasses the different dissolution-precipiation (mineral equilibria), 

sorption-desorption (interaction between P in solution and soil solid phase) and mineralization-

inmmobilization (biologically-mediated conversion of P between inorganic and organic forms) 

processes discussed above.   

The different forms of P in the soil change dramatically with time, soil development and land 

use management. The simplest classification of P in soils can be grouped into labile (readily 

available) and non-labile (not readily bioavailable) forms. The labile forms include P dissolved 

in the soil pore spaces, P adsorbed onto soil particle surfaces (termed non-occluded P), as well 

as P incorporated in the soil OM. The non-labile P forms include P in the primary minerals 

(such as apatite) and P co-precipitated with and/or adsorbed onto Fe, Al and, to a lesser extent, 

manganese oxyhydroxides (termed occluded P). With time, and depending on the soil 

development and the land use, the different soil P forms are released from the most recalcitrant, 

non-labile forms to more labile forms (Figure 2.5). The total amount of P in the soil reduces 

with time due to the loss of P from the soil profile to the surrounding environment. At the late 

stage of soil development, soil P is dominated by organic P and occluded P (Cross and 

Schlesinger, 1995; Yang and Post, 2011). 

 

 

Figure 2.5. Walker and Syers (1976) conceptual model of soil P changes over time. Source: 

Turner and Condron (2013). 

 



Chapter 2 – Literature review 
 

12 
 

2.4 Phosphorus transport from soil to the surrounding environment 

The mobilisation of P from the soil profile to waters includes different processes (erosion, point 

and non-point sources) and pathways, and may be in different forms (dissolved P, particulate 

P). The two main pathways of P transfer are overland flow (runoff) and subsurface flow 

(leaching), and include different chemical, biological and physical mechanisms that are 

conceptualised as the “transfer continuum model” by Haygarth et al. (2005) (Figure 2.6). In 

brief, this model includes a source of P (mineral and organic fertilisers, or native soil P) 

susceptible to be mobilised from the source by geochemical, biological and/or physical 

processes, delivering P through aquatic vectors that eventually will impact on the water quality, 

adversely affecting surface and groundwater quality.  

 

Figure 2.6. The phosphorus transfer continuum. Source: Withers and Haygarth (2007). 

 

Atmospheric deposition is considered to be a minor pathway (Mcdowell et al., 2009). Runoff 

transport occurs in soils whose moisture storage capacity is saturated and/or when the rainfall 
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rate exceeds the hydraulic conductivity of the soil, resulting in an accumulation of water on the 

surface (Kollet and Maxwell, 2006). Although erosion is linked to surface flow of water, which 

is associated with the transfer of P sorbed onto the soil particles (Kleinman et al., 2009; Hart 

et al., 2004), dissolved P can be a significant form of P in the runoff water, especially in pastoral 

land (Hart et al., 2004). 

Phosphorus exports in leaching processes are more difficult to quantify and considered to be 

less relevant when compared to surface flow (Sharpley et al., 1999). However, due to the higher 

periods of contact between the water and soil matrix, subsurface flow can be a significant path 

of P loss, especially if the soils have low P sorption capacities (McDowell and Condron, 2004). 

On the other hand, soils that tend to have cracks and large macropore networks can show 

significant losses of P in water due to the formation of preferential flow pathways where large 

amounts of water flow (Litaor et al., 2006; Hart et al., 2004). 

 

2.5 Impacts of agriculture on water quality 

Phosphorus fertiliser applications were initially regarded to be immobilised in agricultural 

soils, so that additions of P in excess of the crop requirements would not pose a threat to the 

environment due to losses (Haygarth and Jarvis, 1999). However, it is now accepted that P 

accumulated in the soil from previous fertiliser applications and freshly applied P from organic 

or mineral fertiliser can be lost from the soil and reach surrounding water bodies (Hart et al., 

2004). Phosphorus can enter streams from point and nonpoint sources. Point sources, such as 

effluent from sewage treatment plants and industrial factories, are easy to detect and therefore 

have been reduced considerably over the last decades (Haygarth and Jarvis, 1997; Sharpley 

and Rekolainen, 1997). Nonpoint sources are much more difficult to identify and control, and 

constitute significant P transfers to waters thorough surface and subsurface pathways, as well 

as in eroded sediments (Kleinman et al., 2009; Preedy et al., 2001).  

Phosphorus (and N) derived from excess fertilisation is the main cause of water quality 

degradation caused by a well-known process called cultural eutrophication. Under natural 

conditions, lakes and streams typically have very low levels of P, resulting in clear waters, 

limited growth of algae and other aquatic plants, allowing a diverse community of organisms 

to thrive. When P arising from agricultural activities reaches these pristine waters, either 

dissolved or sorbed onto the soil particles, it stimulates excessive growth of algae and other 
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plants which eventually die, deposit at the bottom of the water body, and are decomposed by 

microorganisms that consume and deplete the oxygen dissolved in the water, jeopardising the 

growth of the fish community and other aquatic organisms. Additionally, some of these algal 

blooms are caused by the Cyanobacter group, which produce toxins and therefore render the 

water unsuitable for human consumption (Weil and Brady, 2016). 

In Ireland, eutrophication is still the main problem causing quality degradation of Irish water 

bodies. In a recent report from the Environmental Protection Agency (EPA), it is stated that 

“the number of river sites with phosphorus concentrations needed to support high-quality rivers 

dropped from 58% in 2014–2016 to just over 48% in 2015–2017” (Figure 2.7). There is also 

an increase in the percentage of sites with higher P concentrations that could lead to pollution, 

from 26.6% to 37.2% over the respective time periods (EPA, 2018).  

 

2.6 Legislation 

To protect water quality, the EU WFD 2000/60/EC came into force in December 2000 with the 

intention of establishing commonality among member states for water quality monitoring and 

management toward the protection and improvement of Europe’s water bodies (OJEC, 2000). 

The principal objectives of the WFD are to maintain ‘high’ and ‘good’ water quality status, 

where it exists, and to achieve at least ‘good’ status for all waters by 2015. High status water 

bodies are those reflecting minimally disturbed ecological conditions (called reference 

conditions; Pardo et al., 2012), and are sensitive even to small anthropogenic activities such as 

extensively managed grasslands with low P inputs (Roberts et al., 2016; Ni Chathain et al., 

2013). 

The WFD incorporates previous policies such as the Nitrates Directive (OJEC, 1991), aimed 

to protect water quality by implementing sustainable farming practices to minimize nutrient 

losses from agricultural sources. Each member state implemented a series of Programmes of 

Measures (POMs) through a Nitrates Action Program (NAP). In Ireland, the “closed period” 

has been imposed under the NAP, during which landspreading of slurry and fertilisers from the 

15th October to 12th/15th/31st January is prohibited, the exact dates and duration of the closed 

period depends of which part of the country in which a farm is located. Fertiliser applications 

are also prohibited within a 48-h period when heavy rainfall is forecast to prevent excessive 

nutrient losses in runoff to water bodies. 
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Figure 2.7. Average phosphate concentrations at river sites for the period 2015-2017. Source: 

EPA (2018). 

Phosphorus fertiliser recommendations in Ireland are based on (1) a national P index that 

classifies mineral soils into deficient, low, optimum and excessive in available P using Morgan’s 
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P extractant as a soil P test and reflect how likely a crop will respond to fertilisations, and (2) 

minimum herbage P concentration of 3 g kg-1 that ensures dietary requirements for ruminants. 

The ranges of the P index system for grassland are shown in Table 2.1 (Coulter and Lalor, 

2008; Schulte and Herlihy, 2007). Additionally, there is a positive relationship between soil 

Morgan’s P levels and the risk of P loss to waters, so that soils classified as deficient/low in the 

national P index system are deemed to have low risk of P losses to the environment, whereas 

soils classified as optimum/excessive may pose an elevated risk of P transfer. This measurement 

is aimed at maintaining a zero farm-gate P balance (imports and exports of P are equal to zero 

on a farm-scale) and to optimise P levels in soils to within agronomic level (SI No 31 of 2014). 

The Morgan’s P test is the national soil test for bioavailable P in Ireland, and is carried out 

routinely using a volume of dried and sieved soil, rather than on a weight basis, which is the 

normal procedure for other soil P tests such as Mehlich-3, Olsen P, etc. Therefore, Morgan’s P 

test results are expressed in mg L-1, and can be easily converted to mg kg-1 using bulk densities. 

 

Table 2.1. Soil P index system for grassland in Ireland. 

Soil P 
Index 

Category 
Soil P 
values1 

Response to 
fertiliser 

Determination of P fertiliser 
application rate 

1 deficient 0 - 3 Definite Build-up2 + maintenance3 

2 low 3.1 - 5 Likely Build-up2 + maintenance3 

3 optimum 5.1 - 8 Unlikely/tenuous Maintenance 
4 excessive > 8 None P application not recommended 

1 Morgan’s P test (mg l-1).  

2 Build-up fertiliser rates for grassland are 20 kg ha-1 y-1, at index 1, and 10 kg ha-1 y-1 at index 2. 
3 Maintenance depends on stocking rates, farming systems and grassland usage. 

 

2.6.1 High status water bodies in Ireland 

Article 8 of the WFD requires Member States to ensure the establishment of monitoring 

programme networks to establish a comprehensive overview of the water quality status of the 

different water bodies. Due to logistics and other considerations, not all the Irish surface water 

bodies are included in that network, and currently only 1937 river water bodies and 222 lake 

water bodies are directly monitored by the EPA. This monitoring network establishment has 

allowed the assessment of Irish rivers over a long period and it enables trends in the quality of 

river waters to be viewed over the last two decades.  The analysis of these trends shows that 

there has been a substantial loss in the number of sites where the highest quality river sites are 



Chapter 2 – Literature review 
 

17 
 

found (i.e. Q-value of 5). In the most recent monitoring period (2013-2015), only 21 sites were 

classified as the highest quality rivers (0.7% of sites) compared with 575 between 1987 and 

1990 and 82 between 2001 and 2003 (Figure 2.8).  

 

 

Figure 2.8. Long term trends (1987-2017) in the percentage number of High Ecological 

Quality  River sites (Q5 and Q4-5) in each survey period. Source: EPA (2018). 

 

Similarly, Roberts et al. (2016) reported that, from a total of 508 sites classified as “high 

ecological status” by the EPA during a period from 2001 to 2012, 337 had reduced to “good 

status” or below, and only 171 sites maintained “high status”. Figure 2.9 shows the distributions 

of these sites. In a recent report by the EPA, it is stated that, despite a slight decrease in P 

concentrations observed in Irish rivers over the period 2007-2017, “these improvements in 

phosphate concentration have not been sufficient to lead to a discernible improvement in the 

ecological quality of the associated rivers” (EPA, 2018).  

Ni Chathain et al. (2013) reported that the highest rates of decline (between 1998 and 2006) 

occurred from counties Cavan, Clare, Cork, Donegal, Galway, Mayo and Sligo. Most of these 

sites are located in upland areas characterised by extensively farmed land. The EPA report 

(EPA, 2018) also supports this observation, stating that the largest number of high-quality sites 

continues to be in the less densely populated and less intensively farmed regions in the west 

and south west.  
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Figure 2.9. Distribution of the 508 river sites for the monitoring period 2001- 2012. 

Transparent circles indicate sites that have varied in status and opaque circles indicate sites that 

have maintained high status. Adapted from Roberts et al. (2016). 

 

Ni Chathain et al. (2013) hypothesised that “relatively low intensity activities” can become a 

significant pressure and have a disproportionate impact on high status sites relative to the same 

pressure on an already degraded system. Whilst agricultural nutrients are a pressure on water 

quality, a catchment’s response to this pressure is driven by the mosaic of soil types that 

characterise the source and hydrology in a catchment. For example, Melland et al. (2012) report 

that despite similar farming intensities in two catchments in Ireland, winter P export from one 

catchment was four times higher, largely owing to variations in catchment characteristics such 
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as soil drainage and hydrology.In another catchment study in Ireland, Schulte et al. (2009) 

found that the predominant peat and clay soils in the catchment contributed as source and 

transport factor to P transfers from land to water due to poor P retention of peats and the 

impeded drainage characteristics of clay soils.  

More recent reports have documented that it is in these upland areas where HSW under 

extensive grassland enterprises are more vulnerable to loss of high ecological status (Roberts 

et al., 2016; White et al., 2014). It is generally accepted that the predominant soils of these 

upland areas are peat soils, peaty gleys and peaty podzols. These organic soils, comprising 

mainly histosols and other related OM-rich soils such as histic and humic top horizons 

(Creamer et al., 2014), typically have a high OM content, low pH and low Al and Fe content, 

and are therefore associated with a low P sorption capacity (Gerke, 2010; Kang et al., 2009; 

Guppy et al., 2005; Daly et al., 2001). 

 

2.7 Peat soils, Organic soils and Histosols 

These soils are predominantly composed of organic material, ranging from pure organic-rich 

soils, namely peat soils, to other transitional or organo-mineral soils where the content of OM 

is less than peats but still high, for instance, peaty loams and peaty sands (Figure 2.10). Organic 

soils are often derived from partially decomposed wetland vegetation where plant debris 

accumulated over long periods of time in flooded conditions, before the land was drained for 

agricultural production (Okruszko and Ilnicki, 2003). These soils are generally moderately 

acidic with low content of clay minerals and Al and Fe oxides, and are characterised by poor P 

sorption and buffering capacities (Guppy et al., 2005; Daly et al., 2001).  
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Figure 2.10. Limiting proportions of organic matter (or organic carbon) and clay content in 

organic and organo-mineral (humose) soils. Adapted from Creamer et al. (2014). 

 

The definition of peat as a soil differs from one soil classification system to another. For 

example, the Soil Survey of England and Wales define peat soils as predominantly organic 

soils derived from partially decomposed plant remains that accumulated under waterlogged 

conditions. Only two groups are distinguished (blanket bog and fens). They are subdivided into 

oligo- (moist pH<4.0); eutro- or Eu- (pH>4.0 in some part); fibrous (mainly fibrous or semi-

fibrous); -amorphous (mainly humified) and sulphuric (sulphuric subsoil within 80 cm depth) 

subgroups (Avery, 1980). The World Reference Base (formerly FAO–UNESCO scheme) 

refers to peat soils as Histosols and defines them as soils with a H horizon (well decomposed 

litter, often mixed with mineral matter, in which the original plant structures cannot be seen) 

of 40 cm or more (60 cm or more if the organic material consists mainly of sphagnum or moss, 

or has a bulk density of less than 0.1) either extending down from the surface or taken 

cumulatively within the upper 80 cm of the soil. The thickness of the H horizon may be less 

when it rests on rocks or on fragmental material of which the interstices are filled with OM 

(IUSS Working Group WRB, 2014). The definition of peat soil from the Irish EPA is as 

“organic soil materials which have sedentarily accumulated and have at least 30% (dry mass) 

OM over a depth of at least 45 cm on undrained land and 30 cm deep on drained land; the depth 

requirement does not apply in the event that the peat layer is over bedrock” (Renou-Wilson et 

al., 2011). 

Peatlands cover approximately 4 million km2 of the world’s surface and represent a third of the 

global wetland resources. They are found predominantly in the boreal, subarctic and tropical 

zones (Eurasia and North America), although they can be also found in places such as 

Patagonia, Ethiopia, Table Mountain in South Africa, Mongolia and Iran (Parish et al., 2007). 

In Europe, they represent about 7 % of the total land area, with Finland (9.84 M ha), Sweden 

(9.08 M ha), United Kingdom (4.45 M ha) and the Republic of Ireland (1.27 M ha) among the 

countries with the largest areas covered by this soil type (Montanarella et al., 2006). Under 

natural, undisturbed conditions, these soils deliver important ecological services such as acting 

as net carbon store and sinks, flood mitigation and supplying clean water, as well as being 

major contributors of biological diversity. However, peat soils have been degraded at different 

degrees all over the world by human activities to provide new resources such as agricultural 



Chapter 2 – Literature review 
 

21 
 

land use, cattle ranching, forestry and peat extraction, among others (Renou-Wilson et al., 

2011). 

 

2.7.1 Organic soils in Ireland 

Peat soils comprise 1.46 M ha (20.6 % of the total area) of land in the Republic of Ireland 

(Renou-Wilson et al., 2015). Peatlands are typically classified in two different categories, 

depending on the topography at which they are formed and the availability of nutrients in the 

water supplying plant growth (Renou-Wilson et al., 2018, 2015, 2011; Hammond, 1981). These 

are: 

- Basin peats: formed at low altitudes (close to sea level) and comprising two types – fen 

peats (approximately 20,120 ha) and raised bogs (approximately 311,000 ha). 

Agriculture has been typically the predominant land use for the former and peat cut and 

extraction for the latter. 

- Blanket peats: formed at higher altitudes (around 200 above sea level) under conditions 

of high rainfall and humidity, and accounts for approximately 774,000 ha (66 % of the 

total peat area). Forestry is the traditional use of this type of peat due to its poor nutrient 

status. 

Ireland has a mild climate with relatively high rainfall and number of rain days per year that 

have been important in promoting peatland formation and development. Raised bogs form 

where rainfall is between 700 mm and 1000 mm and the number of rain days is between 150 

and 175 per year (Bord na Mona, 2001). Blanket bogs form where rainfall is greater than 1250 

mm and the number of rain days is greater than 200 per year. Additionally, the country 

generally has poor draining soils, which had a major influence in the formation of peatlands. 

After the last Ice Age, many of the hollows or basins, particularly in the central plain, had 

poorly draining soil which were mainly composed of silty clays. These soils led to waterlogging 

of the soil surface and the formation of lakes where a variety of plants grew annually. As the 

cycle of growth of vegetation and partial decay continued, peat formed at the bottom of the 

lakes each year and this led to the development of extensive peatlands (Bord na Mona, 2001). 

2.7.2 Management of organic soils in Ireland 

The vast majority of peat soils in Ireland have been altered by anthropogenic activities. Among 

them, drainage for agricultural use is one of the predominant activities (Table 2.2), and 
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reclamation of organic soils for grassland land use has increased in the last century as a 

consequence of the intensification of agriculture through the European Common Agriculture 

Policy (CAP). Organic soils under grassland are predominantly used for grazing, with different 

levels of improvement. Improved grasslands are artificially drained, fertilised, occasionally 

reseeded, and heavily grazed. They are by far the most widespread type in Ireland and are 

typically abundant in the Midlands, often over previously exploited raised bogs. Unimproved 

grassland is extensively managed, with limited inputs of fertiliser, usually not reseeded and 

richer in species, and tends to be located in the west of Ireland and in upland areas where HSW 

are likely to occur (Renou-Wilson et al., 2015).   

 

Table 2.2. Estimated areas of main peatland land use in Ireland. Adapted from Renou-Wilson 

et al. (2018). 

Land Use   Area (ha) 

Agriculture   
Grassland  300000 - 374690 

Arable  1235 
   

Forestry  321927 
   
Peat extraction  

Industrial  67715-100000 
Domestic  260000-600000 

   
Abandoned  > 20000 

 

While FH2020 and FW2025 promote agricultural intensification in a sustainable manner, they 

inevitably require reclamation of more marginal land in sensitive catchments, such as new 

semi-natural organic soils and the intensification of unimproved grasslands through the 

increase of fertiliser inputs on these soils. 

Phosphorus fertiliser recommendations for peats and organic soils are not the same as for 

mineral soils due to the diminished P adsorption ability of these soils (Section 2.7). Inputs of P 

fertiliser cannot exceed the amounts permitted for index 3 for the mineral soils, irrespective of 

whether the organic soil has been classified as index 1 or 2 (Table 2.1) (Coulter and Lalor, 

2008). Additionally, it has recently been reported that Morgan’s extractant, the soil test used to 
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assess the amount of available P in Ireland, overestimates P availability in organic soils and 

therefore is not a suitable indicator of P status in these soil types (Roberts et al., 2017). 

 

2.8 Phosphorus losses from organic soils 

Once drained for agricultural production, organic soils undergo a series of transformations 

directly linked to the change in the redox condition. These transformations include 

morphological and structural changes, enrichment in humic substances, changes in mineral 

composition, and microbial and mesofauna changes (Ilnicki and Zeitz, 2003).  

Organic soils are generally acidic as a consequence of the polycarboxylic acids derived from 

the OM. The degree of acidification depends on the degree of decomposition and botanical 

composition of the OM. For example, humic and fulvic acids predominate in sapric peats (low 

proportion of recognizable plant fibres), whereas long-chain uronic acids and rich carboxyls 

are more common in fibric peats (high proportion of recognizable plant fibres) (Parent and 

Tremblay, 2003). The reported low inherent fertility in organic soils (Zheng et al., 2015; Zak 

et al., 2004) is directly linked to the acidity of these soils that immobilise some of the main 

macronutrients (N, P, K) for plant uptake (Figure 2.11). 
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Figure 2.11. Nutrient availability in organic soils. Adapted from Lucas (1982). 

 

As a pH-dependant, the cation exchange capacity (CEC) can be elevated in these soil types and 

thus they generally require high application rates of lime to reach soil optimum pH (5.5) for 

crop production (Coulter and Lalor, 2008; Rivière and Rivière, 2003). Other properties of 

organic soils include high hydrophobicity, low bulk density, high C/N ratio and high total water 

capacity (Rivière and Rivière, 2003).  

From all the properties of the organic soils mentioned, the most relevant for understanding 

added P behaviour in these soil types is the P retention ability. Phosphorus-bearing fertilisers 

contain water-soluble P that is available for plant uptake. This soluble P is in the form of 

orthophosphate (𝑃𝑂ସ
ିଷ) which interacts with the soil constituents. 

In organic soils there is an elevated proportion of humic and fulvic acids (HA and FA, 

respectively) and low molecular weight aliphatic organic acids (LOA) derived from the partial 
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decomposition of the soil OM. As a consequence, competitive sorption reactions between HA, 

FA, LOA, and the added orthophosphate anions for the inherent scarce anion sorption sites 

occurs (Guppy et al., 2005; Zak et al., 2004; Daly et al., 2001). The main processes affecting 

the ability of soils to sorb P by these organic acids are represented in Figure 2.12.  

Consequently, the commonly applied concept of “build-up and maintenance” for mineral soils 

(Voss, 1998; Olson et al., 1987), where a soil deficient in available P has first to increase its 

reserves before it becomes plant available, may increase the likelihood of P losses via leaching 

and/or runoff when applied to organic soils. Whilst some preliminary work suggests that 

organic soils under P fertilisation show similar herbage production than mineral soils 

(O’Connor et al., 2001), the relevance of the concept of build-up of soil P under P fertiliser 

applications in organic soils is poorly understood (Roberts et al., 2017; Daly et al., 2015, 2001).  

Previous studies have shown that HA often possess a high content of aromatic carbon that can 

strongly complex metals, mainly by carboxylic and phenolic groups (Gerke, 2010). From a 

quantitative point of view, Al and Fe usually are the most dominant metals in soils. These 

metals can form stable and strong complexes with humic substances that, in turn, react with 

soluble orthophosphate, thereby forming tertiary P-metal-organic acid complexes that may 

enhance the ability to sorb and retain P in soils rich in OM (Gerke, 2010; Kang et al., 2009; 

Antelo et al., 2007; Giesler et al., 2005; Guppy et al., 2005;). 

Therefore, there is a gap in our knowledge on the efficient use of P fertilisers for peats under 

the present soil P index system and the appropriate management of P mineral fertiliser and 

organic manures with regard to rates and timing of applications if over-applications are to be 

avoided. There is a paucity of data on these soils describing the mechanism of P cycling for 

plant uptake and the incorporation of applied P (slurry and fertiliser P) for crop growth in these 

soils.  

Clearly, the rate of P fertiliser applications is among the main factors influencing P losses from 

agricultural land to waters (Sharpley et al., 2001). Thus, P inputs applied judiciously to match 

the crop P requirements should be considered a key step in reducing P losses. However, the 

concept of build-up that traditionally has been applied for mineral soils may not apply for 

organic soils. Therefore, the well-established relationship between increasing values of any soil 

P test (Olsen, Mehlich, etc.) and amounts of P lost from the agricultural land in mineral soils 

remains poorly understood for organic soils. 
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Figure 2.12. Direct effects of organic compounds on P availability. M, Metal (i.e. Fe or Al); 

LOA, low molecular weight organic acids. Source: Guppy et al. (2005). 

 

The relationships between crop responses (yield) and P applications or soil P tests, whereby a 

critical value for yield is established beyond which no improvement in production is achieved 

whilst the risk of P losses increases exponentially (Figure 2.13), are not well understood in 

organic soils, and warrants further investigation in order to establish optimum P inputs for a 

more economic use and diminished environmental threat. 

 



Chapter 2 – Literature review 
 

27 
 

 

Figure 2.13. Relationships between crop yield, surface P losses relationship and soil P status. 

Source: McDowell et al. (2002). 

 
Another important strategy proposed to mitigate P losses is the timing of P applications, by 

which multiple, but smaller, P applications with the same total P amount allocated for one 

single year are undertaken, in contrast to one single application. Previous research showed that 

single P application rates of 40 kg ha-1 resulted in disproportionally greater runoff P 

concentrations than three split applications of 13.3 kg ha-1 (Burkitt et al., 2011). 

However, the authors determined that when the rainfall patterns were incorporated in the risk 

assessment (they used rainfall records from Australia, a country with defined and well-

established rainfall seasons), the overall risk of P losses was greater for the split P applications 

in comparison to one single P application. Nonetheless, in temperate countries such as Ireland, 

frequent rainfall events occur across the whole year, with April, May, June and July being the 

months of least rainfall (national average of 80 mm per month). This increases to 100 mm in 

February, March, August and September (Walsh, 2012). The coincidence of rainfall events 

with P applications is therefore likely to occur in Ireland, so that smaller applications compared 

to one but big application could be regarded as a plausible mitigation for P losses. 
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2.9 Conclusions and knowledge gaps 

In this chapter, an introduction to the terrestrial P cycle and the main processes controlling its 

mobility in soils was presented, alongside potential impacts on water quality caused by P losses 

from agricultural practices. The current legislation in Europe (primarily the WFD), and 

particularly in Ireland, indicates that the reclamation and use of marginal organic soils in 

agriculture are among the main sources causing impairment in HSW. This is due to their unique 

soil chemistry and the fact that they are frequently managed as mineral soils. The processes of 

P assimilation and transport of applied P fertilisers are poorly understood and merits further 

investigation in order to develop better management strategies if P losses are to be avoided. 

The following knowledge gaps have been identified and will be addressed in the thesis: 

 While P response experiments have typically been conducted on mineral soils for 

intensive grassland, little is known about the response of organic soils to P fertilisers. 

There is a knowledge gap on the efficient use of P for peats and other peat-derived soils 

under the current P index system.  

 There is a paucity of data on these organic soils describing the mechanism of P cycling 

(assimilation) for plant uptake and the incorporation of applied P (slurry and mineral P 

fertiliser) for crop growth. 

 There are deficiencies in our knowledge on the appropriate management of slurry and 

mineral P fertilisers with regard to rates and timing of applications in organic soils if 

over-fertilisation is to be avoided. 
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Chapter 3 

Contrasting yield responses to phosphorus applications on mineral and 
organic soils from extensively managed grasslands: implications for P 

management in high ecological status catchments  

 

3.1 Overview 

The aim of this chapter is to examine and quantify grass responses to P fertiliser in soils with 

contrasting amounts in OM using the Mitscherlich equation, and to evaluate these responses 

with-a-view to developing appropriate strategies for P applications that optimise biomass and 

herbage P content and reduce the potential risk to water quality, especially in organic soils. 

This study has been published in Journal of Plant Nutrition and Soil Science: González 

Jiménez, J.L., Healy, M. G., Roberts, W. M., Daly, K., 2018. Contrasting yield responses to 

phosphorus applications on mineral and organic soils from extensively managed grasslands: 

Implications for P management in high ecological status catchments. Journal of Plant Nutrition 

and Soil Science, 181, 861–869. doi:10.1002/jpln.201800201. 

 

3.2 Introduction 

Phosphorus is one of the most important elements for grass and animal health, and is typically 

applied as fertiliser to replace P exported in products (meat, milk, grass) in either chemical or 

organic (manure and/or slurry) forms. When applied in excess of crop requirements, it may 

transfer to the surrounding water bodies via leaching and overland flow, causing eutrophication 

(Carpenter, 2008). 

Histosols account for soils with an elevated proportion of partially decomposed organic 

material derived from plants. In Ireland, approximately 66 % of this area is located in upper 

parts of mountain ranges (Renou-Wilson et al., 2011). It is in these upland areas where HSW 

under extensive grassland enterprises are more vulnerable to loss of high ecological status 

(Roberts et al., 2016; White et al., 2014). Organic soils, comprising mainly histosols and other 

related OM-rich soils such as histic and humic top horizons (Creamer et al., 2014), typically 
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have a high percentage of OM content, low pH and low Al and Fe content, and are therefore 

associated with a low P sorption capacity (Daly et al., 2001; Guppy et al., 2005; Kang et al., 

2009). Consequently, the commonly applied concept of “build-up and maintenance” for 

mineral soils (Olson et al., 1987; Voss, 1998), where a soil deficient in P has first to increase 

its reserves before it becomes plant available, may increase the likelihood of P losses via 

leaching and/or runoff when applied to organic soils. Whilst some preliminary work suggests 

that organic soils under P fertilisation show similar herbage production to mineral soils 

(O’Connor et al., 2001), the relevance of the concept of build-up of soil P under P fertiliser 

applications in organic soils is poorly understood (Daly et al., 2015, 2001; Roberts et al., 2017). 

Historically, crop production is based on the law of the diminishing returns, in which the yield 

response of a crop to incrementally increasing amounts of an applied nutrient asymptotically 

declines (Black, 1993). Among the different models used to explain these yield response 

curves, the Mitscherlich equation is one of the best available due to its inherent nature to 

represent biological concepts such as the maximum yield attainable and the efficiency of the 

added nutrient in increasing the yield or the initial fertility of the soil (Black, 1993).  

This chapter evaluates grass response to increasing amounts of P fertiliser for better 

management in organic soils. A pot experiment under controlled conditions, in which six soils 

ranging in OM content received incrementally increasing P application rates, was conducted. 

Cumulative dry matter (DM) yield and herbage P concentration data were measured and 

evaluated to assess the use efficiency of P on organic soils. 

 

3.3 Materials and methods 

3.3.1 Soil Sampling 

Soil samples were collected from six sites, representing predominant grassland soils in high 

status catchments in the Republic of Ireland. The sites selected included two sites at the River 

Black catchment in Co. Galway, two sites at the River Allow catchment in Co. Cork, and two 

sites at the River Urrin catchment in Co. Wexford (Figure 3.1) (Roberts et al., 2017). Using 

data from the farm survey conducted by Roberts et al. (2017), soils were selected based on their 

OM content and deemed to be deficient in P as no P fertiliser applications were made in the 
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years before soil collection, with the exception of Galway peaty mineral, which received an 

average of 32 kg P ha-1 the year before soil collection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Location of the three catchments where the soils were collected for this experiment. 

 

At each site, three bulk samples were randomly selected to a depth of 20 cm below the soil 

surface, air dried and manually sieved through a 1.2 cm sieve. They were then thoroughly 

mixed to get a homogenised sample. Fresh bulk density was determined at each site at the time 

River Black 

River Allow 

River Urrin 
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of sampling and gravimetric water content (on a wet basis) was calculated to recreate field 

conditions when packing the soil in the pots.  

A subsample from each homogenised soil sample was oven-dried at 40° C for three days, 

sieved through a 0.2 cm sieve and analysed for physico-chemical characteristics. Soil pH (v/v, 

1:2) in water was measured according to van Reeuwijk  (2002). The soil OM content was 

determined using loss-on-ignition at 550° C for 16 h (Storer, 1984), which is the standard 

procedure implemented in the accredited labs in which the soil samples were analysed. Particle 

size was determined by the hydrometer method (Day, 1965). The core method (Wilke, 2005) 

was used for the determination of both fresh and dry bulk density. Analysis for total carbon 

and total nitrogen were carried out on a LECO Truspec C-N analyser (LECO Corporation, 

Michigan, USA). The plant available P was determined using Morgan’s extractant. Total P was 

determined using the U.S. EPA method 3052 (USEPA, 1996), in which a 0.5 g sample was 

suspended in 2 ml of deionized water, followed by a combination of 7.5 ml nitric acid (15.5 

M) and 2.5 ml concentrated hydrochloric acid. The mixture was then digested at 180° C in a 

microwave over a ramping time period of 20 min and held for another 20 min at the same 

temperature. The digestate was analysed using ICP-OES. The Mehlich-3 soil test was used to 

determine the concentration of Al, Ca, Fe and magnesium (Mg) for each soil (Mehlich, 1984). 

 

3.3.2 Pot experiment 

Before starting the experiments, soils were rewetted to bring them to the gravimetric water 

content at the time of sampling and packed in 18.5 L-capacity pots (30 cm upper diameter x 30 

cm height) up to 3 to 4 cm below the rim. This large size of the pots maximized the growth 

potential of the grass, in addition to ensuring that the water status of the containers remained 

more stable in comparison to smaller pots (Spomer et al., 1997). A 3 cm-deep layer of 

gravel/coarse sand mix was placed over the drainage holes in the pots. The pots were left 

outdoors under natural conditions for two weeks to equilibrate before application of the P 

treatments. Fourteen P fertiliser treatments, with two replications per treatment, in the form of 

single superphosphate (16 % P content) were applied uniformly to the surface of each soil at 

rates equivalent to 0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 70, 100 and 145 kg P ha-1 (0, 70, 

110, 140, 180, 210, 250, 280, 320, 350, 390, 490, 710 and 1030 mg P pot-1, respectively). One 

week prior to the application of superphosphate, all pots received an initial application of N as 

calcium ammonium nitrate and K as potassium chloride, at a rate equivalent to 55 kg ha-1 (389 
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mg N pot-1) and 245 kg ha-1 (1.73 g K pot-1), respectively. Maintenance applications of N at the 

same rate as the initial one were applied after each harvest to ensure no N limitation to ryegrass 

growth during the experiment. After nutrient applications, all pots were left to incubate for two 

weeks (Figure 3.2). Pots were sown with perennial ryegrass (Lolium perenne L.) at a rate 

equivalent to 28 g m-2 and maintained in environment-controlled chambers (Figure 3.3) 

according to a randomized complete block design under conditions similar to those that occur 

in the growing months in Ireland (Walsh, 2012): (1) photoperiod of 16 h light, (2) day and 

night temperatures of 14° C and 8° C (± 2° C), (3) relative humidity of 85 ± 10 % during the 

day and 75 ± 10 % during the night, and (4) photosynthetically active radiation (PAR) of 450 

± 50 µmol m-2s-1. Pots were held between 60 to 90 % field capacity by weighting them regularly 

and watering three times per week using tap water with a maximum dissolved reactive P (DRP) 

concentration of 0.0025 mg L-1. Aphids were treated with insecticide every time they were 

detected. The grass was cut manually when it attained a length of 22 to 26 cm above the soil 

surface. A total of six harvests were taken. The total duration of the experiment, from the 

planting of ryegrass seeds to the last grass harvest, was eight months.  

 

3.3.3 Herbage yield, herbage P content, P uptake, P balance and P Use Efficiency  

All grass collected at each harvest was oven-dried at 70 °C for 72 h and weighed. This 

combination of temperature and drying time ensured complete drying of the ryegrass blades 

while minimizing potential losses due to partial combustion of the plant tissues. Cumulative 

DM yield for each soil type and P fertiliser treatment was calculated by summing the harvests 

of the six cuts. Total P uptake was calculated by multiplying the cumulative DM yield at each 

P rate by the average herbage P content. The P balance was calculated as the difference between 

the total P uptake and the P fertiliser applied. The Phosphorus Use Efficiency (PUE) was 

estimated using (Johnston et al., 2014): 

𝑃𝑈𝐸 =
൫ିబ൯

ி
     [3.1] 

where 𝑈 is the P uptake (kg ha-1) by ryegrass at a given P rate, 𝑈 is the P uptake (kg ha-1) by 

ryegrass at a zero P rate, and 𝐹 is the applied P rate (in kg ha-1). 
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Figure 3.2. Pots layout when incubating. 

 

 

Figure 3.3. Pots layout in the growth chambers. 
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3.3.4 Mitscherlich model 

The Mitscherlich model was used to describe the yield response to applied P. The Mitscherlich 

equation (Black, 1993) is defined by:  

𝑌 = 𝐴[1 − 𝑒ି(௫ା)]     [3.2] 

where 𝑌 is the cumulative dry matter yield (kg DM ha-1), 𝑥 is the amount of P fertiliser added 

(kg P ha-1), 𝑏 is the initial plant available P in the soil determined by the Morgan’s P soil test 

(kg P ha-1), 𝐴 is the maximum yield obtained as 𝑥 increases indefinitely (kg DM ha-1), and 𝑐 is 

a proportionality constant related to how quickly 𝑌 reaches A. 

The coefficient of determination (R2) was computed using:  

R2 = (sst – sse)/sst           [3.3] 

where sst is the total sum of squares (total variation) and sse is the variation not explained by 

the regression. Optimum rates of P fertiliser values were considered to be at 95 % of the 

theoretical maximum yields from each response equation. The choice of this proportion is 

arbitrary, but choosing an optimum P value of 95 % of the maximum yield ensures that the 

estimates of the maximum theoretical yield are likely to be within a relatively broad 5 % of the 

standard error of the estimate and near-maximum grass production. 

 

3.3.5 Statistical Analysis 

Data sets were tested prior to analysis for normality (Shapiro-Wilk test) and homogeneity 

(Bartlett’s test) of variance. For each soil type, the total DM yield was subjected to a one-way 

analysis of variance. Regression analyses were carried out using R statistical software, version 

3.4.2 (R Core Team, 2017).  

 

3.4 Results and discussion 

3.4.1 Soil physico-chemical properties 

Table 3.1 shows the main properties of the soils used in this study. Organic matter content 

showed a broad spectrum, ranging from 8.7 % (Wexford Mineral) to 76.4 % (Galway Peat). 
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Cork peaty mineral had a strongly acidic pH (4.5), followed by Cork mineral and Galway Peat 

(5.1 and 5.3, respectively), with soils from Wexford and Galway peaty mineral having the 

largest values. Cork mineral and Wexford mineral had the highest values in clay content, with 

approximately 297 and 182 g kg-1, respectively, followed by Wexford peaty mineral with 101 

g kg-1. Mehlich-3 extractable Al and Fe ranged from 2.6 to 991.44 mg kg-1 and from 116.99 to 

507.39 mg kg-1, respectively, with the highest values of Al for the soils from the Wexford site. 

Mehlich-3 extractable Al contains crystalline (e.g., gibbsite) and amorphous Al (Kuo, 1996) 

and does not necessarily imply phytotoxicity as the soluble, plant available Al may only be a 

small fraction. This is in line with Fay et al. (2007), who reported the highest concentration of 

Al in the south east of the country.  Extractable Ca was lowest for the more acidic soils, and 

increased at more neutral pH values, except for Galway peat, which had the second highest 

value (7812 mg kg-1) of the soils examined, and an acidic pH (5.3).  

 

3.4.2 Herbage yield 

There was no statistically significant response to P treatments (p > 0.05) for both soils from 

Cork. In contrast, both soils from Galway and Wexford peaty mineral had a significant total 

DM response to P fertiliser applications (p < 0.0001). The response of Wexford mineral soil 

was weaker but still statistically significant (p < 0.04). Cork peaty mineral was moderately 

acidic (4.5), leading to immobilization and sorption reactions between applied P and Al and Fe 

oxides. Soil pH has a direct impact on the availability of added P, as adsorption and 

precipitation reactions with Al and Fe oxides make it plant unavailable (McLaughlin et al., 

2011; Oburger et al., 2011). Previous studies showed that P applications can have a limited 

effect on grass yield in organic soils deficient in P, so that liming should be a priority to increase 

the yield in these soils (Valkama et al., 2016). The content of clay in Cork mineral soil was 

approximately 300 g kg-1 which, along with the slightly acidic pH (5.1), implies a significant 

interaction with freshly applied P. In addition to the inmobilisation and co-precipitation of P 

with these metals, the low pH of both soils from Cork may have promoted solubilisation of Al 

and manganese (Mn) that can become toxic for plant uptake as they restrict plants root system 

development, consequently decreasing soil exploration and P uptake (Edwards, 1991). Clay 

content and extractable Al and Fe have been correlated with P sorption capacity of soils 

elsewhere (Bolland et al., 2003; Gérard, 2016). 
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Table 3.1. Soils classification and main parameters of the soils used.  

 

 

 

 

 

 

Site Soil Classification1 pH OM2 
Particle Size 

Texture3 
Fresh bulk 

density 
Dry bulk 
density 

Total 
C 

Total 
N 

Morgan's P Total P 
Mehlich-3 

Sand Silt Clay Al Ca Fe Mg 

      (g kg-1) (g kg-1)   (g cm-3) % (mg l-1) (mg kg-1) 

Galway Peat 
Drained 

Ombrotrophic Peat 
5.3 764 174 20 42 Sandy Loam 0.9 0.2 40.3 1.6 6.2 96.3 2.63 7812.6 222.1 422.3 

Galway Peaty 
Mineral 

Humic Surface-water 
Gley 

6.6 358 360 184 98 Sandy Loam 1.3 0.6 17.0 1.4 0.9 609.6 61.5 8216.0 238.5 109.8 

Cork Mineral 
Typical Surface-

Water Gley 
5.1 91 266 345 297 Clay Loam 1.2 0.6 4.2 0.3 1.7 145.2 884.9 656.1 262.4 137.6 

Cork Peaty 
Mineral 

Humic Surface-water 
Gley 

4.5 668 203 58 71 
Sandy Clay 

Loam 
0.9 0.2 34.7 2.2 5.9 182.7 605.0 2114.0 507.4 193.6 

Wexford Mineral Typical Brown Earth 6.0 87 366 365 182 Loam 1.5 1.2 3.1 0.3 1.2 1065.2 947.0 1103.1 117.0 199.8 

Wexford Peaty 
Mineral 

Typical Brown 
Podzolic 

6.2 141 572 186 101 Sandy Loam 1.0 0.7 7.0 0.4 0.5 290.0 991.4 2405.6 256.4 517.0 
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According to the concept of build-up and maintenance, added P was rapidly sequestered in 

Cork mineral and, to a lesser extent, in Wexford mineral soils via sorption and fixation 

reactions with mineral and clay components into unavailable P forms to fill sorption sites and 

redress the P deficiency. In this scenario, soil P is largely unavailable for plant uptake until it 

can reach a threshold or critical point over several fertilization sessions at which time it is 

soluble and available for uptake. Daly et al. (2015) demonstrated this concept across a range 

of mineral acid and neutral soils, where the relationship between the ratio of extractable Al:P 

and plant available, soluble P indicated that P in soils with low amounts of physico-chemically 

sorbed P relative to amounts of Al (high Al:P) was fixed and insoluble. However, as more P is 

added to soil and sorbed to mineral components, the Al:P is lowered and P is released as plant 

available and soluble forms. Under the concept of build-up, mineral soils can sorb P after P 

fertilizations and make it slowly available in succeeding harvests, when the P in soil solution 

becomes depleted by plant uptake. The poor response of sites deficient and low in soil P has 

been observed in previous studies (Herlihy et al., 2004; Valkama et al., 2016).  

Galway peat had the strongest yield response to P fertilisations, followed by Galway peaty 

mineral and Wexford peaty mineral. All these soils had a considerable percentage of OM 

(Table 3.1). Organic soils typically have a low P retention due to the small mineral fraction 

present in the soil (Daly et al., 2001; Guppy et al., 2005). Moreover, humic acids derived from 

the partial decomposition of the OM are mostly negatively charged, and therefore compete with 

orthophosphates for sorption sites in mineral particles (McDowell and Condron, 2001). On the 

other hand, humic acids can form complexes with metals such as Al+3 and Fe+3 and, in turn, 

adsorb P, thereby contributing to the sorption capacities of the soils (Gerke, 2010). The 

determination of organically bound Al/Fe through the sodium pyrophosphate extraction 

method (van Reeuwijk, 2002) and the development of phosphate saturation indices (PSI) that 

relate the oxalate-extractable P, Al and Fe (Janardhanan and Daroub, 2010) can be a good way 

to evaluate the potential of OM to sorb P in organic soils. In the current study, the results 

indicate that the negative relationship between OM and yield response was the predominant 

event taking place in the organic soils studied, likely due to the low “labile” or organically 

bound Al/Fe concentrations. Under this scenario, the build-up concept is then limited by the 

amount of OM present in the soils, and freshly applied P will remain in the soil solution, 

supplying P directly to the plant. Considering the particular climatology of Ireland with 

frequent rainfall events over the year, the presence of P in the soil solution increases the risk 

of losses via leaching and runoff to water bodies. Therefore, organic soils that have been 



Chapter 3 – Yield response to P applications 
 

39 
 

drained and brought into agricultural production should be fertilised only in the growing period 

(March-April), when the grass requirements for P are highest, to minimize the risk of P losses 

due to their inability to sorb and retain applied P in the soil matrix.  

Additionally, the national P index, where soils are classified from deficient to excessive in 

available P based on Morgan’s soil test, should not be applied to organic soils, as it has been 

suggested that the acidic Morgan’s extractant may overestimate available P in these soils, 

probably due to the hydrolysis of part of the organic P forms (Roberts et al., 2017). Other soil 

tests such as water-extractable P (WEP) have been used in organic soils as a proxy for the 

plant-available P (Castillo and Wright, 2008) and may be more suitable for describing the P 

status of these type of soils. 

 

3.4.3 Mitscherlich model 

The Mitscherlich response curves for each soil type and the equation parameter values, along 

with the R2 values, are shown in Figure 3.4 and Table 3.2, respectively. Values of A (the 

maximum yield attainable under unlimited P supply) ranged between 7,300 and 11,000 kg DM 

ha-1. Galway peat and Galway peaty mineral had the highest values of A (11,000 and 10,100 

kg DM ha-1, respectively), whereas Wexford mineral soil was the least productive. The greater 

response in organic soils compared to mineral soils under similar soil P status is in agreement 

with other studies (Valkama et al., 2016). The reason for this is likely due to diminished P 

sorption capacity in organic soils, leaving applied P in the soil solution and readily available 

for plant uptake. There was a large range in values for c (the proportionality constant, i.e., how 

fast the yield approaches A), which ranged from 0.04 for soils with high R2 to 1.1 for the soil 

with lower R2 values. The proportionality constant c has been correlated with the buffering 

capacity of soils in previous studies (Brennan and Bolland, 2003). The c parameter in Cork 

Mineral, Wexford mineral and, to a lesser extent, Cork peaty mineral had the highest values, 

supporting the concept of P build-up in these soils. The main strength of the Mitscherlich model 

to describe yield response curves lies in its ability to give a good description of the yield when 

the range of P applications is large and a maximum yield is achieved at high P rates (Colwell 

et al., 1988).  
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Figure 3.4. Cumulative DM yield response to increasing P fertiliser rates for each soil. Dots 

represent average observed values and lines the fit regression curves from the Mitscherlich 

equation. 
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Table 3.2. Parameters of the fit Mitscherlich equation for each soil site. Parameter A is in kg DM ha-1. Standard errors in brackets.  

     

Site 
Max yield attainable under 

unlimited P-supply, A 
Optimum P rate 

Proportionality 
constant, 

c 
R2 

 kg ha-1   

Galway Peat 11020 (476) 82 0.04 (4.3 x 10-3) 0.93 

Galway Peaty Mineral 10100 (831) 78 0.04 (8.5 x 10-3) 0.67 

Cork Mineral 8482 (277) 5 0.64 (2.0 x 10-1) 0.43 

Cork Peaty Mineral 8415 (223) 14 0.21 (5.3 x 10-2) 0.39 

Wexford Mineral 7348 (227) 3 1.10 (3.6 x 10-1) 0.31 

Wexford Peaty Mineral 8415 (499) 79 0.04 (6.0 x 10-3) 0.88 
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This is the case for the soils from Galway and for Wexford peaty mineral, where the response 

to P fertiliser was well described along the whole set of P rates (high R2). However, the 

Mitscherlich model becomes less accurate when an asymptote is not reached at higher P rates. 

Both soils from Cork and Wexford mineral did not reach maximum yields at maximum or near 

maximum P rates, so the accuracy of the Mitscherlich model was relatively poor. 

 

3.4.4 Herbage P content 

The average herbage P concentration across the fourteen P applications declined in all the sites 

over the timeline of the pot trial. The second cut at each soil had the highest herbage P 

concentrations for all the soils, with values above the threshold limit of 3 g kg-1, followed by a 

steady decline in each subsequent cut and remaining stable around 1.5-2 g kg-1 after the fifth 

cut for all the soils (Figure 3.5). The decline on herbage P concentration observed in this 

experiment agrees with other studies (Bailey et al., 1997 and references within), although this 

pattern is not consistent in the literature (Burkitt et al., 2010). The decline of herbage P 

throughout the year after one single P application at the start of the grazing period can have 

negative implications in the health of ruminants if the P requirements are not met for the 

intermediate to late grazing period (Sheil et al., 2016). Under this scenario, a “little and often” 

approach, where P fertiliser applications allocated for the whole year are split in two or more 

smaller rates, would be more suitable to maintain herbage P concentrations within the critical 

range of 3 to 3.5 g kg-1. 

Figure 3.6 shows the cumulative DM yield plotted against the average P concentration in the 

herbage. Galway peat and Cork peaty mineral soils reached the threshold herbage P 

concentration of 3 g kg-1 at near-maximum yield, around the 50 to 55 kg ha-1 P fertiliser 

application rate, whereas the other soils reached it when the P fertiliser applications were at 

100 to 145 kg ha-1. Herbage P concentration continued to increase in Galway peat, Cork peaty 

mineral and, to a lesser extent, Wexford peaty mineral beyond the critical concentration, 

although the yield remained the same, thus reflecting a luxurious consumption of P in these 

soils. Results showed that the P fertiliser requirements to reach a critical P level Mitscherlich 

model. This is also in agreement with previous findings (Morton et al., 1999; Schulte and 

Herlihy, 2007). As a result, the fertiliser P required to obtain a critical herbage P concentration 

around 3 g kg-1 would satisfy the P fertiliser requirements to obtain near-to-maximum yields, 

maximizing grass production. However, these high fertiliser rates can pose an elevated risk of 
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P losses for organic soils due to their poor P retention capacities as it has been shown above, 

and hence P fertilizer recommendations derived from plant analysis may not seem suitable for 

these soils.  

of 3 g kg-1 were higher than those required to reach 95 % of the maximum yields from the 

 

Figure 3.5. Average (n=14) herbage P concentration over 6 months. 

 

3.4.5 P uptake, P balance and P Use Efficiency (PUE) 

The P uptake, P balance and PUE at each P fertiliser rate and site are shown in Figure 3.7. 

Phosphorus uptake increased in all sites as the P fertiliser rates increased. Galway peat had the 

highest P uptakes at the maximum P fertiliser rates. This increase in P uptake with increased P 

application rates is in line with the fact that uptake is a function of the DM yield and the herbage 

P content, which in turn increased with P fertilisations. The P balance was negative at zero P 

fertiliser rate for all soils and at 10 kg P ha-1 for Galway peat, Cork mineral, Cork peaty mineral 

and Wexford mineral, which indicated a depletion of any stable P reserves in the soil. The P 

balance became positive for the rest of treatments in all soils, indicating an accumulation of P 

in the soils.  
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Figure 3.6. Cumulative grass DM yield versus herbage P content for each soil. 
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Figure 3.7. Phosphorus (P) uptake and P balance (kg ha-1) and P use efficiency (PUE) (%) for 

each P fertiliser rate and soil site. Error bars represent standard deviations. 
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The positive P balance obtained in all soils and almost all P treatments reflected that inputs (P 

fertiliser) exceeded offtakes (P uptake by the grass), so the surplus of P applied to the soil was 

either retained in the soil or lost via leaching throughout the duration of the experiment, or a 

combination of both. The greatest PUE were at low P rates, decreasing in all soils as P rates 

increased. Galway peat soil had the highest P efficiency, with an average PUE of 54 % across 

P treatments. Cork mineral and Cork peaty mineral had moderate-to-high PUE at low P rates, 

but decreased markedly as P application rates raised, attaining an average efficiency of 33 % 

and 35 %, respectively. Wexford mineral, Wexford peaty mineral and Galway peaty mineral 

had a low P efficiency over all P application rates, with averages efficiencies of 20 %, 28 % 

and 25 %, respectively. With the exception of Galway peat, the mean PUE of the other soils 

were similar to those reported in other studies with ryegrass for low soil P status  (Herlihy et 

al., 2004) and agrees with the tendency for there to be a low PUE in the same year of P 

application (Johnston et al., 2014). The overall P efficiency of Galway peat, with a high OM 

content (76 %) was considerably higher than the other soils, indicating that interactions 

between P fertiliser and the soil mineralogy were minimal and hence applied P was readily 

available in the soil solution for plant uptake throughout the duration of the experiment. 

 

3.5 Conclusions 

Grass response to P fertiliser varied between organic and mineral soils with P deficiencies. 

When grass yield was modelled using the Mitscherlich equation, mineral soils had a weak 

response to P applications due to the need to first build up their soil P reserves, whereas more 

organic soils showed a large response to P applications, which indicated no requirement to 

build up P reserves. This illustrates the potential risk of P losses to waters if P fertilisers are 

applied to organic soils even when they are deficient in P. Additionally, the high fertiliser P 

requirements derived from plant analysis to meet the critical herbage P concentration may not 

be suitable for organic soils if environmental aspects have to be considered. Losses from these 

soils can be minimized if P is applied during the growing season only, and under a “little and 

often” approach rather than one single application, as P will be taken up by the plants shortly 

after its application. However, these implications might not be feasible in reality, as fields with 

organic soils may be located far from the farmyard and therefore may be fertilised in one single 

application to reduce costs and time. In this scenario, bringing new organic soils into 



Chapter 3 – Yield response to P applications 
 

47 
 

agricultural production may be less desirable than intensification of existing agricultural land 

if they are within high status or sensitive catchments. 

 

3.6 Summary 

This chapter has shown the faster response of organic soils to P applications, in comparison to 

mineral soils, due to the diminished ability of these soils to react and immobilise soluble P. 

Therefore, organic soils also have a higher risk of P loss to waters if the added P is in excess 

of crop requirements. Based on this experiment, Chapter 4 investigates how the different soil 

P fractions and pools changed after the pot experiment and which transformation pathways of 

the different P pools were predominant for each soil type in the experiment. 
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Chapter 4 

Effects of fertiliser on phosphorus pools in soils with contrasting organic 
matter content: A fractionation and path analysis study 

 

4.1 Overview 

The objectives of this study were (1) to assess the changes in the different soil P fractions 

receiving increasing amounts of P fertiliser, and (2) to examine which pools acted as sinks or 

sources for P so as to gain a better understanding of the soil P cycle. 

This study has been published in Geoderma: González Jiménez, J.L., Healy, M. G., Daly, K. 

2019. Effects of fertiliser on phosphorus pools in soils with contrasting organic matter content: 

A fractionation and path analysis study. Geoderma, 338, 128-135. 

https://doi.org/10.1016/j.geoderma.2018.11.049Get  

 

4.2 Introduction 

Phosphorus applied to soils undergoes a series of physico-chemical (dissolution-precipitation 

and desorption-adsorption) transformations regulated by soil characteristics such as 

mineralogy composition, surface area,  pH, extractable Fe-Al hydroxides and OM content 

(Guérin et al., 2011; Janardhanan and Daroub, 2010; Frossard et al., 2000; Porter and Sanchez, 

1992). Phosphorus fertiliser recommendations on mineral soils are based on their ability to sorb 

and gradually build-up P over time until a critical level is reached, followed by the maintenance 

of that level by replacing the P removed by consecutive harvests (Voss, 1998; Olson et al., 

1987). However, the ability of organic soils to sorb and retain P applied is impeded by the 

inherent large amounts of OM that compete for sorption sites (Guppy et al., 2005; Daly et al., 

2001), so that the approach of build-up of P and maintenance on these soils for fertiliser 

recommendations has been questioned (Roberts et al., 2017; Daly et al., 2015). 

The sequential P fractionation procedure, developed by Hedley et al. (1982), extracts P bound 

from diverse inorganic and organic compounds of different lability using solutions of 
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increasing extracting strength (Cross and Schlesinger, 1995). Despite its limitations when 

providing P speciation at the P fraction level and the likelihood to overestimate organic P 

(Turner et al., 2005), the Hedley method is one of the most comprehensive methodologies used 

to evaluate the soil P cycle and dynamics into “operationally-defined fractions” of different 

availability and nature (Condron and Newman, 2011; Negassa and Leinweber, 2009). 

However, only a few studies have applied this technique in OM-rich soils (Schlichting et al., 

2002; Cross and Schlesinger, 1995) and, to our knowledge, none exists in organic soils where 

the effect of P applied in the different soil P pools has been evaluated using this technique. 

Therefore, there is a lack of knowledge about the interaction of freshly applied P with the 

different soil P fractions when organic acids are in direct competition for the same reaction 

sites as the P applied. Phosphorus assimilation and turnover in agricultural organics soils is 

poorly understood and needs further research in order to improve their management and 

minimise potential P loses to the environment. 

Sequential P fractionation techniques alone do not provide insight on the relationships and 

transformations between the soil P pools under different treatments, nor behavioural 

comparison of soils of different pedogenesis receiving the same treatments (Gama-Rodrigues 

et al., 2014; Zheng et al., 2004). Path analysis has been shown to be a valuable tool to evaluate 

the cause-and-effect interrelations between P pools in different soil types and under a variety 

of management regimes (Tiecher et al., 2018; Zheng et al., 2004; Beck and Sanchez, 1994; 

Tiessen et al., 1984). 

To address these research questions, the same six soils used in Chapter 3 were subjected to P 

fractionation analysis before and after the experiment to ascertain how the different soil P pools 

changed. Additionally, the P pools at the end of the experiment were subjected to a path 

analysis to evaluate the interrelations of the different P pools. 

 

4.3 Materials and methods 

4.3.1 Pot experiment 

Six grassland soils deficient in P and representing a range of OM content, were selected from 

three high status catchments in the Republic of Ireland (Table 4.1). All soils were under a low 

intensity grazing system and received no P applications in the years prior to soil collection, 
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with the exception of Galway peaty mineral, which received P applications of approximately 

32 kg P ha-1y-1 in the years prior to the soil collection. The soils were collected from the surface 

horizon (0-20 cm), air dried, and sieved through a 12 mm sieve. A subsample was taken from 

each soil and analysed for selected physico-chemical properties and to determine initial P 

concentrations in the different P pools, defined in the following section (Table 4.1). 

Soils were rewetted to their field gravimetric water content and placed in 18.5 L pots (0.3 m 

upper diameter, 0.3 deep). Each soil received fourteen P fertiliser applications (n=2) as single 

superphosphate (16 % P content) at rates equivalent to 0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 

70, 100 and 145 kg P ha-1 (0, 70, 110, 140, 180, 210, 250, 280, 320, 350, 390, 490, 710 and 

1030 mg P pot-1, respectively). Each pot received an initial application of N as calcium 

ammonium nitrate and K as potassium chloride, at a rate equivalent to 55 kg ha-1 (389 mg N 

pot-1) and 245 kg ha-1 (1.73 g K pot-1), respectively. Pots were sown with perennial ryegrass 

(Lolium perenne L.) seeds at a rate equivalent to 28 g m-2 and placed in a glasshouse for three 

months under the following conditions: average temperature of 11.1° C (±3.9° C) and relative 

humidity of 82 % (± 12 %). Pots were then placed in controlled growth chambers operated in 

the following conditions: (1) photoperiod of 16 h light (2) daytime temperatures of 14° C and 

night-time temperatures of 8° C, with respectively relative humidities of 85 % and 75 %, and 

(3) photosynthetically active radiation of 450 ± 50 µmol m-2 s-1. The pots were randomly placed 

in the chambers and were held between 60 to 90 % field capacity by weighting them regularly. 

The grass was harvested six times when it attained a length of 22-26 cm. At the end of the 

experiment, and for each pot, six soil cores were taken, oven-dried at 40 °C for three days, 

composited and subjected to soil P fractionation analysis. Phosphorus use efficiency and 

magnitude of grass response to P fertilisations in these soils were evaluated, the details of which 

are in Chapter 3. 

 

4.3.2 Soil P fractionation 

A modified Hedley fractionation procedure (Hedley et al., 1982) was used for each soil and P 

treatment to determine the different fractions before and after the experiment. The iron-oxide 

paper strip method (Menon et al., 1989) was used as an alternative to the traditionally used but 

laborious resin-P method (Chardon et al., 1996). 
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Table 4.1. Selected physico-chemical properties of the six soils used in the study. Values in parenthesis represent standard deviations, except for 

the fractions Fe-Al bound P, Organic P and Residual P, which are standard errors of the mean. 

Soil property Units Galway peat Galway peaty mineral Cork mineral Cork peaty mineral Wexford mineral Wexford peaty mineral 

Classification*  Ombric Histosol  Haplic Cambisol  Haplic Stagnosol  Haplic Stagnosol  Haplic Cambisol  Haplic Podzol  

Texture  Sandy Loam Sandy Loam Clay Loam Sandy Clay Loam Loam Sandy Loam 

Clay g kg-1 42 98 297 71 182 101 

Silt g kg-1 20 184 345 58 365 186 

Sand g kg-1 174 360 266 203 366 572 

Organic Matter g kg-1 764 358 91 668 87 141 

pH  5.3 6.6 5.1 4.5 6.0 6.2 

Dry bulk density g cm-3 0.2 0.6 0.6 0.2 1.2 0.7 

Total C g kg-1 403.0 177.0 42.0 347.0 30.9 70.0 

Organic C g kg-1 387.4 152.6 39.5 341.9 26.2 65.3 

Total N g kg-1 16.3 14.2 3.6 22.0 3.0 4.4 

Mehlich-3 mg kg-1       

Al  2.6 (0.4) 61.5 (9.8) 884.9 (13.9) 605.0 (25.5) 947.0 (2.6) 991.4 (46.4) 

Fe  222.1 (18.1) 238.5 (6.0) 262.4 (4.0) 507.4 (15.2) 117.0 (2.0) 256.4 (10.1) 

Ca  7812.6 (175.5) 8216.0 (126.5) 656.1 (2.7) 2414.0(19.4) 1103.1 (3.8) 2105.6 (39.3) 

P  13.7 (0.7) 6.5 (0.0) 20.6 (0.2) 31.1 (1.1) 23.3 (0.2) 25.6 (0.6) 

Labile P mg kg-1 33.5 (0.1) 4.2 (0.4) 2.0 (0.2) 38.4 (2.7) 3.0 (0.7) 1.4 (0.2) 

Fe-Al bound P mg kg-1 47.4 (1.0) 111.0 (8.6) 20.4 (0.8) 103.1 (3.1) 194.1 (4.2) 37.0 (0.8) 

Organic P mg kg-1 146.4 (0.3) 350.7 (5.3) 186.2 (1.2) 535.3 (5.0) 332.5 (6.1) 307.5 (2.2) 

Ca bound P mg kg-1 43.5 (3.0) 287.5 (91.6) 12.3 (1.8) 47.9 (3.5) 127.9 (7.4) 118.7 (8.7) 

Residual P mg kg-1 335.1 (2.4) 369.9 (23.8) 148.3 (0.9) 376.9 (7.8) 516.9 (2.7) 158.1 (2.7) 

Total P mg kg-1 605.8 (8.5) 1116.7 (10.5) 369.1 (2.6) 1101.5 (29.1) 1174.2 (0.9) 622.6 (5.6) 
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Additionally, the iron-oxide paper strip test is more suitable for soils of different nature, as its 

ability to determine dissolved and loosely bound P is not influenced by physical or chemical 

properties of the soils (Robinson and Sharpley, 1994). Duplicate 0.5 g samples of dried soil 

were weighed in 50 mL polypropylene tubes and shaken in 40 mL of 0.01 M CaCl2 with iron-

oxide paper strips for 16 h using a reciprocal shaker operated at 6 rpm. Phosphorus adsorbed 

to the iron strips was dissolved by shaking the strips for 1 h in 40 ml 0.1 M H2SO4. This fraction 

was identified as the FeO strip-P. The soil suspension was then centrifuged at approximately 

51845 m s-2 for 20 min and the supernatant was decanted. The soil was then sequentially 

extracted with: (1) 30 ml of 0.5 M NaHCO3 at pH 8.5 (NaHCO3-P) (2) 0.1 M NaOH (NaOH-

P), and (3) 1 M H2SO4 (H2SO4-P), each of them at the same shaking and centrifuging settings 

as described for the FeO strip-P. The residual P fraction resisting the 1 M H2SO4 extraction 

was calculated as the difference between total P (Pt) and the sum of FeO strip-P + NaHCO3-P 

+ NaOH-P +  H2SO4-P. Total P was determined by ICP-OES in a separate 0.5 g dried sample 

using the microwave-assisted acid digestion method (USEPA, 1996). Inorganic P (Pi) 

concentrations for all the extractants were determined within 24 h using the ascorbic acid-

molybdenum blue method (Kuo, 1996). The Pt concentration in the different extractants (except 

for the FeO strip-P, where only Pi was determined) was determined by acid potassium 

persulfate digestion. Organic P concentrations (Po) in the NaHCO3 and NaOH fractions were 

calculated as the difference between Pt and Pi. 

The different chemically extracted fractions were grouped into operationally defined pools of 

increasing recalcitrance as follows: (1) the FeO strip-P represented the labile P pool and 

comprised P dissolved in the soil solution along with loosely adsorbed P, (2) the NaHCO3-Pi 

and NaOH-Pi represented the Fe-Al bound P pool and included moderately sorbed and/or fixed 

Pi by Al and Fe oxides/hydroxides, (3) analogous to the Fe-Al bound P, the NaHCO3-Po + 

NaOH-Po represented the organic P pool, (4) the H2SO4-P represented the Ca-bound P pool 

and comprised stable P contained in primary minerals such as apatite, and (5) the residual P 

pool, calculated as the difference between the Pt and the sum of the previous pools, comprised 

highly stable organometallic complexes and organic materials such as lignin (Gama-Rodrigues 

et al., 2014; Condron and Newman, 2011; Negassa and Leinweber, 2009; Schlichting et al., 

2002; Cross and Schlesinger, 1995).  
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4.3.3 Statistical analysis 

In order to analyse and evaluate the impact of the increasing P fertiliser applications on the 

different soil P pools, the percentage change for each soil and P pool were calculated as the 

difference between the P concentration after and before the experiment divided by the original 

P concentration. Path analysis was used to examine the cause-and-effect relationships between 

the soil P pools and P fertiliser, and to differentiate between the direct and indirect effects of 

these relationships. Phosphorus concentrations (in mg kg-1) at each P application dose (kg ha-

1) for each soil pool the end of the experiment were used in the path analysis. The conceptual 

diagram in Figure 4.1 was proposed as a general model to test P transformations and dynamics 

in the different soils. Phosphorus fertiliser was the sole independent variable that may affect 

the different soil P pools. Therefore, the soil P pools were considered as dependent variables. 

A basic assumption of the model is that, under cultivation conditions where soils are mainly 

aerated most time of the year, P movements between the soil P pools occur from the most 

recalcitrant pools to the less recalcitrant ones and not vice-versa, as might happen under flooded 

conditions where the redox conditions would change (Castillo and Wright, 2008). This is 

represented in the model by the different arrows between the independent variable and the 

dependent variables, and within the dependent variables following the assumption mentioned 

above (Figure 4.1). Each potential relationship in the model (cause) is measured by a partial 

regression coefficient (direct effect). They are analogous to the covariance between two 

variables and are referred to as path coefficients (β). Indirect effects are referred to as the effects 

between two variables that are mediated by another intervening variable (Raykov and 

Marcoulides, 2006). Both unstandardized (raw score units) and standardized (standard 

deviation units) path coefficients were calculated. The use of unstandardized path coefficients 

enabled comparison for the same variable relationship across the different soils, whereas 

standardized path coefficients were better for comparing different variable relationships within 

the same soil (Beaujean, 2014).  

The generic model represented in Figure 4.1 is a saturated model with zero degrees of freedom, 

that is, there are as many estimated parameters as data points (observations). By definition, 

saturated models exhibit perfect fit to the data and hence they cannot be confirmed or 

invalidated by the path analysis (Raykov and Marcoulides, 2006). However, this model was 

used as a benchmark against which nested (modified) models with positive degrees of freedom 

could be tested. Modifications of the saturated model were done by dropping from the model 

the non-significant path coefficients stepwise until final models were tenable, analogous to 
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backward selection in regression analysis, so that the likelihood to miss a plausible variable 

was excluded. The Chi square test (2), at a significance level of 0.05, was used to validate the 

nested model from the preceding one until the most restrictive, yet 

  

Figure 4.1. Path diagram with the proposed relationships between the different soil P pools 

and P fertiliser applications. Errors represent the variance of each of the dependent variables 

(five soil P pools). 

 

plausible, model was achieved for each soil (Raykov and Marcoulides, 2006). Comparative Fit 

Index (CFI), Expected Cross Validation Index (ECVI), Akaike’s Information Criterion (AIC), 

and Goodness of Fit Index (GFI) were also considered to evaluate the fit strength of the models 

generated. Analyses were carried out in R statistical software, version 3.4.2 (R Core Team, 

2017) using the “lavaan” and  “semPlot” packages (Epskamp, 2017; Rosseel, 2012). 
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4.4 Results and discussion 

4.4.1 Soils characterization 

The physico-chemical characteristics of the soils before the application of fertiliser are shown 

in Table 4.1. The range of OM content reflects a broad variation, spanning from 8.7 to 76.4 %, 

representing the contrasting soil types in high status catchments in Ireland (White et al., 2014). 

Soil pH was acidic for Cork peaty mineral, Cork mineral and Galway peat, with values of 4.5, 

5.1 and 5.3, respectively, in contrast with near-to-neutral values for the other soils. Total P in 

the soils ranged between 369.1 to 1174.2 mg kg-1. From a pedogenic point of view, Galway 

peat, classified as Ombric Histosol, had similar values to those reported by Yang and Post 

(2011), but less than other semi-natural or cultivated Histosols reported elsewhere (Schlichting 

et al., 2002). The other soils in this study had considerably larger Pt concentrations compared 

to those in the Yang and Post (2011) pedogenic study. There was a significant positive 

correlation (r2 = 0.7, p < 0.05) between soil pH and Ca-bound P fraction, indicating that pH 

favoured retention of P in this stable fraction from past P additions (Castillo and Wright, 2008; 

Schlichting et al., 2002). There were no other significant correlations between the remaining 

fractions and other soil properties. Organic P and residual P were by far the predominant 

fractions in all the soils, with values ranging from 24.2 to 50.4 % and from 25.4 to 55.3 % of 

the Pt, respectively, whereas labile P was the smallest fraction and did not exceed 5.5 % of the 

Pt in any soil (Table 4.1). 

 

4.4.2 Changes in P pools over the study duration 

Figure 4.2 shows the percentage change before and after the pot study in labile P, Fe-Al-bound 

P, Ca-bound P, organic P and residual P pools in each soil over all P applications. The labile P 

fraction (Figure 4.2a) increased with increasing rates of P applications in all the soils, as 

expected. Part of the P applied in the form of fertiliser was taken up by the grass, while the rest 

reacted with the soil matrix and was adsorbed to soil particles. There were negative changes in 

labile P in Galway peat, Cork peaty mineral and, to a lesser extent, Galway peaty mineral and 

Wexford mineral, until P applications exceeded threshold values of approximately 45, 35, 25 

and 10 kg ha-1, respectively, indicating a partial depletion of the original pool by grass growth 

and uptake. Here, grass growth may have been impeded due to lack of available P, until the 

rates of application were enough to support plant growth and replenish the labile P pool. 



Chapter 4 – Changes in soil P pools 
 

56 
 

Galway peat and Cork peaty mineral, the soils with the most OM content (Table 4.1), had 

relatively low maximum positive percentages of change (around 200 %), whereas more mineral 

soils, such as Wexford peaty mineral and Cork mineral, had maximum positive percentage 

changes exceeding 2500 %. The magnitude at which the labile P pool changed across the P 

applications is an indication of the ability of each soil to sorb and retain freshly applied P into 

this fraction. Therefore, high percentage change values mean that large amounts of added P 

ended up in this pool, whereas low values indicate that only a small amount was tied up here. 

Phosphorus concentration in the soil solution phase immediately after fertiliser applications is 

typically very high (saturated solution), and undergoes rapid adsorption reactions on the surface 

of the soil particles until equilibrium is reached, thus decreasing its concentration to levels 

typically very small compared to the solid phases (McLaughlin et al., 2011). Mineral soils 

demonstrated a high ability to adsorb P in the surface areas of their mineral fraction, whereas 

this adsorption capacity in organic soils was much smaller (Figure 4.2a).  

Phosphorus not retained in the labile pool of the organic soils was taken up by the plant roots 

in higher proportions than in mineral soils, as P was readily available in the soil solution and 

not loosely bound to soil mineral particles. This was evidenced by the higher P uptakes of the 

organic soils compared to mineral soils (Figure 4.3). At high P doses, when it is likely that P 

has been applied in excess of crop requirements, organic soils with a low % change in labile P 

showed higher P uptake by the plant roots compared to mineral soils with higher % changes 

but lower P uptake (Figure 4.3). Organic soils  have low sorption and retention capacities for 

P (Guppy et al., 2005, Daly et al., 2001), so the relative inability of these soils to retain P 

applied in excess of crop requirements increases the risk of P loss to the aquatic environment 

(Roberts et al., 2017; Daly et al., 2001). The iron-oxide paper strip method, used as a proxy for 

the labile P pool, may also have acted as a sink for some dissolved organic P (Robinson and 

Sharpley, 1994). Although inositol hexaphosphate is the predominant molecule among the 

organic P compounds, it is relatively resistant to mineralisation. 
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Figure 4.2. Percentage change in (a) Labile P fraction, (b) Fe-Al bound P (left vertical axis, ● symbol) and Ca-bound P (right vertical axis, 

symbol) fractions, and (c) Organic P (left vertical axis, ● symbol) and Residual P (right vertical axis,  symbol) fractions across P applications in 

the six soils studied. Percentages represent the organic matter content. 
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However, it is likely that other more degradable molecules, such as phospholipids and nucleic 

acids, are more abundant in organic soils and therefore prone to be mineralised in the extraction 

phase with H2SO4, overestimating labile P (Quiquampoix and Mousain, 2005; Ivanoff et al., 

1998). To minimise this potential source of error and improve the interpretation of labile P 

pools,studies to efficiently estimate bioavailable P, especially in organic soils where degradable 

organic P is likely to be present in a higher proportion compared to mineral soils. 

The Fe-Al bound and Ca-bound P fractions increased proportionally to the P applications in all 

the soils (Figure 4.2b). There was no clear pattern of P accumulation across the different soils 

for both P pools, although higher maximum percentage changes (up to 600 %) were measured 

in the Fe-Al bound P in the mineral soils (Cork mineral and Wexford peaty mineral). The short 

duration of this study likely hindered a better observation of any potential trend between 

organic and mineral soils. None of the soils had negative percentage changes, indicating that 

there was no depletion of these pools at low P doses during the experiment. With the exception 

of Cork peaty mineral, the magnitude of change in the Ca-bound P fraction was smaller than 

the Fe-Al bound P, supporting the hypothesis that this pool is considered a more stable fraction 

to short-term changes and least reactive to freshly applied P (Cross and Schlesinger, 1995). 

With no P applied (zero P rate), the percentage of change in these two fractions was positive at 

the end of the experiment, indicating that P was released from other pools and retained in these 

fractions. Likely, part of the P contained in the organic P and residual P fractions was 

mineralized and transferred to these pools. 

There was a build-up in the organic P pool across the P treatments (Figure 4.2c), indicating that 

some of the applied P was entering in this pool. However, the magnitude of the change was 

small, up to 80 % in absolute values, highlighting the limited ability of this soil pool to retain 

added P compared to the labile P fraction. Again, there was no pattern of percentage of change 

between organic and mineral soils. With the exception of Galway peaty mineral soil, negative 

changes were measured for most of the P applications to the soils. The negative values in this 

fraction may be attributed to mineralization of the partially decomposed OM by the microbial 

community. It has been reported that mineralization of organic materials is enhanced by 

heterotrophic microorganisms when P is not a limiting element (Pisani et al., 2015; Wright and 

Reddy, 2001). 
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Figure 4.3. Relationship between % change in labile P and P uptake for the six soils at each of the 14 fertiliser applications examined in this study. 

P Uptake was calculated by multiplying the cumulative grass dry matter yield at each P dose by the average herbage P content. The miniature 

graph represents % change up to 350 in the y-axis to facilitate reading data in that area. Values in parenthesis in the legend represent organic matter 

content. 
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Small P fertiliser additions may generate more plant available P derived from the 

mineralization of organic P fractions, so that this pool may play an important role in soil P 

fertility, acting as a source of plant available P in those soils where it is a relevant reservoir 

(Menezes-Blackburn et al., 2018; George et al., 2017; Condron and Newman, 2011; Guo et al., 

2000). With the exception of Cork peaty mineral, where there was a tendency to build up P, 

changes in residual P (Figure 4.2c) declined across P treatments. The low pH of the Cork peaty 

mineral soil may have favoured precipitation of some of the applied P with Fe and Al oxides 

that were part of the primary minerals in this soil. The reduction of the residual P pool in the 

rest of the soils (Figure 4.2c) indicated that P may have been partially mineralized and therefore 

mobilised to other pools. The residual pool is considered the most recalcitrant and hence least 

available of all the fractions, as it is associated with very stable organo-metallic materials 

(Turner et al., 2005). However, previous research has shown that this pool can act as a source 

of P for arable crops and forest trees plantations in the short and long-term experiments under 

low or no P inputs (Velásquez et al., 2016; Condron and Newman, 2011). To our knowledge, 

our results are the first to confirm this tendency under pasture (ryegrass) monoculture. 

 

4.4.3 Pathways of transformations in soil P pools 

Path analysis uses the data generated by the P fractionation technique in a theoretical model to 

differentiate between direct and indirect effects from one variable on others (Tiecher et al., 

2018; Gama-Rodrigues et al., 2014; Kang et al., 2009; Zheng et al., 2004). These interrelations 

are evaluated as partial correlations between the variables but, unlike routine multiple 

regression analysis in which a single dependent variable is considered, path analysis conducts 

a multivariate multiple regression analysis where several dependent variables are subjected to 

regression analysis simultaneously on one or more independent variable. Unstandardized path 

coefficients are shown in Table 4.2 and in Figures 4.4-4.6, whereas the standardized values are 

shown in Table 4.3. Phosphorus fertiliser had a significant impact on the majority of the soil P 

pools, although at different magnitudes. The labile P pool was significantly affected by P 

fertiliser applications in all the soils, with the highest effect in the most organic soils, with a β 

= 0.70 for Galway peat and β = 0.27 for Cork peaty mineral soil. This indicates that any added 

P in excess of plant requirements may pose an elevated risk of P transfer to surface waters in 

the organic soils under rainfall events in field conditions, as supported in Figure 4.3. 
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The Fe-Al bound pool was a significant direct sink for freshly applied P for all the soils, as 

widely reported (Castillo and Wright, 2008; Zheng et al., 2004). Phosphorus fertiliser had the 

highest impact on the Fe-Al bound P in the Cork peaty mineral soil (β = 1.73), likely due to the 

very low pH of this soil that favoured immobilization and physico-chemical sorption reactions 

between the freshly applied P and the amorphous and poorly crystalline Fe-Al 

oxides/hydroxides in this soil. The Fe-Al bound P pool contributed indirectly to the 

replenishment of labile P in most of the soils, especially in Cork mineral (β = 0.46 x 0.43). 

However, there was no indirect relationship between added P and the labile pools through the 

Fe-Al bound P pool for the most organic soils (Galway peat, Cork peaty mineral). The lack of 

relationship between these two pools in these soils supports the idea that, as a consequence of 

low pH, mobilization reactions of P in soils (sorption/desorption and precipitation/dissolution) 

play an important role in P availability. The organic P pool had a considerable direct 

relationship with P fertiliser in all soils except Galway peaty mineral. The Cork peaty mineral 

soil had the highest response (β = 0.85). There was no substantial indirect effect of the organic 

pool to Fe-Al bound and labile P pools, with the exception of Wexford peaty mineral, where a 

moderate relationship between the organic P and Fe-Al bound P was calculated (β = 0.58; Table 

4.2 and Figure 4.6). These results show that P applications increased organic P reserves over 

short periods of time. Other studies reported a slight increase in the moderately labile organic 

P pools in incubation and short-term (0 to ≤10 y) field studies (Negassa and Leinweber, 2009). 

However, as was reported in the previous section, the organic P pool experienced a negative 

change at low P rates in the majority of soils. These results highlight the potential role of the 

organic P pool as a source of P for plant uptake through mineralization when added P does not 

meet crop requirements for growth (Negassa and Leinweber, 2009; Castillo and Wright, 2008; 

Turner et al., 2007; Zheng et al., 2004). The role of the soil organic pools as a source of plant 

available P could be well evaluated in middle and long-term unfertilised experiments by path 

analysis in future studies. 

 

 

 

Table 4.2. Unstandardized partial regression coefficients. Direct (diagonal, bold) and indirect 

(off diagonal) contribution of P fertiliser applications on the different soil P pools. Significant 

levels at p ≤ 0.05, 0.01 and 0.001 represented by *, ** and ***, respectively. NS = not significant. 
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Variable Residual P 
Ca-bound 

P 
Organic 

P 
Fe-Al bound 

P 
Labile 

P 
 Galway Peat 

Residual P -0.49***     

Ca-bound P NS 0.69***    
Organic P -0.24* NS 0.53***   

Fe-Al bound P NS NS NS 0.55***  
Labile P NS NS NS NS 0.70*** 

 Galway Peaty Mineral 
Residual P 1.12**     
Ca-bound P -0.17* 1.27***    
Organic P NS 0.94*** NS   

Fe-Al bound P -0.43*** NS NS 1.19***  
Labile P 0.08** 0.13*** NS 0.07*** 0.15** 

 Cork Mineral 
Residual P NS     
Ca-bound P NS 0.18***    
Organic P -0.38*** NS 0.54***   

Fe-Al bound P NS 1.62*** NS 0.46***  
Labile P NS NS -0.10** 0.43*** 0.09* 

 Cork Peaty Mineral 
Residual P NS     

Ca-bound P -0.13** 1.00***    

Organic P NS 0.685* 0.85*   

Fe-Al bound P NS NS NS 1.73***  

Labile P 0.08* 0.12* 0.03** NS 0.27*** 

 Wexford Mineral 
Residual P -0.55**     

Ca-bound P -0.24* 0.29*    

Organic P -0.25* NS 0.45***   

Fe-Al bound P NS NS NS 1.21***  

Labile P NS NS NS 0.10* 0.25*** 

 Wexford Peaty Mineral 
Residual P NS     

Ca-bound P -0.14** 0.17**    

Organic P -0.18*** 0.55*** 0.38***   

Fe-Al bound P NS NS 0.58*** 0.74***  

Labile P NS NS NS 0.18*** 0.04* 

 

Table 4.3. Standardized partial regression coefficients. Direct (diagonal, bold) and indirect (off 

diagonal) contribution of P fertiliser applications on the different soil P pools. Significant levels 

at p ≤ 0.05, 0.01 and 0.001 represented by *, ** and ***, respectively. NS = not significant. 

Variable Residual 
Ca-bound 

P 
Organic 

P 
Fe-Al bound 

P 
Labile 

P 
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 Galway Peat 

Residual P -0.61***     

Ca-bound P NS 0.89***    
Organic P -0.26* NS 0.70***   

Fe-Al bound P NS NS NS 0.96***  
Labile P NS NS NS NS 0.94*** 

 Galway Peaty Mineral 
Residual P 0.46**     
Ca-bound P -0.29* 0.90***    
Organic P NS 0.79*** NS   

Fe-Al bound P -0.429*** NS NS 0.68***  
Labile P 0.40*** 0.39*** NS 0.26*** 0.32** 

 Cork Mineral 
Residual P NS     
Ca-bound P NS 0.71***    
Organic P -0.38*** NS 0.74***   

Fe-Al bound P NS 0.48*** NS 0.52***  
Labile P NS NS -0.17** 0.89*** 0.21* 

 Cork Peaty Mineral 
Residual P NS     

Ca-bound P -0.23** 0.87***    

Organic P NS 0.43* 0.46*   

Fe-Al bound P NS NS NS 0.91***  

Labile P 0.12* 0.25* 0.26** NS 0.51*** 

 Wexford Mineral 
Residual P -0.45**     

Ca-bound P -0.37* 0.39*    

Organic P -0.34* NS 0.51***   

Fe-Al bound P NS NS NS 0.93***  

Labile P NS NS NS 0.34* 0.63*** 

 Wexford Peaty Mineral 
Residual P NS     

Ca-bound P -0.43** 0.42**    

Organic P -0.35*** 0.343*** 0.59***   

Fe-Al bound P NS NS 0.34*** 0.68***  

Labile P NS NS NS 0.82*** 0.18* 
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Figure 4.4. Path relationships between soil P pools and P fertiliser in (a) Galway peat soil and (b) Galway peaty mineral soil. Numbers represents 

unstandardized partial regression coefficients, being the width of the path proportional to the strength of the coefficients, and with green and red 

colours in the paths representing positive and negative relationships, respectively. F = P fertiliser applied, L= Labile P pool, FA=Fe-Al bound P 

pool, O= Organic P pool, C= Ca-bound P pool and R=Residual P pool. 

 

(a) (b) 
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Figure 4.5. Path relationships between soil P pools and P fertiliser in (a) Cork mineral soil and (b) Cork peaty mineral soil. Numbers represents 

unstandardized partial regression coefficients, being the width of the path proportional to the strength of the coefficients, and with green and red 

colours in the paths representing positive and negative relationships, respectively. F = P fertiliser applied, L= Labile P pool, FA=Fe-Al bound P 

pool, O= Organic P pool, C= Ca-bound P pool and R=Residual P pool 

 

(a) (b) 
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Figure 4.6. Path relationships between soil P pools and P fertiliser in (a) Wexford mineral soil and (b)  Wexford peaty mineral soil. Numbers 

represents unstandardized partial regression coefficients, being the width of the path proportional to the strength of the coefficients, and with green 

and red colours in the paths representing positive and negative relationships, respectively. F = P fertiliser applied, L= Labile P pool, FA=Fe-Al 

bound P pool, O= Organic P pool, C= Ca-bound P pool and R=Residual P pool 

 

(a) (b) 



Chapter 4 – Changes in soil P pools 
 

67 
 

Phosphorus fertilisation had a large direct impact on the Ca-bound pools in all the soils, 

especially in Galway peaty mineral, Cork peaty mineral and Galway peat, with path 

coefficients of 1.27, 1.00 and 0.69, respectively. These soils had the highest Mehlich-III 

extracted Ca concentrations (Table 4.1), which may explain the higher affinity for P applied in 

this pool. The Ca-bound P pool exerted little indirect effect on the labile P across the different 

soils, but had a moderate influence in both organic and Fe-Al bound P pools, suggesting that 

mobilization of P retained in this pool is possible but unlikely to become available, at least in 

the short-term. The hypothesis of partial mineralisation of this relatively stable pool towards 

moderately labile fractions has been suggested in previous studies, which speculated that 

recalcitrant organic P included in this pool may be mineralised under aerobic conditions (Zheng 

et al., 2004; Guo et al., 2000; Schlichting et al., 2002). Residual P showed a significant direct 

interaction with P fertiliser applications in half of the soils, with a negative effect in the Galway 

peat (β = -0.49) and Wexford mineral soils (β=-0.55), suggesting that this recalcitrant P can be 

mobilised when P is not limiting (Wright and Reddy, 2001). The residual P pool was an 

important sink for the P applied in Galway peaty mineral, as indicated by the large positive 

direct effect of the path coefficient (β = 1.12). Although not statistically significant (p > 0.05), 

the path coefficients in Cork mineral and Wexford peaty mineral soils were also negative (data 

not shown), indicating an overall tendency of the P retained in this pool to be mobilised and 

become a potential source of P for plant growth.  

When the different pathways of P transformations are compared considering the amount of OM 

of the soils used in this study, there were no significant transformations among the soil pools 

in the soil with the highest OM content (Galway peat, 76 % OM). Likewise, Cork peaty 

mineral, the second largest in OM content (66 %), had limited transformations among its pools, 

with relatively low enrichment of the labile pool via the Ca-bound P pool (β = 1.0 x 0.12) and 

the organic P pool (β = 0.85 x 0.03). Plant growth in these two soils may be restricted under 

low or nonfertilized management regimes due to their limited ability to replenish labile P, 

leaving them dependant on continuous fertilisation. On the other hand, added P was indirectly 

transformed into moderately labile Fe-Al bound P pools to a greater extent in mineral soils, 

indicating an enhanced ability to build up P reserves compared to organic soils, and were 

therefore more resilient to non-fertilised management regimes. However, this trend in mineral 

and organic soils is likely to be so due to the short length of this experiment, and further work 

in medium and long-term field conditions should be conducted. 
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4.5 Conclusions 

Under P deficient scenarios, this chapter showed that external P additions accumulated mainly 

in the labile P pool across the different soil types, followed by the Fe-Al bound P pool. 

However, organic soils displayed a more limited ability to build-up labile P and, to a lesser 

extent, Fe-Al bound P reserves, compared to mineral soils, rendering them vulnerable to P 

losses when fertiliser is applied in excess of the crop requirements for growth. Additionally, 

there was a higher P uptake in the grass yield of these organic soils than in mineral soils, 

indicating that P fertiliser applications to P-deficient organic soils tend to remain in the soil 

solution and therefore should be restricted to growing periods when there is a demand for P 

and the risk of precipitation is low. Soil pH should be optimized prior any fertilisation event, 

even in P deficient soils, as it influences the retention of applied P. Organic and residual P 

pools were partially mineralized in most of the soils, indicating mobilisation towards more 

labile pools. Therefore, they may be considered as a potential source of P for plants.  

Transformations of P between the different P pools under fertilisation were well explained by 

path analysis, and showed the potential of the more recalcitrant pools to mobilise P into more 

labile P in all the soils. Only the most OM-rich soil had no significant P turnover from the more 

recalcitrant to labile pools, rendering it dependant to external P applications that may elevate 

the risk of incidental P losses. Current fertiliser recommendations are mostly based on single 

agronomic soil P tests that only measure readily available P in the labile P pool, but do not take 

into consideration the interrelationships with recalcitrant P pools, which may be a potential 

source of P.  

 

4.6 Summary 

This chapter showed the contrasting ability of the different soil types to retain soluble and 

freshly applied P into the soil matrix, where organic soils had diminished sorption capacities 

compared to mineral sols. Path analysis suggested a dynamic turnover of non-labile pools to 

supply P to the labile pool in mineral soils. Chapter 5 examines the runoff losses of P in an 

organic soil when subjected to different P application rates and timing regimes. 
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Chapter 5 

Split phosphorus fertiliser applications in organic soils reduce incidental 
losses in surface runoff 

 

5.1 Overview 

The objectives of this study were to (1) to evaluate P concentrations in runoff from a rainfall 

simulation experiment in which P was applied as single and split applications and at different 

P doses, and (2) to assess the decay rate and persistence of P losses in overland flow derived 

from the different P applications. The experimental design of the rainfall experiment was based 

on a farm survey conducted in three different catchments in Ireland on the frequency of P 

applications that are typically applied, and was conducted within the project in which this thesis 

is encompassed. 

This study has been published in Journal of Environmental Management: González Jiménez, 

J.L., Daly, K., Roberts, W. M., Healy, M. G., (2019). Split phosphorus fertiliser applications 

as a strategy to reduce incidental losses in surface runoff. Journal of Environmental 

Management, 242, 114-120. http://doi.org/10.1016/j.jenvman.2019.04.046 

 

5.2 Introduction 

Incidental losses of P to surface waters, originating from recently added fertilisers to 

agricultural soils, is a significant pressure on water quality (Delgado and Scalenghe, 2008; 

Carpenter, 2008; Hart et al., 2004; Haygarth and Jarvis, 1999).  

As a result of reclamation of marginal land for grassland production and the application of P 

fertiliser, P exports from these soils have been reported to be potential major contributors of 

water deterioration in Ireland (Roberts et al., 2017) and in other parts of the world (Simmonds 

et al., 2015; Zheng et al., 2014; Guérin et al., 2011; Janardhanan and Daroub, 2010; Castillo 

and Wright, 2008). However, although some research has been conducted regarding the 

mechanisms of surface runoff from organic soils (Simmonds et al., 2017; Holden and Burt, 
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2002), little is known about the potential magnitudes of P loss following P applications nor the 

mitigation of those losses. 

Given the low sorption capacity of organic soils for added P, one of the mechanisms that has 

been proposed to mitigate P exports is the optimisation of P fertiliser applications in order to 

better match P requirements with crop demands (Hart et al., 2004). Multiple smaller 

applications of P fertiliser that account for the same amount of P applied in one single 

application can both fulfil crop demands and decrease incidental P losses during rainfall-runoff 

events. However, very little research has reported P losses in this scenario, especially from 

organic soils. Burkitt et al. (2011) reported this “little and often” approach as a common 

practice in some parts of Australia, although they did not report consistent data on the number 

of applications being carried out by landowners. 

In this study, we hypothesise that the frequency of P applications on organic/histic soils can 

reduce the magnitude, decay rate and persistence of P concentrations in runoff following a 

rainfall event. A laboratory rainfall-runoff experiment was conducted. Two different P fertiliser 

applications were applied in one single dose or split into two doses on intact organic soil blocks 

and subjected to eight simulated rainfall events over a period of 85 days.  

 

5.3 Materials and methods 

5.3.1 Sites description and farm survey 

Farm surveys were carried out in three high status river catchments, namely, the River Urrin in 

the Southeast, the River Allow in the Southwest, and the River Black in the Midwest of the 

Republic of Ireland over the 2014/2015 winter period. A total of 39 farms (16, 10 and 13 for 

the Urrin, Allow and Black catchments, respectively) were surveyed to assess the frequency of 

P applications of mineral and organic fertilisers across 520 fields. Surveyed data accounted for 

the number and type of P applications (N-only fertiliser applications, like Calcium Ammonium 

Nitrate (CAN) or urea, are not included in these data) and the percentage of OM content of 

each field. As any particular field may have received applications of mineral fertiliser only, 

organic fertiliser only, or a combination of both types of fertiliser in different proportions, the 

total numbers of organic and mineral fertiliser applications were calculated. The absolute 
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values were then converted to proportions of the total number of fields with relation to each 

soil.  

 

5.3.2 Soil sample collection, characterisation and fertiliser application regime 

Intact soil blocks, each approximately 0.6 m long, 0.4 m wide and 0.2 m deep, under permanent 

perennial ryegrass (Lolium perenne L.) were collected from a drystock farm in Tuam, Co. 

Galway (53°3’ N 9° 0’ W) in June 2017. This farm is situated within the River Black catchment, 

one of the three catchments included in the farm survey (Roberts et al., 2017). Subsamples 

taken from the same locations as the soil blocks were air dried, sieved through 2-mm sieve, 

thoroughly homogenised and analysed for physico-chemical properties. Percentage OM was 

determined using loss on ignition test at 360° C (Schulte and Hopkins, 1996), particle size 

analysis was determined with the  hydrometer method (ASTMD, 2002), total C and N were 

estimated by combustion (McGeehan and Naylor, 1988), total and plant available P were 

determined by the acid perchloric digestion (Sommers and Nelson, 1972) and Morgan’s P test 

(Morgan, 1941) procedures, respectively. Mehlich-3 soil test was used to determine Al, Ca, Fe 

and P (Mehlich, 1984). A P saturation ratio (PSR) for organic soils was estimated as 

[P/(Al+5*Fe)]Mehlich-3, where P, Al and Fe are Mehlich-3 extractable forms on a molar basis 

(Guérin et al., 2007).  

Phosphorus treatments consisted of different rates of P fertiliser in the form of single super-

phosphate (16 % P). Artificial fertiliser was chosen as the predominant form of added P over 

organic fertilisers (slurry) based on the results of the farm survey conducted in this study. 

Fertiliser recommendations for organic soils in Ireland are limited to maintenance amounts to 

replace P removed in crop offtakes, which can be up to 30 kg ha-1 depending on the stocking 

rate and/or grazing regime (Coulter and Lalor, 2008). However, in a nutrient management 

survey published recently (Roberts et al., 2017), added P can be almost 1.5 times higher than 

the P requirements for organic soils. Based on this, the fertiliser application rates and timings 

investigated were: one single application of 30 kg P ha-1 (675 mg P flume-1), a 30 kg P ha-1 

applied in two split applications of 15 kg P ha-1 (337.5 mg P flume-1) (one at day 0 and the 

second at day 55), one single application of 55 kg P ha-1 (618.8 mg P flume-1) and 55 kg P ha-

1 applied in two split applications of 27.5 kg P ha-1 (one at day 0 and the second at day 55). 

Each treatment was replicated at n=3, and a study control (soil only, also replicated at three 

times) was included in the experimental design.  
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5.3.3 Rainfall simulation setup 

The grassed, intact soil cores were trimmed and packed in runoff boxes, each 1 m long by 0.225 

m wide by 0.05 m deep, with side walls 2.5 cm higher than the soil surface. Each runoff box 

was instrumented with three holes, each 0.5 cm in diameter, at the base to facilitate natural 

drainage of the soil (Regan et al., 2010) and an overflow weir at the end to allow runoff water 

to be collected in the simulated rainfall experiments (Figure 5.1). Prior to  

 

Figure 5.1. Flumes layout under the rainfall simulator. 

 

placing the soil in the runoff boxes, cheese cloth was placed at the base before packing the soil 

slabs to prevent soil loss through the drainage holes. Typically, two blocks were used to fill 

each runoff box, and packed to ensure that no gap existed between the cores. Melted candle 

wax was applied between the walls and the soil surface to seal any gap and avoid runoff losses. 

The runoff boxes were placed outdoors under natural conditions for two months prior to the 

start of the experiment to facilitate natural settlement of the cores. Grass in the boxes was 

trimmed to a length of 4-6 cm before any P treatment application, as typically P fertiliser is 

applied, along with N fertiliser, after a field has been grazed (Burkitt et al., 2011). 

The runoff boxes were placed in a rainfall simulator at a slope of 6 %, similar to the average 

slope of fields high in OM  (> 20 %) of the Roberts et al. (2017) study. The rainfall simulator 
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consisted of a single 1/4HH-SS14SQW nozzle (Spraying Systems Co., Wheaton, IL) attached 

to a 4.5-m-height metal frame with a rotating disc (Figure 5.2). The simulator was calibrated 

to achieve an intensity of 10.2 ± 0.1 mm h-1 and a droplet impact energy of 260 kJ mm-1 h-1 at 

90 % uniformity. The water used in the simulations had a DRP concentration of less than 0.005 

mg L-1. Prior to the start of the experiment, the drainage holes were plugged and the soil was 

saturated under the simulator until ponding was observed in the surface. The drainage holes 

were then unplugged to allow the soil to drain freely for 24 h to replicate field  

 

Figure 5.2. Rainfall simulator rotating disc. 

 

conditions before any P application. Due to higher infiltration of water in organic soils 

compared to mineral soils, drainage holes were plugged at each rainfall simulation to mitigate 

the direct loss of water in the drainage (Zheng et al., 2014).  

After one day, the different P treatments were applied (day 0). Eight rainfall simulations were 

carried out at days 2, 7, 15, 30, 57, 62, 70 and 85, respectively. Each event lasted for 30 min 

after continuous runoff was observed. Water in the runoff was collected at 10-min intervals 

within this 30-min rainfall period and analysed immediately after the end of each simulation. 

Between each rainfall simulation, the soil boxes were left outdoors under natural weather 

conditions with the drainage holes unplugged and at a 6 % slope. Temperature and rainfall 

parameters were recorded from a local weather station (www.iruse.ie). 
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5.3.4 Water analysis 

Water samples were tested for suspended solids (1.2 μm pore size), DRP, TP, total dissolved 

P (TDP). Suspended solids were measured only for the first three rainfall events and 

discontinued thereafter as the concentration for all the P treatments (including control) were 

similar (24.5 ± 5.5 mg L-1) and remained constant over these three first events. Dissolved 

reactive phosphorus was measured colorimetrically using a nutrient analyser (Konelab 20, 

Thermo Clinical Laboratories Systems), and TP and TDP were determined after acid persulfate 

digestion using a BioTector Analyzer (BioTector Analytical Systems Ltd.) Dissolved reactive 

phosphorus and TPD determination was performed in filtered samples using 0.45-μm filter 

disks. Particulate P (PP) was calculated by subtracting TPD from TP, and dissolved unreactive 

P (DUP) was calculated by subtracting DRP from TDP.  

 

5.3.5 Data analysis 

Flow weighted mean concentrations (FWMC) were calculated to adjust the variability of the 

discharge water for each rainfall simulation event using (Cooke et al., 2005): 

𝐹𝑊𝑀𝐶 =
∑ (௩×)

భ

∑ ௩

భ

     [5.1] 

where 𝑣 is the volume, in litres, in the ith sample and 𝑐 is the concentration, in mg L-1, in the 

ith sample. A repeated-measures ANOVA was performed in SPSS (IBM SPSS 24 Core 

Systems) followed by the Tukey’s HSD multiple comparison test. Data were log-transformed 

in order to meet constancy of variance and normality of errors. A monophasic exponential 

equation was used to model the decay of P concentration in runoff with time: 

𝑃 =  𝛼 × 𝑒ିఉ∗௧     [5.2] 

where 𝑃 is the concentration of P in runoff (in mg L-1), 𝑡 is the time in days since P application, 

and α and β are the equation parameters representing the maximum P (in mg L-1) at time zero 

and the decay rate of P, respectively. For the split P treatments (2 × 15 kg P ha-1 and 2 × 27.5 

kg P ha-1), two equations were fit for each portion of the treatments. The regression analyses 

were conducted using a nonlinear mixed-effects model in R statistical software, version 3.4.2 

(R Core Team, 2017) using the nlme function in the nlme package (Pinheiro et al., 2017). From 
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the models generated, the time at which the concentration of P would decrease to 50, 75 and 

87.5 % of the maximum (corresponding with the half-life, quarter-life and one-eighth-life of 

the peak P value, respectively) and the corresponding P concentration were estimated. 

Additionally, the cumulative P losses (mg L-1) were calculated as the area under the curve for 

each treatment by integrating Eqn. 2 between time zero and infinity: 

𝐶𝑃 =
ఈ

ఉ
    [5.3] 

where α and β are the model parameters in Eqn.2. 

 

5.4 Results and discussion 

5.4.1 Farm survey 

Figure 5.3 shows the number of fertiliser applications for organic and mineral soils, 

differentiating between organic and mineral P fertiliser for each application. To our knowledge, 

this is the first study to survey and report the frequency of P fertiliser applications. From the 

520 fields sampled, 456 fields (88 %) were mineral and 64 (12 %) were organic. There were 

39 mineral soils (9 %) and 10 organic soils (16 %) that did not receive any P fertiliser 

application (data not presented in Figure 5.3). Nearly 40 % of the organic soils received one 

single application, followed by 28 % and 16 % of the fields receiving two and three 

applications, respectively, with no further applications beyond this point. Mineral soils had a 

higher number of P applications, up to seven or eight (with a marginal number of soils receiving 

nine to eleven applications). These fields were typically under more intense management, with 

tighter rotational grazing regimes linked to dairy farms and silage and hay production 

enterprises. By contrast, organic fields were generally under dry stock farms with a more 

extensive land use. 

Regarding the type of fertiliser applied, mineral fertiliser was predominant across the number 

of fertiliser applications, especially in those soils receiving one single application. This trend 

was observed in both soil types. For fields receiving two or three applications, the proportion 

was more balanced. The mineral fertiliser used in the fields receiving two or more applications 

was typically a combination of different nutrients (NPK) to balance plant offtakes (Roberts et 

al., 2017).  
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Organic soils have been reported to have low sorption capacities for P (Guppy et al., 2005; 

Daly et al., 2001). Therefore, the risk of P losses to adjacent water bodies is high when these 

soils are placed into agricultural production and receive external P applications to increase  

 

 

Figure 5.3. Number of fields (proportion in relation to the total number of organic (n=64) and 

mineral (n=456) soils) receiving increasing number of P fertiliser applications of organic and/or 

mineral fertiliser. O = organic soils, M = mineral soils. 

 

grass yields. Phosphorus applied in excess of crop requirements in these soils remains in the 

soil solution, so the likelihood of P loss is increased during rainfall events. However, P losses 

from these soils may be minimised using a combination of timing and rates of P fertiliser 

applications (Roberts et al., 2017).  

 

5.4.2 Soil general properties  

Based on the soil profile and the OM content, the soil used in this study was classified as a 

humic lithosol in the Irish Soil Information System (Creamer et al., 2014). Table 5.1 shows the 
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main physicochemical parameters. The PSR of the soil (0.02) was below the 0.05 value at 

which it is considered to be a threshold for P concentration in runoff (Guérin et al., 2007). 

 

5.4.3 Phosphorus forms and concentrations in runoff 

Among the different forms of P measured in the runoff, DRP was predominant, and on average 

comprised 89 % of the TP for the P-receiving treatments (65 % for the control). These 

proportions are consistent with previous studies reporting soluble P in grassland soils, which 

ranged from 60 to up to 96 % of TP (Kleinman et al., 2002, Nash et al., 2000; Fleming and 

Cox, 1998; Greenhill et al., 1983). Other studies reported PP as the main form in water runoff 

using organic P fertiliser such as dairy (Murnane et al., 2015; Brennan et al., 2011) or pig slurry 

(O’Flynn et al., 2012). The moderately smooth slope at which runoff boxes were subjected in 

this study, along with the use of soluble commercial P fertiliser and the absence of animals 

causing damage to the soil, are likely responsible for the low particulate P losses in the overland 

flow observed (Hart et al., 2004).   

Phosphorus treatments, timing of rainfall and their interactions had a significant (p < 0.001) 

effect on the concentration of DRP in the runoff. Among the treatments, FWMC DRP losses 

in the runoff during the first rainfall event from the single application of 30 kg ha-1 (44.6 mg 

L-1) were more than three times greater than for the first application of its split application, 15 

kg ha-1 (13.3 mg L-1) (Figure 5.4). Similarly, FWMC DRP losses were almost five times greater 

for the single application of 55 kg ha-1 (97.8 mg L-1) than from its split application of 27.7 kg 

ha-1 (21.8 mg L-1). This highlights that P applications and losses of P in the runoff were not 

linearly related. Rather, the concentration of P increased exponentially at higher P applications. 

Other studies also reported a nonlinear relationship between P applications and P concentration 

in the overland flow (Burkitt et al., 2011; McDowell and Catto, 2005). This is better illustrated 

when the parameters of the models generated for each treatment were calculated (Table 5.2): 

whilst the maximum FWMC DRP concentration at time zero (α)  
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Table 5.1. Selected chemical and physical properties of the soil in the rainfall simulations study. Numbers in parenthesis represent standard 

deviations (n=3). 

pH OM Particle Size   Mehlich-3 
Total 

C 
Total 

N 
Total P 

Morgan's 
P 

PSR1 

  Clay Silt  Sand Texture Al Fe Ca P      

 %   mg Kg-1 mg L-1  

5.5 
(0.3) 

54.1 
(2.1) 

13.9 
(1.5) 

27.3 
(1.6) 

58.8 
(0.5) 

Sandy 
Loam 

328.7 
(79.6) 

350.7 
(46.5) 

3771.0 
(289.1) 

29.3 
(3.1) 

276.8 
(7.7) 

16.5 
(0.1) 

884.0 
(39.5) 

9.1 (2.2) 
0.022 
(0.001
) 
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increased with higher P applications, the decay rate (β) remained relatively constant for the 

different P applications. For example, the FWMC DRP concentration at day 15 was very 

similar for all the P applications, despite the large differences in the FWMC DRP 

concentrations between P applications at days 2 and 7. We hypothesise that decay rates may 

differ among soils of different pedogenesis, depending on the mineralogy and hydrological 

parameters affecting the P sorption capacity of each soil type. When the simulated cumulative 

DRP concentrations are considered (CP in Table 5.2), the maximum values correspond to the 

highest P treatments. The CP was higher for the single applications than for the sum of the split 

treatments (577.0 and 264.7 mg L-1 versus 305.7 and 132.3 mg L-1 for the 55 and 30 kg ha-1 

applications, respectively). 

 

 

Figure 5.4. Rainfall (right y-axis) and DRP concentration (left y-axis) in runoff (including 

standard deviations) for each P fertiliser treatment over a period of 85 days. Fertiliser 

applications correspond with DAT 2 and DAT 57 (spikes in the graph). 

 

As FWMC DRP losses in single applications were higher than those obtained from the split 

applications, the relevance of multiple, but smaller, applications instead of the same total P in 

one single fertiliser application, may be proposed as a strategy to improve P management and 

reduce P losses. 
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Table 5.2. Model parameters, time to reach 50, 75 and 87.5 % of the maximum P concentration (as DRP) in runoff, along with the P concentration 

(as DRP) at these referred times, for the different P fertiliser applications. Numbers in parenthesis represent standard deviations (n=3).  

Treatments 
α 

β 
CP1 t(50 %) P conc. t(75%) P conc. t(85%) P conc. 

mg L-1 mg L-1 days mg L-1 days mg L-1 days mg L-1 

Single 55 kg ha-1 190.4 (12.7) 0.33 (0.02) 577.0 2.1 95.2 4.2 47.6 6.3 23.8 

1st 27.5 kg ha-1 34.2 (2.9) 0.23 (0.02) 148.7 3.0 17.1 6.0 8.5 9.1 4.3 

2nd 27.5 kg ha-1 36.1 (4.1) 0.23 (0.02) 157.0 3.0 18 6.0 9.0 8.9 4.5 

Single 30 kg ha-1 84.7 (2.1) 0.32 (0.01) 264.7 2.2 42.3 4.3 21.1 6.5 10.6 

1st 15 kg ha-1 25.6 (2.2) 0.33 (0.03) 77.6 2.1 12.8 4.2 6.4 6.3 3.2 

2nd 15 kg ha-1 17.5 (1.6) 0.32 (0.03) 54.7 2.2 8.8 4.4 4.4 6.6 2.2 
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The organic soils in the current study had higher P incidental losses in runoff than from other 

studies in which mineral soils received similar inorganic P applications. For instance, Burkitt 

et al. (2011) measured DRP losses in surface runoff of approximately 10 and 4 mg L-1  after 

three days of P application in an oxyaquic hydrosol receiving 40 and 13.3 kg ha-1 P fertiliser, 

respectively. These results support previous studies indicating that organic soils are regarded 

as having poor adsorbancy of P (Simmonds et al., 2015; Guppy et al., 2005; Daly et al., 2001). 

To our knowledge, no study to date has examined incidental P losses in surface runoff after P 

fertiliser applications in soils with high content of OM, either in field or in laboratory 

conditions. Hence, this study can be regarded as a starting point for further experiments 

investigating incidental P losses under field conditions following recently applied P fertiliser. 

The rainfall regime for a specific region/country that may affect any P application is an 

important point to consider in any P risk assessments and consequently in the P use 

management in fields. In Ireland, for example, frequent rainfall events occur across the whole 

year, with April, May, June and July being the months of least rainfall (national average of 80 

mm per month). This increases to 100 mm in February, March, August and September (Walsh, 

2012). Additionally, rainfall events are higher in the west of the country, where the majority of 

peat-derived and other organic soils are located (Hammond, 1981). Therefore, it is likely that 

a rainfall event will occur close to the time of a P fertiliser application, especially at the 

beginning of the growing season when the temperature starts to rise (February-March) and 

farmers begin to apply organic P (accumulated from the preceding winter session) and/or 

artificial fertilisers to enhance grass growth. In this scenario, a “little and often” approach may 

be more desirable as the losses are smaller than in a single application. 

The intensity of the rainfall events, their ability to saturate the soil, and therefore to promote 

surface runoff, is the most important factor of the model used in this experiment. This means 

that under other rainfall intensities apart from those recorded here, the P loads in the rainfall 

events may be different that those reported here.  

 

5.4.4 Decay rate and persistence of phosphorus in runoff  

The time to reduce FWMC DRP concentrations to half the initial values in the different P 

treatments ranged between two and three days. In a similar manner, it would take between four 

and six days and between six and nine days to reduce P concentrations to 75% and 85 % of the 
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initial peak value (Table 5.2). The estimated FWMC DRP concentrations at these decay times 

were all high, indicating that more time would be required to return to baseline concentrations 

similar to those measured in the control (no P added) soils. Although P concentrations in 

surface runoff are not equivalent to those for freshwater quality standards, they may be 

regarded as guidelines in risk assessment plans (Tierney and O’Boyle, 2018). Despite its 

potential utility, few studies have reported half times in runoff studies, varying between one 

and four days (Burkitt et al., 2011; Nash et al., 2005). Nevertheless, decay times, such as the 

ones estimated in the current study, can be seen as guidelines to ascertain the risk of P losses 

when the probability of rainfall events is taken into account in local recommendation 

guidelines. 

Dissolved reactive P from the different treatments remained significantly different (p < 0.01) 

over the duration of the experiment when compared with the control, except for the single 30 

kg ha-1 application on day 85 (p = 0.08). Relatively low P applications such as those at 30 kg 

ha-1 had a significant effect on DRP exports which lasted at least 70 days, highlighting the 

persistent effect that P applications can have on surface runoff. For the split applications, DRP 

losses were significant for at least 30 days. Hart et al. (2004) reported that the most significant 

proportion of P exports in runoff on mineral soils may last up to 50 days after P applications. 

The longer periods of time over which P applications had significant effects in the current study 

compared to those reported in Hart et al. (2004) may be explained by the low P retention 

abilities of the organic soil used in this experiment. As previously mentioned, in countries such 

as Ireland, the probability for a relevant rainfall event to occur close to the time of fertiliser 

application is high, highlighting the elevated risk of P transfer when P applications are made 

in one dose compared to a smaller but more frequent approach. 

 

5.5 Conclusions 

Our initial hypothesis in which frequency of P applications would decrease P loads in runoff 

was supported by our results, where significantly reduced P concentrations in surface runoff 

were obtained from split applications compared to the same P amount applied in one single 

application. This suggests that, in soils with low P sorption abilities such as histic and other 

peat-derived soils, the ‘little and often’ approach may be regarded as a good strategy to 

minimise P exports in surface runoff from organic soils following P fertiliser application. In 



Chapter 5 – Phosphorus losses in surface runoff 
 

83 
 

this scenario, the risk of P loss in runoff is closely linked to climatology, so that rainfall events 

occurring all year around, such as in Ireland and other temperate countries, can drastically 

affect incidental P losses when they are applied in one single dose rather than smaller, but 

multiple, applications. However, it has been shown that decay rates at which P was exported 

in the surface runoff were similar across different P application rates and timings, suggesting 

that is a characteristic related to the specific ability of the soil to retain P in the overland flow 

and not added P rates. 

Our results also showed that the time required to reduce P concentration in overland flow to a 

baseline value can take two to three months, and is likely associated with the limited ability of 

organic soils to retain added P. The time to reduce peak concentrations to 75 or 85 % ranged 

between six and nine days from the time of fertiliser application. Although P exports at these 

times and standard freshwater quality concentrations are not equivalent, cognisance of the time 

periods of potentially elevated P concentrations following P fertiliser applications should be 

taken into account in the nutrient management of farms.  

 

5.6 Summary 

This chapter has explored the P loads in surface runoff in an rainfall simulation experiment 

using different P applications and timing regimes. For any given amount of applied P, split 

applications produced significantly lower P in surface runoff than the single applications, 

suggesting that the timing regime should be considered in order to minimise P losses in 

overland flow. Chapter 6 explores the P and N loads in leaching water derived from different 

P rates and timings of slurry in a column experiment. 
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Chapter 6 

Impacts of single and split dairy slurry applications on the column leachate 
of two soils with contrasting organic matter content 

 

6.1 Overview 

The aim of this work was to compare leaching losses of P and N from two soils of contrasting 

organic matter content receiving different doses of dairy slurry in one single application or split 

in two, and determine the potential risk of nutrient loss arising from these slurry applications 

on the leached water.  

 

6.2 Introduction 

Land application of animal-derived manures such as dairy slurry is a common practice to 

improve soil fertility, but it may also pose a risk of nutrient and C losses to the surrounding 

environment. Although surface runoff is considered to be the main pathway of nutrient losses 

from fertiliser applications, leachate or subsurface processes may also be a key component of 

the transport mechanism from agricultural soils to water in some soil types, particularly organic 

soils (Hart et al., 2004; Simmonds et al., 2017). 

With intensification of agricultural practices across Europe, marginal soils such as peat soils 

and other peat-derived soils are being cultivated to meet food demands. Organic soils have low 

P retention properties due to intense competition reactions of organic acids for the scarce 

cationic sorption sites of the mineral fraction (Gerke, 2010; Guppy et al., 2005; Daly et al., 

2001). Moreover, organic soils can develop significant preferential flow pathways due to their 

high hydrophobicity when they are exposed to drying and wetting processes. However, few 

studies have been conducted in organic soils receiving organic fertiliser applications, and the 

potential impact of subsurface transfer of P and N in these soils remains poorly understood 

(Riddle et al., 2018; Parvage et al., 2015).  
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In Chapter 5, the impact of single versus split applications of fertiliser on nutrient content in 

runoff from organic soils was quantified. This chapter builds on this work by evaluating the 

risk of nutrient transfer derived from these fertiliser practices to the groundwater. Therefore, 

the aim of this chapter was to examine losses of P and N in subsurface flow following single 

and split applications of dairy slurry at different doses to soils of contrasting organic matter 

content. The soils were placed in polyvinyl chloride (PVC) columns, maintained under constant 

conditions of temperature and humidity, and subjected to simulated rainfall. The slurry 

treatments (equivalent to 15, 30 and 55 kg P ha-1) were made in one single application or split 

into two applications over a total study period of 34 weeks. 

 

6.3 Materials and methods 

6.3.1 Soil collection and analysis 

Organic and mineral soils were collected from two dry-stock farms located in a “high status” 

catchment (Roberts et al., 2017). Approximately 150 kg of each soil type was collected from 

the top 0.2 m, air-dried, manually sieved to pass a 2-mm sieve, and thoroughly mixed. A 

subsample from each soil type was analysed for physico-chemical properties. At the time of 

soil collection, intact soil cores (n=3) were taken to determine fresh bulk density and 

gravimetric water content, according to British standards (BS 1377-2, 1990)  

Cation exchange capacity was estimated using the method described by Ross (1995). pH (1:1 

in H2O) was determined according to McLean (1982). Total OM was determined using the loss 

on ignition test at 360° C (Schulte and Hopkins, 1996). Total C and N were estimated by 

combustion (McGeehan and Naylor, 1988). Total and plant available P were determined by the 

acid perchloric digestion  (Sommers and Nelson, 1972) and the Morgan’s P test (Morgan, 1941) 

procedures, respectively. Particle size analysis was determined using the  hydrometer method 

(ASTMD, 2002). The Mehlich-3 soil test was used to determine Al, Ca, Fe and P (Mehlich, 

1984). As a measure of the degree of P saturation of the soils, the P saturation ratio (PSR) for 

acidic soils was calculated: 

 

[P/(Al+γ*Fe)]Mehlich-3      [6.1] 
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where P, Al and Fe are Mehlich-3 extractable forms on a molar basis and γ is a weighing factor, 

set at 1 for the mineral soil and 5 for the organic soil, to compensate for the low extraction 

efficiency of Fe in organic soils (Guérin et al., 2007).  

Additionally, P sorption isotherm experiments were conducted to determine the total sorption 

and bonding capacities of both soils. Twenty-five mL of varying concentrations (0, 5, 10, 30 

and 60 mg P L-1) of a KH2PO4 stock solution were added to 50 mL polyethylene centrifuge 

tubes each containing 1 g of soil (n=3). Samples were shaken for 24 h at 250 epm in a 

reciprocating shaker, allowed to settle for 1 h, filtered through a 0.45 μm membrane filter, and 

the filtrate was analysed for DRP using a nutrient analyser (Konelab 20, Thermo Clinical Lab 

systems, Finland). A linearized Langmuir adsorption equation (Kovar and Pierzynski, 2009) 

was used to fit the data: 

 



ௌ
=

ଵ

ௌೌೣ
+



ௌೌೣ
     [6.2] 

 

where 𝐶 is the concentration of P after equilibration (in mg L-1) and 𝑆 is the total amount of P 

retained (mg kg-1), 𝑆௫ represents the maximum amount of P that can be sorbed by the soil 

(mg kg-1), and 𝑘 is a constant related to the bond strength of added P to soil (L mg-1 P).  

 

6.3.2 Slurry collection and analysis 

Dairy slurry was collected from the Teagasc Agricultural Research Centre, Moorepark, 

Fermoy, Co. Cork, and kept refrigerated (10 ± 1 °C) prior to the start of the experiment. 

Homogenised subsamples were tested in triplicate for TP, total N (TN), DRP, ammonium 

(NH4), pH and DM. Total P and TN were measured using acid persulfate digestion and by 

combustion oxidation, respectively. Dry matter was measured by drying at 105° C for 24 h and 

pH was determined using a pH probe (LF 96 Meter, WTW, Germany). A subsample of fresh 

slurry was centrifuged before being filtered (0.45 μm) and analysed for DRP and NH4. All the 

parameters were determined using the standard methods (APHA, 2005).  
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6.3.3 Soil columns setup 

Prior to placement in the columns, the gravimetric water content of the two soils was modified 

using distilled water to attain the same value as that measured at the time of sampling. The soil 

was packed in forty-two 0.3-m deep and 0.1-m internal diameter PVC columns (21 for each 

soil type) (Figure 6.1), each instrumented with perforated bases to allow free drainage. A 0.05-

m layer of gravel was placed at the bottom of the columns, which was overlain by 0.2 m of 

soil, compacted in 0.05 m depth intervals to attain the same fresh bulk density as obtained in 

the field. At each depth interval, the soil was pressed against the column to avoid the occurrence 

of preferential flow paths.  

 

 

The experiment was conducted in a temperature (10 ± 1 ° C) and humidity (85 ± 8 %)-

controlled room, representative of climatic conditions in Ireland (Walsh, 2012). Each column 

was irrigated weekly with 160 mL of distilled water, applied homogeneously onto the surface 

in two aliquots each of 80 mL over a 2 h period. This rate of water addition was representative 

of the yearly average precipitation in Ireland (19 mm per week, 980 mm per year; Walsh, 2012). 

Prior to the start of the experiment, the columns were allowed to incubate for a period of 16 

weeks to stabilise the pulse in C and N mineralisation following drying and wetting processes 

in the soil (Borken and Matzner, 2009).   

The treatments (each at n=3) examined were: (1) one single application of 15 kg P ha-1 (11.8 

mg P column-1) (2) a 15 kg P ha-1 applied in two split applications of 7.5 kg P ha-1 (5.9 mg P 

column-1) each (3) one single application of 30 kg P ha-1 (23.6 mg P column-1) (4) a 30 kg P 

Figure 6.1. PVC columns containing packed soil 
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ha-1 applied in two split applications of 15 kg P ha-1 (11.8 mg P column-1) each (5) one single 

application of 55 kg P ha-1 (43.2 mg P column-1) (6) 55 kg P ha-1 applied in two split 

applications of 27.5 kg P ha-1 (21.6 mg P column-1) each, and (7) a study control (soil only).  

Based on the content of TP of the dairy slurry,   the amounts of slurry applied were 36, 72 and 

132 g for the single 15, 30 and 55 kg ha-1, respectively. The amount of TN added was 64.6, 

129.2 and 236.9 kg ha-1 for applications of 15, 30 and 55 kg P ha-1, respectively. The duration 

of the experiment was 34 weeks.  

Single applications were made after the incubation period, at week 17, and split applications 

on week 17 and 25, respectively. The doses were selected based on current fertiliser 

recommendations on organic soils in Ireland, where the maximum allowance for P is 30 kg P 

ha-1, depending on the stocking rate and/or grazing regime (Coulter and Lalor, 2008). However, 

a recent study reported that the P applied may be up to 1.5 times higher than the advised 

amounts for organic soils (Roberts et al., 2017). Due to the low sorption abilities of organic 

soils to retain P (Guppy et al., 2005; Daly et al., 2001), lower application rates (15 kg ha-1) 

were included in the experiment. 

 

6.3.4 Leachate collection and analysis 

Leached water was collected weekly in plastic containers using funnels placed beneath each 

column (Figure 6.2). Volumes of leached water were measured and homogenised before 

subsampling. Unfiltered subsamples were analysed for TP, TN, total organic carbon (TOC), 

total inorganic carbon (TIC) using a Biotector Analyser (Biotector Analytical Systems Ltd), 

and the pH was measured using with a pH probe (LF 96 Meter, WTW). Filtered subsamples 

Figure 6.2. Containers and funnels used to weekly collect leached water. 
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(0.45-μm pore size) were analysed for DRP, NH4-N, total oxidised nitrogen (TON) and nitrite-

N (NO3-N) using a nutrient analyser (Konelab 20, Thermo Clinical Laboratories Systems, 

Finland), and total dissolved nitrogen (TDN), dissolved organic and inorganic carbon (DOC 

and DIC) and TDP using a Biotector analyser (Biotector Analytical Systems Ltd). Nitrate-N 

(NO2-N) was calculated as the difference between TON and NO3-N, total particulate N (TPN) 

as the difference between TN and TDN, organic N (Norg) as the difference between TDN and 

TON + NH4-N, DUP as the difference between TDP and DRP, and particulate P as the 

difference between TP and TDP. 

 

6.3.5 Data analysis 

Each week, the cumulative mass of leached water from every column was measured and tested 

for the water quality parameters of interest. This enabled the mass release from each column 

to be measured and expressed as a loss per unit surface area of each column. These data were 

then extrapolated to produce a weekly gravimetric loss per hectare (kg ha-1) for each treatment. 

Additionally, in order to estimate the percentage of the nutrients applied that was released in 

the leached water, a mass balance was estimated for P and N as the difference between the 

cumulative losses of each nutrient and the control soil divided by the amount of the nutrient 

applied at each slurry treatment. Despite the repeated nature of the measurements, the use of 

the maximum (total) cumulative values of each nutrient as a single meaningful measure 

reduced the multivariate response to an univariate response, thus enabling the use of classical 

analysis methods (Davis, 2002). The data were subjected to normality and homogeneity of 

variance analyses. Differences in the loads in leachate (kg ha-1) were evaluated using a two-

way ANOVA, and simple effects analyses were performed by the Bonferroni test at α=0.05 

when the main and/or interaction effects were significant (p < 0.05). Data analyses were 

performed in SPSS (IBM SPSS 24 Core Systems) using the GLM-Univariate procedure. 
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6.4 Results and discussion 

6.4.1 Soil and slurry characteristics 

Table 6.1 shows selected physical and chemical properties of both soils and their Langmuir 

equation parameters. The organic and mineral soils were classified as a humic lithosol and 

typical brown earth, respectively, under the Irish soil classification system (Creamer et al., 

2014), whose equivalents to the FAO soil classification system (IUSS Working Group WRB, 

2014) are lithic leptosol and haplic phaeozem. The organic soil had nearly seven times more 

OM content (54.1 %) than the mineral soil (8.0 %), although the Mehlich-III extractable Ca 

was slightly lower (2831 mg kg-1 for the organic soil and 3042 mg kg-1 for the mineral soil), 

yielding a moderately acidic pH for the former (5.5) and near-to neutral pH for the latter (6.3). 

The P sorption ability (𝑆௫) of the organic soil (1278 mg kg-1) was higher than in the mineral 

soil (896 mg kg-1), whilst the constant 𝑘, related to the bonding energy of added P to soil 

sorption sites, was roughly similar in both soils (Table 6.1).  

The decreased 𝑆௫ of the mineral soil may have been partly attributable to its higher pH 

compared to the organic soil. pH has been shown to be inversely related to the 𝑆௫ due to the 

alteration of the forms of P-fixing compounds such as clays and Al and Fe oxides that lead to 

desorption processes; lower soil pH favours the presence of free iron and aluminium oxides in 

soil matrix, whereas higher pH (6.5 – 7.5) exert an opposite effect, lowering the concentration 

of free iron and aluminium oxides (Roy and De Datta, 1985). However, it is likely that the main 

reason for the higher P-sorption ability of the organic soil over the mineral soil is due to the 

activation of new sorption sites that were occluded by the native OM of the soil by the breaking 

of the soil structure when it was sieved prior packing in the columns, as it will be explained in 

the next subsection 

Mehlich-3 extractable P concentrations were low-to-optimum for the organic soil (29.3 mg kg-

1) with respect to agronomic recommendations (Mallarino et al., 2013) and very high for the 

mineral soil (72.3 mg kg-1), possibly due to excessive fertiliser applications in the years prior 

to sample collection. The PSR of the mineral soil (0.084) was above the critical threshold of 

0.05, indicating a potential source of P losses (Guérin et al., 2007). Despite 𝑆௫ (maximum 

amount of P that can be sorbed by the soil) in the organic soil being higher than in the mineral 

soil, the PSR was more elevated for the latter, indicating that P was less strongly retained by 

the mineral soil (Beauchemin and Simard, 1999).  
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Table 6.1. Selected physico-chemical characteristics (± standard deviations) of the two soils 

used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

1 Organic matter. 2 Cation exchange capacity. 3 Phosphorus saturation ratio. 

 

This seems to be in contradiction with the 𝑘 values obtained from the Langmuir equation, 

where mineral soil had a slightly higher bonding energy compared to the organic soil (Table 

6.1). As defined in Eqn. [6.2], 𝑘 is a constant derived from the sorption isotherms where 

increasing amounts of P are added to the soil, thus reflecting the overall binding energy across 

all the saturation process derived from the sorption isotherm trials. However, this constant may 

not necessarily reflect the binding energy of P to the soil at a specific, intermediate phase of 

the saturation process. In neutral and alkaline soils, Ca-containing compounds will have some 

effect on P sorption, which may not be captured by the PSR formula (Ige et al., 2005). 

Soil properties Soil type 

    Organic Mineral 

pH1  5.5 (0.3) 6.3 (0.1) 
OM % 54.1 (2.1) 8.0 (0.2) 
Dry bulk density g cm-3 0.41 0.99 
Particle Size    

Clay % 13.9 (1.5) 16.9 (1.3) 
Silt  % 27.3 (1.6) 37.4 (0.3) 

Sand % 58.8 (0.5) 45.7 (1.0) 
Texture (USDA)  Sandy Loam Loam 
Total C mg kg-1 276.8 (7.7) 39.2 (4.1) 

Total N mg kg-1 16.5 (0.1) 3.6 (0.5) 

Total P mg kg-1 884.0 (39.5) 770.0 (60.1) 

Mehlich III    
P mg kg-1 29.3 (3.1) 72.3 (3.1) 

Al mg kg-1 328.7 (79.6) 591.7 (15.6) 

Fe mg kg-1 350.7 (46.5) 334.0 (22.6) 

Ca mg kg-1 2831.7 (51.7) 3042.0 (289.1) 

CEC2 meq/100 g 32.4 (5.6) 17.5 (0.2) 
PSR3  0.022 (0.001) 0.084 (0.002) 
Langmuir parameters   

Smax mg kg-1 1278.9 896.5 

k m3 g-1 0.09 0.12 
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Total phosphorus, TN, NH4-N, DM and pH values in the dairy slurry fertiliser were 354.7 ±1.9 

mg kg-1, 1519.6 ± 64.4 mg kg-1, 590.0 ± 0.2 mg kg-1, 5.3 ± 0.1 (%) and 6.5 ± 0.0, respectively. 

All the columns drained freely throughout the duration of the experiment, with an average 96 

% leachate recovery for both soils. 

 

6.4.2 Phosphorus in leachate 

Considering the organic soil, with the exception of the single application of 55 kg ha-1 (Figure 

6.3 – A1), there was no statistically significant difference (p > 0.05) in the mass of DRP 

released between the slurry treatments and the study control. Similarly, there were no 

statistically significant differences in the DRP mass released across all treatments from the 

mineral soil (Figure 6.3- B1). Comparing the mass of DRP released from both soils when 

subjected to the same application rate, there were no statistically significant differences for the 

control, single 55 and split 55 kg ha-1 applications (p > 0.05), suggesting that DRP losses in the 

leachate at these slurry applications (no slurry application in the case of the control) were of 

the same magnitude for both soils. However, mineral soil had significantly higher DRP releases 

in the single 15, single 30, split 15 and split 30 kg ha-1 treatments than the equivalent treatments 

in the organic soil. With regard to TP, treatment had no impact on the mass release from the 

organic soil (Figure 6.3 – A2), whereas there were significant differences between the control 

and the single 30 and single 55 kg ha-1 treatments in the mineral soil (Figure 6.3- B2). The split 

slurry applications seemed to have little effect on the P release, as the cumulative curve (Figure 

6.3) did not show any clear pattern for these applications in both soils. In general, the amounts 

of P losses observed in this study are somewhat lower than other similar leachate studies in 

which undisturbed organic and mineral soils columns were used. For example, Parvage et al. 

(2015) reported TP losses of 6.72 kg ha-1 after three days of continuous leachate from peat soil 

columns receiving 22 kg P ha-1 in the form of composted horse manure. In comparison, the 

total TP losses in the current study were lower than 2 kg ha-1 after a much longer period of 19 

weeks. Despite the higher 𝑆௫ of the organic soil compared to the mineral soil in this 

experiment, the maximum amount of P that can be retained by each soil is higher for the mineral 

soil than for the organic soil due to the higher bulk density of the mineral soil compared to the 

organic soil. Thus, for the organic soil, the proportion of P applied in the slurry was 1.94, 3.88 

and 7.11 % of the 𝑆௫ for the 15, 30 and 55 kg ha-1 treatments, respectively.  
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Figure 6.3. Average cumulative concentrations of dissolved reactive P (DRP) and total P (TP) for each treatment and soil 

type. Error bars represent standard deviations. 
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For the mineral soil, the proportions were 0.98, 1.78 and 3.26 % of the 𝑆௫. These figures 

reflect the ability of both soils to retain added soluble P, likely due to the destruction of 

occluded sorption sites by OM in the process of soil packing into the columns that became 

active. When the amount of P released in leachate is calculated as the percentage of what was 

applied in the slurry (Table 6.2), most of the P applied was retained in the soils, with 

percentages lower than 2 % for the organic soil. 

For the mineral soil the values were similar, although a 7.3 % recovery was obtained for the 15 

split applications. Although organic soils are considered to have low sorption capacities for P 

due to competition between phosphate anions and humic/fulvic acids and occlusion of OM for 

sorption sites (Daly et al., 2001; Guppy et al., 2005), the amounts of P obtained in leachate 

highlight the elevated ability of the organic soil used in this study to retain freshly added P. 

The disruption of the soil structure when packing the columns, with the breakage of soil 

aggregates, likely enhanced the ability of the soil to immobilise soluble P applied in the slurry 

by the activation of sorption sites that were occluded by the native OM of the soil (Margenot 

et al., 2017; Muukkonen et al., 2009). 

 

Table 6.2. Percentage recovery of TP in leachate, calculated as the difference between the total 

P obtained at each treatment and the control divided by the amount of P applied in the slurry. 

Slurry application  
(kg ha-1) 

Soil type 

  Organic  Mineral 
Single  

  
 15 1.62 0.93 
 30 0.43 1.99 
 55 0.71 0.97 

Split  
  

 15 1.55 7.32 
 30 0.61 0.69 
  55 0.16 1.06 

 

Disturbed soil columns may have created new reaction surfaces and, consequently, increased 

the soils’ ability to sorb: the presence of new carbonates (Sø et al., 2011), clay minerals (Gérard, 

2016), and Al and Fe oxide (Antelo et al., 2007) sorption sites from the breakage of the soil 

aggregates may have further promoted the P retention capacity. In the case of Al and Fe oxides, 
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this enhanced sorption ability may have been promoted by the formation of tertiary compounds 

between the metals and organic acids, especially abundant in soils with high OM content 

(Riddle et al., 2018; Gerke, 2010). Additionally, in organic soils, subsurface flow is the 

predominant path of P transport due to the tendency to develop macropores and cracks 

following drying and wetting cycles under natural conditions as a consequence of its 

hydrophobicity (Simmonds et al., 2017; Litaor et al., 2006). Disturbed organic soils likely 

destroyed the pore network, and therefore contributed to the observed small mass release of P 

in the leachate. 

These results suggest that the alteration of the soil structure by, for instance, tillage practices 

in annual crops or in intensively managed grasslands before reseeding may be regarded as a 

palliative recommendation to enhance the P retention ability of these soils. This may minimise 

the risk of P losses into surrounding water, if and when the risk of erosion and the subsequent 

loss of soil particles is correctly managed. However, ploughing is not considered a suitable 

practice for organic soils due to economic and environmental reasons (Paul et al., 2018; Ilnicki, 

2003), leaving extensive grassland or wetland restoration uses as the wisest, most sustainable 

options for these soils. However, environmental impacts derived from management practices 

in organic soils under grassland practices remain poorly understood and warrants further field 

investigation. 

 

6.4.3 Nitrogen and carbon in leachate 

There was no statistical difference in the NH4-N released from the treatments applied (p > 0.05) 

in the organic soil, except for the single 55 kg ha-1 treatment (Figure 6.4 – A1). For the mineral 

soil, single applications of 30 and 55 kg ha-1 and the split application of 55 had a statistically 

significant effect (p <0.001) in the NH4-N release compared to the control (Figure 6.4 – B1). 

When soil types were compared, all treatments were significantly higher for the mineral soil in 

comparison to the organic soil. The NH4-N in the leachate from the mineral soil ranged from 6 

to 36 kg ha-1 compared to the very low values for the organic soil, which ranged from 0.1 to 

0.3 kg ha-1. Given that the pH of the organic soil was acidic (5.5) and the relatively low 

temperature at which soil columns were studied (10° C), the losses of NH4-N through 

conversion to NH3 gas were likely to be low (Vymazal, 2007).
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Figure 6.4. Average cumulative concentrations of ammonium (NH4-N) and nitrate (NO3-N) for each treatment and soil 

type. Error bars represent standard deviations. 
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The NH4-N released in leached water as a percentage of the NH4-N applied in the slurry was 

lower than 1 % in the organic soil, but ranged from 18 to 54 % in the mineral soil (Table 6.3).  

Therefore, it is likely that NH4-N applied in the slurry, which was equivalent to 38 % of the 

TN, was mainly held in the cationic sorption soil sites of the organic soil due to its relatively 

high CEC (32.4 meq/100 g) or subjected to a more intense nitrification process. By contrast, 

the lower CEC of the mineral soil (17 meq/100 g) may have promoted mobilization of the 

positively charged NH4-N through the columns. 

Over the duration of the study, cumulative NO3-N losses from all treatments were substantially 

higher from the organic soil columns than from the mineral soil columns, indicating a more 

efficient nitrification process. For the organic soil, leached losses of NO3-N were significantly 

lower in all treatments than from the control, except for the split 30 kg ha-1 (Figure 6.4- A2). 

Comparatively, NO3-N releases from the amended columns were not statistically different than 

from the control in the mineral soil. The high concentration of NO3-N in the control columns 

in the organic soil may be due to an ammonification-nitrification process of the native OM of 

the soil, which was substantially higher than the mineral soil (Table 6.1).  

 

Table 6.3. Percentage recovery of NH4-N in leachate, calculated as the difference between the 

total NH4-N obtained in leachate water at each treatment and the control divided by the amount 

of NH4-N applied in the slurry. 

Slurry application  
(kg ha-1) 

Soil type 

NH4-N Organic Mineral 
Single    

 15 0.59 32.48 
 30 0.31 53.67 
 55 0.37 33.30 

Split    
 15 0.58 49.11 
 30 0.32 17.78 
  55 0.25 28.58 

 

The high volume of slurry applied onto the columns (36, 72 and 132 g of slurry for the single 

15, 30 and 55 kg ha-1, respectively) may have clogged the surface, particularly following water 

application, thus creating anoxic conditions wherein denitrifying bacteria may have been more 
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active than in the unamended soil columns (Vymazal, 2007). In the mineral soil, the 

nitrification process may have occurred to a lesser extent than in the organic soil, possibly due 

to the lower C/N ratio as a consequence of the smaller initial amount of OM in the soil 

compared to the organic soil. As was the case for the P, split slurry applications did not have a 

significant impact in the mass released in leachate over the period of study. Only the mineral 

soil showed an increased in the NH4-N load for the second application of the split 55 kg ha-1 

treatment four weeks after it was applied. 

The daily and cumulative TOC released from both the organic and mineral soil columns were 

similar. In both cases, with the exception of the 55 kg ha-1 treatment, there were no significant 

differences between the treatments and the study control (Figure 6.5). This similarity in both 

soils may be due to high volume of slurry applied in the columns receiving this dose. Although 

the TOC content of the dairy slurry was not measured, this can be up to 13000 mg kg-1 

(Murnane et al., 2018), thus creating a lag time until heterotrophic microorganisms could use 

the excess of applied TOC that ended up in the leachate water a few weeks after the application 

of the 55 kg ha-1 treatment. This may be evidenced by the fact that, among treatments, TOC 

loads in leachate were all significantly higher in the mineral soil than the organic soils (Figure 

6.5), suggesting that organic carbon was used by denitrifying bacteria more efficiently in the 

organic soil compared to the mineral soil.  

These results indicated that, although NH4-N and NO3-N may be the predominant pollutants in 

subsurface waters derived from mineral soils receiving agricultural wastes, organic soils 

experienced increased rates of nitrification resulting in higher NO3-N releases that, in turn, may 

be conduct to elevate rates of denitrification, given the typically high amounts of inherent 

organic compounds in these soil types that could act as electron donors for the conversion of 

NO3-N to N2O. Despite that denitrification predominantly occurs under anaerobic or anoxic 

conditions, it has been reported that this process can also occur before the  

oxygen has been totally depleted or under low-oxygen conditions (Vymazal, 2007). The 

predisposition of organic soils to endure temporary flooding may render them vulnerable to 

increased rates of denitrification when agricultural sources of N are applied. Further field 

studies are needed to quantify and evaluate the impact of agricultural wastes on gaseous N 

release for these soil types. 
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represent standard deviations. 
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6.5 Conclusions 

Irrespective of the soil type, total cumulative P loads in leached water after a period of 19 weeks 

were very small for all the treatments, reflecting the high ability of both soils to retain P from 

slurry in the soil matrix. However, this elevated sorption ability was not likely due to the soils’ 

chemical properties under natural conditions, but rather a consequence of the breakage of soil 

aggregates during the packing process of the soil into the columns that exposed new sorption 

sites that were previously occluded, therefore artificially increasing their P retention capacities. 

In general, split applications did not produce a significantly lower P release in the leachate 

when compared with their single counterparts, although this lack of effect may have been 

masked by the artificially enhanced ability of the soils used here to retain P.  

Although NH4-N loads in leachate increased proportionally with the slurry application rate in 

the mineral soil, the losses for the organic soil were negligible, indicating higher retention and 

nitrification abilities in this soil type. However, the NO3-N released in leachate from the 

organic soil was greater than from the mineral soil at all the treatments. Nonetheless, the masses 

measured in the leachate were inversely proportional to the application rates, along with the 

fact that TOC losses were smaller in the organic soil compared to the mineral soil, indicating 

that denitrification was likely the predominant process occurring. Once again, split applications 

of fertiliser had little effect on N released in leached water, suggesting that these  fertiliser 

management practices may have little impact on N losses in leached water. This indicates that 

the amount of fertiliser, as opposed to its application regime, would seem to exert the highest 

effect in nutrient losses.  

Further studies at field-scale under natural conditions and/or laboratory-based experiments 

using intact, undisturbed soil cores are needed to better quantify losses of P derived from 

fertilisation practices. 

 

6.6 Summary 

This chapter presents the results obtained from a column experiment where leaching water was 

collected over a period of 19 weeks after three different slurry applications were applied either 

in one single application or split in two. There were no significant P loads for any soil type and 

treatment, probably due to the breaking of the soil structure and the soil pore system which 
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increased the soils’ ability to sorb and retain the applied soluble P. Field experiments on organic 

soils and in natural conditions should be performed to evaluate the potential risk of P losses 

from these soils, especially in the context of HSW where organic soils are more abundant. 

Chapter 7 will summarise conclusions from the entire thesis and make recommendations for 

further research 
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Chapter 7 

Conclusions and Recommendations 

 

7.1 Overview 

The intensification of agricultural production in Ireland has been recently promoted by two 

policy reports: Food Harvest 2020 and Food Wise 2025. These reports aim to increase 

agricultural exports, mainly from the beef and dairy sectors. This implies that grasslands are 

one of the primary agro-ecosystems to be broadened in order to meet the requirement for 

agricultural intensification. While these policies claim to be ecologically sustainable, some of 

the practices considered inevitably imply reclamation of natural and semi-natural grasslands 

and the drainage of some wetland areas for conversion to pasture production. These habitats 

tend to be located in upland areas within high status water bodies, and are often associated with 

peats, peat-derived soils, and other organic soils that have been identified as particularly 

vulnerable to P losses due to their poor P retention abilities.  

The primary objective of this thesis was to evaluate the use of P fertilisers on organic soils in 

order to assess the potential magnitude of P losses from these soils and to identify good 

management practices that could reduce the amount of P lost. To address this, a series of 

agronomic, soil chemistry, rainfall and leaching experiments were carried out to gain insight 

into P assimilation and transport of applied P and the mechanisms of soil P cycling in these 

soils. 

 

7.2 Summary of main findings 

 Under conditions of deficient soil P bioavailability, most organic soils responded well 

to P fertiliser applications, likely due to the lack of interaction of the added soluble P 

with the soil matrix. These results indicate that soluble P was immediately available for 

plant uptake in organic soils. Therefore, the concept of “build-up”, whereby soil P 

reserves need to be increased first in a soil deficient in available P by adding P 



Chapter 7 – Conclusions and Recommendations 
 

103 
 

fertilisers, should not be applied in organic soils due to their intrinsic inability to retain 

added P.  

 

 Irrespective of soil type, herbage P content increased shortly after initial P fertilisation, 

followed by a reduction with time. This suggests that one single fertiliser application at 

the beginning of the growing season may not meet the P requirements for grazing 

animals towards the end of the grazing period.  

 

 The analysis of the different soil P pools further supported the evidence that organic 

soils have limited ability to build up soil P reserves in comparison to mineral soils, 

showing once again the elevated risk of P loss and negative environmental impacts 

when these soils are managed as mineral soils. Additionally, it was shown that organic 

soils had higher P offtakes in the grass yield compared to mineral soils, where added P 

was to a greater extent immobilised in the soil matrix and hence unavailable for plant 

uptake, at least in the short term. 

 

 There was poor mobilisation from more recalcitrant soil P pools to the labile pools in 

organic soils compared to mineral soils. This low turnover implies, again in the short-

term, the importance of continuous external P applications in order to maintain 

productivity in organic soils. In contrast, mineral soils had a better potential to supply 

P from the non-labile to the labile P pools. 

 

 Grass response was limited by the very low pH of one of the organic soils, likely due 

to the immobilization of P fertiliser by the formation of tertiary compounds between 

organic acids, Al/Fe cations and the orthophosphate. Even under conditions of P 

deficiency, fertilisation did not produce a defined grass response for this organic soil. 

 

 Phosphorus loads in runoff were markedly higher for single fertiliser applications than 

for split applications. Moreover, it took approximately six and nine days for the P 

concentration in runoff to reduce by 75 % and 85 %, respectively, of the initial peak P 

concentration following P applications. The concentrations at these periods were still 

several times higher than the baseline P concentrations when no P fertiliser was applied. 

In fact, it took between two to three months to reach baseline P concentrations following 
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P applications in surface runoff in organic soils, which indicates the elevated risk of P 

loss as a consequence of the poor P retention. 

 

 Phosphorus losses via subsurface pathway did not show a clear pattern with regard the 

different fertiliser rates and timing regimes investigated. Nitrification was the main 

process occurring in organic soils, irrespective of the different slurry treatments. 

Indirect evidence suggests that denitrification was also a relevant mechanism in the 

organic soil receiving slurry. 

 

7.3 Main implications arising from the findings  

 When organic soils are managed as mineral soils, the risk of P transfer from the soil to 

the surrounding waters greatly increases as added P tends to remain, to a greater extent, 

in the soil solution. Fertilisation of organic soils should be therefore tailored to meet 

plant requirements during the growing year in order to avoid over-fertilisation, which 

may result in an increased risk of environmental damage and additional economical 

costs for the landowners. Furthermore, many organic soils tend to be located within 

high status catchments, which are vulnerable even when subjected to relatively low 

intensity activities (Ni Chathain et al., 2013). Therefore, agricultural activities in these 

areas, particularly those relating to fertilisation, should be restricted, controlled and 

even prohibited if water quality is to be preserved.  

 

 Another important implication for the management of organic soils is the interaction of 

pH with the freshly added P. The acidity of some organic soils tends to be very low, 

especially shortly after reclamation, and this characteristic can be the main limiting 

factor affecting productivity in these soils. Therefore, liming should be prioritised 

before any P fertilisation plan. Increasing the pH of organic soils may promote the 

formation of Ca-P compounds that may remain sparingly soluble at elevated pH levels. 

However, liming has been shown to increase ammonia volatilization and stimulate 

nitrification in organic soils (Parent and Khiari, 2003), and these side effects need to be 

evaluated in further research. 
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 Phosphorus reserves in organic soils did not play a significant role as suppliers of 

available P of the labile P fraction, possibly due to the relatively short period of time 

during which this was evaluated in the current study (eight months). This suggests that 

the resilience of the P locked in the non-labile pools in organic soils is more pronounced 

than in mineral soils, indicating that longer periods of time under cultivation are 

required to mobilise it. This more pronounced resistance may be due to the presence of 

complex organic acids, such as humic, fulvic and low weight molecular compounds, 

which have the ability to form tertiary compounds with other metals and anions 

simultaneously (Gerke, 2010; Antelo et al., 2007). Under this scenario, the ability of 

native microbial communities to unlock these complexes may be hampered due to the 

changes in the habitat conditions of these soils when they are brought intro agricultural 

production, which consequently result in longer solubilisation and mineralisation 

periods. 

 

 Split applications may be a good management decision for P loss mitigation following 

P fertilisation, especially in countries/regions with elevated rainfall amounts. From an 

environmental point of view, frequent but smaller P fertiliser applications in organic 

soils can have two positive implications: (1) it significantly reduces the P loads 

generated in overland flow when a rainfall event occurs shortly after P application and 

(2) plants have better access to soluble P throughout the year, resulting in higher 

herbage P concentrations for ruminants and enhanced grass yield as the P limitations 

for plant growth are overcome. 

 

 Knowledge of the decay rates of P loads in surface runoff and the time periods at which 

initial P concentrations are reduced to 50, 75 or any other percentage, can be a useful 

tool for assessing the potential risk of P loss. This information could be integrated with 

forecasted rainfall events and considered in the nutrient management advice for local 

farmers to mitigate P losses after fertiliser applications. 

 

 Nitrification is a process occurring naturally in drained organic soils, so any type of 

nitrogenous fertiliser application, either mineral or organic, should be discouraged. 
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7.4 Recommendations for future research 

 Morgan’s test for soil P availability is not a reliable test for organic soils. Therefore, 

further investigation should be undertaken to establish a suitable soil P test for organic 

soils that describes P bioavailability. Previous studies have shown that WEP or CaCl2 

soil tests can be good indicators of bioavailable P (Simmonds et al., 2015; Castillo and 

Wright, 2008). Due to their relative ease of use, further research on organic soils should 

be undertaken to evaluate these indicators as predictors of P mobility in these soils. 

 

 Field experiments are needed in order to calibrate optimum grass yields with P fertiliser 

applications in organic soils. However, the typically remote location of organic soils 

and the relatively small area compared to more traditional agricultural soils, leave them 

unlikely to receive the deserved attention if water quality in these catchment areas is to 

be preserved. Additionally, the role of the non-labile P pools in organic soils as potential 

sources of available P is not clear and should be investigated in long-term field 

experiments. 

 

 Further research is needed to investigate the different types of organic acids, their 

chemistry and abundance. Knowing their molecular composition and stoichiometry will 

help to better understand the reactions produced when soluble P is added to these soil 

types. Additionally, a better understanding of the microbial communities (bacteria and 

fungi) will provide insight on the potential of these soils to supply P in its available 

form for plant uptake. 

 

 Organic soils have a high porosity and a loosely-structured nature, and therefore P 

losses via leaching pathways are expected to be relevant under undisturbed conditions 

following P applications. Field studies are required to quantify the magnitude and the 

forms of P transported from subsurface flow, which is an important prerequisite in the 

development of mitigation strategies. 
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 The use of slow release P fertilisers (e.g. reactive rock phosphate) has been proposed 

for organic soils with soil pH < 6.0 as an alternative to more traditional, highly 

soluble P fertilisers to reduce surface losses (McDowell et al., 2010; McDowell and 

Catto, 2005), and for organic soils with soil pH > 6.5 to reduce P losses in leachate 

(Simmonds et al., 2016). Field trials in Ireland should be conducted using this strategy 

to evaluate P losses from organic soils 

 

7.5 Concluding remarks 

Organic soils are increasingly brought into production as a consequence of the expansion of 

the agri-food sector, which can pose a threat for the water quality of the areas where these soils 

are located when P fertilisers are applied in order to increase the productivity of these marginal 

areas. This thesis has proven the limited ability of these soils to build-up P reserves, and 

therefore the elevated risk of P losses derived from agricultural practices if P fertiliser 

applications are not accurately applied to meet grass requirements. In this scenario, the use of 

organic soils for agricultural production may be regarded as environmentally hazardous and 

less suitable than, for instance, intensification of existing agricultural land if food demand is to 

be met. When organic soils are cropped, liming should be prioritised before any P fertilisation 

plan as the typically low pH of these soils tend to block soluble P for plant uptake. The potential 

of the non-labile soil P pools to supply available P was shown to be very limited, at least in the 

short term, and further, longer-term field experiments investigating P mobilisation and 

mineralisation of recalcitrant P pools should be promoted. “Little and often” strategy, where 

smaller but frequent fertiliser applications are applied through the year, may be regarded as an 

effective mitigation strategy from an environmental point of view, but may not be viable 

economically. Furthermore, the cognisance of the time at which P loads in surface runoff reach 

baseline levels could be used in the nutrient management advice for local farmers to mitigate 

P losses after fertiliser applications when information regarding forecasted rainfall events is 

available. 

The elevated risk of P loss from these ecosystems highlighted by this thesis, along with the fact 

that peats and similar habitats become sources of large net carbon dioxide emissions after 

reclamation and drainage, should discourage any policy of farming use and promote their 

conservation.  



Bibliography 

108 
 

Bibliography 

Antelo, J., Arce, F., Avena, M., Fiol, S., López, R., Macías, F., 2007. Adsorption of a soil 

humic acid at the surface of goethite and its competitive interaction with phosphate. 

Geoderma 138, 12–19. https://doi.org/10.1016/j.geoderma.2006.10.011 

APHA, 2005. Standard methods for the examination of water and wastewater. Am. Public 

Heal. Assoc. Washington, DC, USA. 

ASTMD, 2002. Standard Test Method for Particle-Size Analysis of Soils (D422). West 

Conshohocken, PA, Philadelphia, PA. 

Avery, B., 1980. Soil Classification for England and Wales. Harpenden, UK. 

Bailey, J.S., Beattie, J.A.M., Kilpatrick, D.J., 1997. The diagnosis and recommendation 

integrated system (DRIS) for diagnosing the nutrient status of grassland swards: I. 

Model establishment. Plant Soil 197, 127–135. 

https://doi.org/10.1023/A:1004236521744 

Beauchemin, S., Simard, R.R., 1999. Soil phosphorus saturation degree: Review of some 

indices and their suitability for P management in Québec, Canada. Can. J. Soil Sci. 79, 

615–625. https://doi.org/10.4141/S98-087 

Beaujean, A.A., 2014. Latent Variable Modeling Using R: A Step by Step Guide. Routledge. 

Beck, M.A., Sanchez, P.A., 1994. Soil Phosphorus Fraction Dynamics during 18 Years of 

Cultivation on a Typic Paleudult. Soil Sci. Soc. Am. J. 58, 1424–1431. 

https://doi.org/10.2136/sssaj1994.03615995005800050021x 

Black, C.A., 1993. Soil fertility evaluation and control, 1st Editio. ed. Lewis Publishers, Boca 

Raton, Florida. 

Bolland, M.D., Allen, D.G., Barrow, N.J., 2003. Sorption of phosphorus by soils: how it is 

measured in Western Australia. Dep. Agric. Food, West. Aust. Perth, Bull. 4591. 

Bord na Mona, 2001. The peatlands of Ireland. 

Borken, W., Matzner, E., 2009. Reappraisal of drying and wetting effects on C and N 

mineralization and fluxes in soils. Glob. Chang. Biol. 15, 808–824. 



Bibliography 

109 
 

https://doi.org/10.1111/j.1365-2486.2008.01681.x 

Brennan, R.B., Fenton, O., Grant, J., Healy, M.G., 2011. Impact of chemical amendment of 

dairy cattle slurry on phosphorus, suspended sediment and metal loss to runoff from a 

grassland soil. Sci. Total Environ. 409, 5111–5118. 

https://doi.org/https://doi.org/10.1016/j.scitotenv.2011.08.016 

Brennan, R.F., Bolland, M.D.A., 2003. Soil properties as predictors of yield response of 

clover (Trifolium subterraneum L.) to added P in soils of varying P sorption capacity. 

Soil Res. 41, 653–663. 

BS 1377-2, 1990. Methods of test for soils for civil engineering purposes. 

Burkitt, L.L., Donaghy, D.J., Smethurst, P.J., 2010. Low rates of phosphorus fertiliser applied 

strategically throughout the growing season under rain-fed conditions did not affect dry 

matter production of perennial ryegrass (Lolium perenne L.). Crop Pasture Sci. 61, 353–

362. https://doi.org/https://doi.org/10.1071/CP09259 

Burkitt, L.L., Dougherty, W.J., Corkrey, R., Broad, S.T., 2011. Modeling the risk of 

phosphorus runoff following single and split phosphorus fertilizer applications in two 

contrasting catchments. J. Environ. Qual. 40, 548–558. 

Carpenter, S.R., 2008. Phosphorus control is critical to mitigating eutrophication. Proc. Natl. 

Acad. Sci. U. S. A. 105, 11039–11040. https://doi.org/10.1073/pnas.0806112105 

Castillo, M.S., Wright, A.L., 2008. Soil phosphorus pools for Histosols under sugarcane and 

pasture in the Everglades, USA. Geoderma 145, 130–135. 

https://doi.org/https://doi.org/10.1016/j.geoderma.2008.03.006 

Chardon, W.J., Menon, R.G., Chien, S.H., 1996. Iron oxide impregnated filter paper (Pi test): 

a review of its development and methodological research. Nutr. Cycl. Agroecosystems 

46, 41–51. https://doi.org/10.1007/BF00210223 

Colwell, J.D., Suhet, A.R., van Raij, B., 1988. Statistical procedures for developing general 

soil fertility models for variable regions, Divisional of Soils, Divisional Report no. 93. 

CSIRO, Australia. 

Condron, L.M., Newman, S., 2011. Revisiting the fundamentals of phosphorus fractionation 

of sediments and soils. J. Soils Sediments 11, 830–840. https://doi.org/10.1007/s11368-



Bibliography 

110 
 

011-0363-2 

Cooke, S.E., Ahmed, S.M., MacAlpine, N.D., 2005. Introductory Guide to Surface Water 

Quality Monitoring in Agriculture. Edmonton, Alberta. 

Coulter, S., Lalor, L., 2008. Major and Minor Micronutrient Advice for Productive 

Agricultural Crops. Dublin. 

Creamer, R., Simo, I., Reidy, B., Carvalho, J., Fealy, R., Hallet, S., Jones, R., Holden, A., 

Holden, N., Hannam, J., Massey, P., Mayr, T., McDonalds, E., O’Rourke, S., Sills, P., 

Truckell, I., Zawadzka, J., Schulte, R., 2014. Irish Soil Information System: Integrated 

Synthesis Report. Environmental Protection Agency, Johnstown Castle, Wexford, 

Ireland. 

Cross, A.F., Schlesinger, W.H., 1995. A literature review and evaluation of the Hedley 

fractionation: Applications to the biogeochemical cycle of soil phosphorus in natural 

ecosystems. Geoderma 64, 197–214. https://doi.org/https://doi.org/10.1016/0016-

7061(94)00023-4 

CSO, 2016. Statistical Yearbook of Ireland [WWW Document]. Cent. Stat. Off. URL 

https://www.cso.ie/en/releasesandpublications/ep/p-syi/psyi2016/agri/ (accessed 

12.27.18). 

DAFF, 2010. Food Harvest 2020. A vision for Irish Agri-Food and Fisheries. Department of 

Agriculture Fisheries and Food. 

DAFM, 2015. Food Wise 2025. Department of Agriculture Fisheries and the Marine, Ireland. 

Daly, K., Casey, A., 2005. Environmental aspects of soil phosphorus testing. Irish J. Agric. 

food Res. 44, 261–279. 

Daly, K., Jeffrey, D., Tunney, H., 2001. The effect of soil type on phosphorus sorption 

capacity and desorption dynamics in Irish grassland soils. Soil Use Manag. 17, 12–20. 

https://doi.org/10.1111/j.1475-2743.2001.tb00003.x 

Daly, K., Mills, P., Coulter, B., McGarrigle, M., 2002. Modeling phosphorus concentrations 

in Irish rivers using land use, soil type, and soil phosphorus data. J. Environ. Qual. 31, 

590–599. 



Bibliography 

111 
 

Daly, K., Styles, D., Lalor, S., Wall, D.P., 2015. Phosphorus sorption, supply potential and 

availability in soils with contrasting parent material and soil chemical properties. Eur. J. 

Soil Sci. 66, 792–801. https://doi.org/10.1111/ejss.12260 

Davis, C.S. (Charles S., 2002. Statistical methods for the analysis of repeated measurements, 

Springer texts in statistics. Springer, New York. 

Day, P.R., 1965. Particle Fractionation and Particle Size Analysis, in: Black, C. (Ed.), 

Methods of Soil Analysis, Part 1. American Society of Agronomy, Madison, WI, pp. 

545–567. https://doi.org/doi:10.2134/agronmonogr9.1.c43 

Delgado, A., Scalenghe, R., 2008. Aspects of phosphorus transfer from soils in Europe. J. 

Plant Nutr. Soil Sci. 171, 552–575. https://doi.org/10.1002/jpln.200625052 

Edwards, A.C., 1991. Soil acidity and its interactions with phosphorus availability for a range 

of different crop types, in: Wright, R.J., Baligar, V.C., Murrmann, R.P. (Eds.), Plant-Soil 

Interactions at Low PH: Proceedings of the Second International Symposium on Plant-

Soil Interactions at Low PH, 24--29 June 1990, Beckley West Virginia, USA. Springer 

Netherlands, Dordrecht, pp. 299–305. https://doi.org/10.1007/978-94-011-3438-5_33 

EEA, 2013. Land accounts for Europe 1990,200,2006. European Environment Agency, 

Copenhagen, Denmark. 

EPA, 2018. Water quality in Ireland: an indicators report. Environmental Protection Agency, 

Johnstown Castle, Wexford, Ireland. 

Epskamp, S., 2017. semPlot: Path Diagrams and Visual Analysis of Various SEM Packages’ 

Output. 

Eurostat, 2017. Agri-environmental indicator - mineral fertiliser consumption [WWW 

Document]. URL https://ec.europa.eu/eurostat/statistics-explained/index.php/Agri-

environmental_indicator_-

_mineral_fertiliser_consumption#Further_Eurostat_information (accessed 12.27.18). 

FAO, 2015. Statistical pocketbook. World food and agriculture 2015. United Nations Food 

and Agriculture Organization. Rome. 

FAO, 1996. The Sixth World Food Sourvey. United Nations Food and Agriculture 

Organization. Rome. 



Bibliography 

112 
 

Fay, D., Kramers, G., Zhang, C., McGrath, D., Grennan, E., 2007. Soil geochemical atlas of 

Ireland. Teagasc and Environmental Protection Agency. 

Fleming, N.K., Cox, J.W., 1998. Chemical losses off dairy catchments located on a texture-

contrast soil: carbon, phosphorus, sulfur, and other chemicals. Soil Res. 36, 979–996. 

Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S., 

Coe, M.T., Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A., 

Kucharik, C.J., Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N., Snyder, P.K., 

2005. Global Consequences of Land Use. Science (80-. ). 309, 570–574. 

https://doi.org/10.1126/science.1111772 

Frossard, E., Brossard, M., Hedley, M.J., Metherell, A., 1995. Reactions controlling the 

cycling of P in soils, in: Phosporus in the Global Environment : Transfers, Cycles and 

Management, {S}cope. {J}. {W}iley, pp. 107–137. 

Frossard, E., Condron, L.M., Oberson, A., Sinaj, S., Fardeau, J.C., 2000. Processes 

Governing Phosphorus Availability in Temperate Soils. J. Environ. Qual. 29, 15–23. 

https://doi.org/10.2134/jeq2000.00472425002900010003x 

Gama-Rodrigues, A., M V S Sales, B., P S D Silva, B., Comerford, N., Cropper, W., Gama-

Rodrigues, E., 2014. An exploratory analysis of phosphorus transformations in tropical 

soils using structural equation modeling. Biogeochemistry 118, 453–469. 

https://doi.org/https://doi.org/10.1007/s10533-013-9946-x 

George, T.S.S., Giles, C.D.D., Menezes-Blackburn, D., Condron, L.M.M., Gama-Rodrigues, 

A.C.C., Jaisi, D., Lang, F., Neal, A.L.L., Stutter, M.I.I., Almeida, D.S.S., Bol, R., 

Cabugao, K.G.G., Celi, L., Cotner, J.B.B., Feng, G., Goll, D.S.S., Hallama, M., Krueger, 

J., Plassard, C., Rosling, A., Darch, T., Fraser, T., Giesler, R., Richardson, A.E.E., 

Tamburini, F., Shand, C.A.A., Lumsdon, D.G.G., Zhang, H., Blackwell, M.S.A.S.A., 

Wearing, C., Mezeli, M.M.M., Almås, Å.R.R., Audette, Y., Bertrand, I., Beyhaut, E., 

Boitt, G., Bradshaw, N., Brearley, C.A.A., Bruulsema, T.W.W., Ciais, P., Cozzolino, V., 

Duran, P.C.C., Mora, M.L.L., de Menezes, A.B.B., Dodd, R.J.J., Dunfield, K., Engl, C., 

Frazão, J.J.J., Garland, G., González Jiménez, J.L.L., Graca, J., Granger, S.J.J., 

Harrison, A.F.F., Heuck, C., Hou, E.Q.Q., Johnes, P.J.J., Kaiser, K., Kjær, H.A.A., 

Klumpp, E., Lamb, A.L.L., Macintosh, K.A.A., Mackay, E.B.B., McGrath, J., McIntyre, 

C., McLaren, T., Mészáros, E., Missong, A., Mooshammer, M., Negrón, C.P.P., Nelson, 



Bibliography 

113 
 

L.A.A., Pfahler, V., Poblete-Grant, P., Randall, M., Seguel, A., Seth, K., Smith, A.C.C., 

Smits, M.M.M., Sobarzo, J.A.A., Spohn, M., Tawaraya, K., Tibbett, M., Voroney, P., 

Wallander, H., Wang, L., Wasaki, J., Haygarth, P.M.M., 2018. Organic phosphorus in 

the terrestrial environment: a perspective on the state of the art and future priorities. 

Plant Soil 427, 191–208. https://doi.org/10.1007/s11104-017-3391-x 

Gérard, F., 2016. Clay minerals, iron/aluminum oxides, and their contribution to phosphate 

sorption in soils — A myth revisited. Geoderma 262, 213–226. 

https://doi.org/https://doi.org/10.1016/j.geoderma.2015.08.036 

Gerke, J., 2010. Humic (Organic Matter)-Al(Fe)-Phosphate Complexes. Soil Sci. 175, 417–

425. https://doi.org/10.1097/SS.0b013e3181f1b4dd 

Giesler, R., Andersson, T., Lövgren, L., Persson, P., 2005. Phosphate Sorption in Aluminum- 

and Iron-Rich Humus Soils. Soil Sci. Soc. Am. J. 69, 77–86. 

https://doi.org/10.2136/sssaj2005.0077 

González Jiménez, J.L., Healy, M.G., Roberts, W.M., Daly, K., 2018. Contrasting yield 

responses to phosphorus applications on mineral and organic soils from extensively 

managed grasslands: Implications for P management in high ecological status 

catchments. J. Plant Nutr. Soil Sci. 181, 861–869. 

https://doi.org/10.1002/jpln.201800201 

Greenhill, N.B., Peverill, K.I., Douglas, L.A., 1983. Surface runoff from sloping, fertilised 

perennial pastures in Victoria, Australia. New Zeal. J. Agric. Res. 26, 227–231. 

https://doi.org/10.1080/00288233.1983.10427065 

Guérin, J., Parent, L.-É., Abdelhafid, R., 2007. Agri-environmental Thresholds using Mehlich 

III Soil Phosphorus Saturation Index for Vegetables in Histosols. J. Environ. Qual. 36, 

975–982. https://doi.org/10.2134/jeq2006.0424 

Guérin, J., Parent, L.-É., Si, B., 2011. Spatial and seasonal variability of phosphorus risk 

indexes in cultivated organic soils. Can. J. Soil Sci. 91, 291–302. 

https://doi.org/10.4141/cjss10089 

Guo, F., Yost, R.S., Hue, N. V, Evensen, C.I., Silva, J.A., 2000. Changes in Phosphorus 

Fractions in Soils under Intensive Plant Growth Journal Series no. 4470, Hawaii Institute 

for Tropical Agriculture and Human Resources. Soil Sci. Soc. Am. J. 64, 1681–1689. 



Bibliography 

114 
 

https://doi.org/10.2136/sssaj2000.6451681x 

Guppy, C.N., Menzies, N.W., Moody, P.W., Blamey, F.P.C., 2005. Competitive sorption 

reactions between phosphorus and organic matter in soil: A review. Aust. J. Soil Res. 

43, 189–202. https://doi.org/10.1071/SR04049 

Hammond, R.F., 1981. The Peatlands of Ireland. An Forás Talúntais, Dublin, Ireland. 

Hart, M.R., Quin, B.F., Nguyen, M.L., 2004. Phosphorus Runoff from Agricultural Land and 

Direct Fertilizer Effects. J. Environ. Qual. 33. https://doi.org/10.2134/jeq2004.1954 

Haygarth, P.M., Condron, L.M., Heathwaite, A.L., Turner, B.L., Harris, G.P., 2005. The 

phosphorus transfer continuum: Linking source to impact with an interdisciplinary and 

multi-scaled approach. Sci. Total Environ. 344, 5–14. 

https://doi.org/https://doi.org/10.1016/j.scitotenv.2005.02.001 

Haygarth, P.M., Jarvis, S.C., 1999. Transfer of Phosphorus from Agricultural Soil, in: Sparks, 

D.L. (Ed.), Advances in Agronomy. Academic Press, pp. 195–249. 

https://doi.org/https://doi.org/10.1016/S0065-2113(08)60428-9 

Haygarth, P.M., Jarvis, S.C., 1997. Soil derived phosphorus in surface runoff from grazed 

grassland lysimeters. Water Res. 31, 140–148. 

https://doi.org/https://doi.org/10.1016/S0043-1354(99)80002-5 

Hedley, M., McLaughlin, M., 2005. Reactions of Phosphate Fertilizers and By-Products in 

Soils, in: Phosphorus: Agriculture and the Environment, Agronomy Monograph SV  - 

46. American Society of Agronomy, Crop Science Society of America, and Soil Science 

Society of America, Madison, WI, pp. 181–252. 

https://doi.org/10.2134/agronmonogr46.c7 

Hedley, M.J., Stewart, J.W.B., Chauhan, B.S., 1982. Changes in Inorganic and Organic Soil 

Phosphorus Fractions Induced by Cultivation Practices and by Laboratory Incubations. 

Soil Sci. Soc. Am. J. 46, 970. 

Herlihy, M., McCarthy, J., Breen, J., Moles, R., 2004. Effects over Time of Fertiliser P and 

Soil Series on P Balance, Soil-Test P and Herbage Production. Irish J. Agric. Food Res. 

43, 147–160. 

Hinsinger, P., 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by root-



Bibliography 

115 
 

induced chemical changes: A review. Plant Soil 237, 173–195. 

https://doi.org/10.1023/A:1013351617532 

Holden, J., Burt, T.P., 2002. Infiltration, runoff and sediment production in blanket peat 

catchments: implications of field rainfall simulation experiments. Hydrol. Process. 16, 

2537–2557. https://doi.org/10.1002/hyp.1014 

Ige, D. V, Akinremi, O.O., Flaten, D.N., 2005. Environmental index for estimating the risk of 

phosphorus loss in calcareous soils of Manitoba. J. Environ. Qual. 34, 1944–1951. 

https://doi.org/10.2134/jeq2004.0468 

Ilnicki, P., 2003. Agricultural production systems for organic soil conservation, in: Organic 

Soils and Peat Materials for Sustainable Agriculture. CRC Press Boca Raton, FL. 

Ilnicki, P., Zeitz, J., 2003. Irreversible loss of organic soil functions after reclamation, in: 

Organic Soils and Peat Materials for Sustainable Agriculture. CRC Press Boca Raton, 

FL. 

IUSS Working Group WRB, 2014. World reference base for soil resources 2014. World Soil 

Resour. Reports 106, 1–191. 

Ivanoff, D.B., Reddy, K.R., Robinson, S., 1998. Chemical fractionation of organic 

phosphorus in selected histosols. Soil Sci. 163. 

Janardhanan, L., Daroub, S.H., 2010. Phosphorus Sorption in Organic Soils in South Florida. 

Soil Sci. Soc. Am. J. 74, 1597. https://doi.org/10.2136/sssaj2009.0137 

Johnston,  a. E., Poulton, P.R., Fixen, P.E., Curtin, D., 2014. Phosphorus. Its Efficient Use in 

Agriculture., in: Spark, D. (Ed.), Advances in Agronomy, Advances in Agronomy. 

Elsevier Academic Press Inc., 525 B Street, suite 1900, San Diego, CA 92101-4495 

USA, pp. 177–228. https://doi.org/10.1016/B978-0-12-420225-2.00005-4 

Kang, J., Hesterberg, D., Osmond, D.L., 2009. Soil Organic Matter Effects on Phosphorus 

Sorption: A Path Analysis. Soil Sci. Soc. Am. J. 73, 360. 

https://doi.org/10.2136/sssaj2008.0113 

Kleinman, P., N Sharpley, A., Saporito, L., Buda, A., Bryant, R., 2009. Application of 

Manure to No-Till Soils: Phosphorus Losses by Sub-Surface and Surface Pathways. 

Nutr. Cycl. Agroecosystems 84. https://doi.org/10.1007/s10705-008-9238-3 



Bibliography 

116 
 

Kleinman, P.J.A., Sharpley, A.N., Moyer, B.G., Elwinger, G.F., 2002. Effect of mineral and 

manure phosphorus sources on runoff phosphorus. J. Environ. Qual. 31, 2026–2033. 

Kollet, S.J., Maxwell, R.M., 2006. Integrated surface–groundwater flow modeling: A free-

surface overland flow boundary condition in a parallel groundwater flow model. Adv. 

Water Resour. 29, 945–958. 

https://doi.org/https://doi.org/10.1016/j.advwatres.2005.08.006 

Kovar, J.L., Pierzynski, G.M., 2009. Methods of phosphorus analysis for soils, sediments, 

residuals, and waters. 

Kuo, S., 1996. Phosphorus, in: Methods of Soil Analysis Part 3—Chemical Methods, SSSA 

Book Series SV  - 5.3. Soil Science Society of America, American Society of 

Agronomy, Madison, WI, pp. 869–919. https://doi.org/10.2136/sssabookser5.3.c32 

Litaor, M.I., Eshel, G., Reichmann, O., Shenker, M., 2006. Hydrological Control of 

Phosphorus Mobility in Altered Wetland Soils. Soil Sci. Soc. Am. J. 70, 1975–1982. 

https://doi.org/10.2136/sssaj2005.0316 

Lucas, R., 1982. Organic soils (histosols). Formation, distribution physical and chemical 

properties, andLucas, R., 1982. Organic soils (histosols). Formation, distribution 

physical and chemical properties, and management for crop production. management for 

crop productio. 

Mallarino, A.P., Sawyer, J.E., Barnhart, S.K., 2013. A General Guide for Crop Nutrient and 

Limestone Recommendations in Iowa. 

Margenot, A.J., Paul, B.K., Sommer, R.R., Pulleman, M.M., Parikh, S.J., Jackson, L.E., 

Fonte, S.J., 2017. Can conservation agriculture improve phosphorus (P) availability in 

weathered soils? Effects of tillage and residue management on soil P status after 9 years 

in a Kenyan Oxisol. Soil Tillage Res. 166, 157–166. 

https://doi.org/https://doi.org/10.1016/j.still.2016.09.003 

McDowell, R., Condron, L., 2001. Influence of soil constituents on soil phosphorus sorption 

and desorption. Commun. Soil Sci. Plant Anal. 32, 2531–2547. 

https://doi.org/10.1081/CSS-120000389 

McDowell, R.W., Catto, W., 2005. Alternative fertilisers and management to decrease 



Bibliography 

117 
 

incidental phosphorus loss. Environ. Chem. Lett. 2, 169–174. 

https://doi.org/10.1007/s10311-005-0099-6 

McDowell, R.W., Condron, L.M., 2004. Estimating phosphorus loss from New Zealand 

grassland soils. New Zeal. J. Agric. Res. 47, 137–145. 

https://doi.org/10.1080/00288233.2004.9513581 

Mcdowell, R.W., Larned, S.T., Houlbrooke, D.J., 2009. Nitrogen and phosphorus in New 

Zealand streams and rivers: Control and impact of eutrophication and the influence of 

land management. New Zeal. J. Mar. Freshw. Res. 43, 985–995. 

https://doi.org/10.1080/00288330909510055 

McDowell, R.W., Littlejohn, R.P., Blennerhassett, J.D., 2010. Phosphorus fertilizer form 

affects phosphorus loss to waterways: a paired catchment study. Soil Use Manag. 26, 

365–373. https://doi.org/10.1111/j.1475-2743.2010.00289.x 

Mcdowell, R.W., Sharpley, A.N., Kleinman, P.J.A., Gburek, W.J., 2002. Hydrological source 

management of pollutants at the soil profile., in: Haygarth, P.M., Jarvis, S.C. (Eds.), 

Agriculture, Hydrology and Water Quality. CABI Publishing, Wallingford, UK, pp. 

197–223. 

McGeehan, S.L., Naylor, D. V, 1988. Automated instrumental analysis of carbon and 

nitrogen in plant and soil samples. Commun. Soil Sci. Plant Anal. 19, 493–505. 

https://doi.org/10.1080/00103628809367953 

McLaughlin, M., McBeath, T., Smernik, R., Stacey, S., Ajiboye, B., Guppy, C., 2011. The 

chemical nature of P-accumulation in agricultural soils - implications for fertiliser 

management and design: an Australian perspective. Plant Soil 349, 69–87. 

Mclean, E.O., 1982. Soil pH and Lime Requirement, in: Methods of Soil Analysis. Part 2. 

Chemical and Microbiological Properties, Agronomy Monograph SV  - 9.2. American 

Society of Agronomy, Soil Science Society of America, Madison, WI, pp. 199–224. 

https://doi.org/10.2134/agronmonogr9.2.2ed.c12 

Mehlich, A., 1984. Mehlich 3 Soil Test Extractant: A Modification of Mehlich 2 Extractant. 

Commun. Soil Sci. Plant Anal. 15, 1409–1416. 

https://doi.org/10.1080/00103628409367568 



Bibliography 

118 
 

Melland, A.R., Mellander, P.-E., Murphy, P.N.C., Wall, D.P., Mechan, S., Shine, O., Shortle, 

G., Jordan, P., 2012. Stream water quality in intensive cereal cropping catchments with 

regulated nutrient management. Environ. Sci. Policy 24, 58–70. 

https://doi.org/http://dx.doi.org/10.1016/j.envsci.2012.06.006 

Menezes-Blackburn, D., Giles, C., Darch, T., George, T.S., Blackwell, M., Stutter, M., 

Shand, C., Lumsdon, D., Cooper, P., Wendler, R., Brown, L., Almeida, D.S., Wearing, 

C., Zhang, H., Haygarth, P.M., 2018. Opportunities for mobilizing recalcitrant 

phosphorus from agricultural soils: a review. Plant Soil 427, 5–16. 

https://doi.org/10.1007/s11104-017-3362-2 

Menon, R.G., Hammond, L.L., Sissingh, H. a., 1989. Determination of Plant-available 

Phosphorus by the Iron Hydroxide-impregnated Filter Paper (Pi) Soil Test. Soil Sci. Soc. 

Am. J. 53, 110. https://doi.org/10.2136/sssaj1989.03615995005300010020x 

Montanarella, L., Jones, R.J.A., Hiederer, R., 2006. The distribution of peatland in Europe. 

Mires Peat 1. 

Morgan, M.F., 1941. Chemical soil diagnosis by the universal soil testing system., CT Agric. 

Exp. Stn. Bull. 

Morton, J.D., Smith, L.C., Metherell, A.K., 1999. Pasture yield responses to phosphorus, 

sulphur, and potassium applications on North Otago soils, New Zealand. New Zeal. J. 

Agric. Res. 42, 133–146. https://doi.org/10.1080/00288233.1999.9513363 

Murnane, J.G., Brennan, R.B., Healy, M.G., Fenton, O., 2015. Use of Zeolite with Alum and 

Polyaluminum Chloride Amendments to Mitigate Runoff Losses of Phosphorus, 

Nitrogen, and Suspended Solids from Agricultural Wastes Applied to Grassed Soils. J. 

Environ. Qual. 44, 1674–1683. https://doi.org/10.2134/jeq2014.07.0319 

Murnane, J.G., Fenton, O., Healy, M.G., 2018. Impacts of zeolite, alum and polyaluminum 

chloride amendments mixed with agricultural wastes on soil column leachate, and CO2 

and CH4 emissions. J. Environ. Manage. 206, 398–408. 

https://doi.org/https://doi.org/10.1016/j.jenvman.2017.10.046 

Muukkonen, P., Hartikainen, H., Alakukku, L., 2009. Effect of soil structure disturbance on 

erosion and phosphorus losses from Finnish clay soil. Soil Tillage Res. 103, 84–91. 

https://doi.org/https://doi.org/10.1016/j.still.2008.09.007 



Bibliography 

119 
 

N. Sharpley, A., Mcdowell, R., Kleinman, P., 2001. Phosphorus Loss from Land to Water: 

Integrating Agricultural and Environmental Management. Plant Soil 237. 

https://doi.org/10.1023/A:1013335814593 

Nash, D., Clemow, L., Hannah, M., Barlow, K., Gangaiya, P., 2005. Modelling phosphorus 

exports from rain-fed and irrigated pastures in southern Australia. Soil Res. 43, 745–

755. 

Nash, D., Hannah, M., Halliwell, D., Murdoch, C., 2000. Factors Affecting Phosphorus 

Export from a Pasture-Based Grazing System. J. Environ. Qual. 29, 1160–1166. 

https://doi.org/10.2134/jeq2000.00472425002900040017x 

Negassa, W., Leinweber, P., 2009. How does the Hedley sequential phosphorus fractionation 

reflect impacts of land use and management on soil phosphorus: A review. J. Plant Nutr. 

Soil Sci. 172, 305–325. https://doi.org/10.1002/jpln.200800223 

Ni Chathain, B., Moorkens, E., Irvine, E., 2013. Management Strategies for the Protection of 

High Status Water Bodies. 

O’Connor, M.B., Longhurst, R.D., Johnston, T.J.M., Portegys, F.N., 2001. Fertiliser 

requirements for peat soils in the Waikato region. Proc. New Zeal. Grassl. Assoc. 47–51. 

O’Flynn, C.J., Fenton, O., Wilson, P., Healy, M.G., 2012. Impact of pig slurry amendments 

on phosphorus, suspended sediment and metal losses in laboratory runoff boxes under 

simulated rainfall. J. Environ. Manage. 113, 78–84. 

https://doi.org/https://doi.org/10.1016/j.jenvman.2012.08.026 

Oburger, E., Jones, D.L., Wenzel, W.W., 2011. Phosphorus saturation and pH differentially 

regulate the efficiency of organic acid anion-mediated P solubilization mechanisms in 

soil. Plant Soil 341, 363–382. https://doi.org/10.1007/s11104-010-0650-5 

OJEC, 2000. Council directive 2000/60/EEC of 23 October 2000 of the European Parliament 

and of the council: establishing a framework for community action in the field of water 

policy. Off. J. Eur. Communities. 

OJEC, 1991. Council directive 91/676/EEC of 12 December 1991 concerning the protection 

of waters against pollution caused by nitrates from agricultural sources. Off. J. Eur. 

Communities. 



Bibliography 

120 
 

Okruszko, H., Ilnicki, P., 2003. The moorsh horizons as quality indicators of reclaimed 

organic soils, in: Organic Soils and Peat Materials for Sustainable Agriculture. CRC 

Press Boca Raton, FL, pp. 1–14. 

Olson, R.A., Anderson, F.N., Frank, K.D., Grabouski, P.H., Rehm, G.W., Shapiro, C.A., 

1987. Soil testing interpretations: Sufficiency vs. build-up and maintenance., in: Brown, 

J.R. (Ed.), Soil Testing, Sampling, Correlation, Calibration, and Interpretation. Soil 

Science Society of America, Madison, WI, pp. 41–52. 

Pardo, I., Gómez-Rodríguez, C., Wasson, J.-G., Owen, R., van de Bund, W., Kelly, M., 

Bennett, C., Birk, S., Buffagni, A., Erba, S., Mengin, N., Murray-Bligh, J., Ofenböeck, 

G., 2012. The European reference condition concept: A scientific and technical approach 

to identify minimally-impacted river ecosystems. Sci. Total Environ. 420, 33–42. 

https://doi.org/https://doi.org/10.1016/j.scitotenv.2012.01.026 

Parent, L.-É., Khiari, L., 2003. Nitrogen and phosphorus balance indicators in organic soils, 

in: Organic Soils and Peat Materials for Sustainable Agriculture. CRC Press Boca 

Raton, FL. 

Parent, L.-É., Tremblay, C., 2003. Soil acidity determination methods for organic soils and 

peat materials, in: Organic Soils and Peat Materials for Sustainable Agriculture. CRC 

Press Boca Raton, FL. 

Parish, F., Sirin, A.., Charman, D., Joosten, H., Minayeva, T., Silivius, M., 2007. Assessment 

on Peatlands, Biodiversity and Climate Change: Executive Summary. Global 

Environmental Centre, Malaysia and Wetlands International, Wageningen, The 

Netherlands. 

Parvage, M.M., Ulén, B., Kirchmann, H., 2015. Nutrient leaching from manure-amended 

topsoils (Cambisols and Histosols) in Sweden. Geoderma Reg. 5, 209–214. 

https://doi.org/https://doi.org/10.1016/j.geodrs.2015.08.003 

Paul, C., Fealy, R., Fenton, O., Lanigan, G., O’Sullivan, L., Schulte, R.P.O., 2018. Assessing 

the role of artificially drained agricultural land for climate change mitigation in Ireland. 

Environ. Sci. Policy 80, 95–104. 

https://doi.org/https://doi.org/10.1016/j.envsci.2017.11.004 

Pierzynski, G.M., Vance, G.F., Sims, J.T., 2005. Soils and Environmental Quality. Taylor & 



Bibliography 

121 
 

Francis. 

Pimentel, D., 2012. World overpopulation. Environ. Dev. Sustain. 14, 151–152. 

https://doi.org/10.1007/s10668-011-9336-2 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2017. {nlme}: Linear and 

Nonlinear Mixed Effects Models. 

Pisani, O., Scinto, L.J., Munyon, J.W., Jaffé, R., 2015. The respiration of flocculent detrital 

organic matter (floc) is driven by phosphorus limitation and substrate quality in a 

subtropical wetland. Geoderma 241–242, 272–278. 

https://doi.org/https://doi.org/10.1016/j.geoderma.2014.11.023 

Porter, P.S., Sanchez, C.A., 1992. The effect of soil properties on phosphorus sorption by 

Everglades histosols. Soil Sci. 154. 

Preedy, N., McTiernan, K., Matthews, R., Heathwaite, L., Haygarth, P., 2001. Rapid 

incidental phosphorus transfers from grassland. J. Environ. Qual. 30, 2105–2112. 

Quiquampoix, H., Mousain, D., 2005. Enzymatic hydrolysis of organic phosphorus, Organic 

phosphorus in the environment. CABI Publishing, Wallingford, UK. 

https://doi.org/10.1079/9780851998220.0089 

R Core Team, 2017. R: A language and environment for statistical computing. 

Raykov, T., Marcoulides, G.A., 2006. A First Course in Structural Equation Modeling. 

Lawrence Erlbaum Associates, Publishers. 

Regan, J.T., Rodgers, M., Healy, M.G., Kirwan, L., Fenton, O., 2010. Determining 

phosphorus and sediment release rates from five Irish tillage soils. J. Environ. Qual. 39, 

185–192. https://doi.org/10.2134/jeq2008.0514 

Renou-Wilson, F., Bolger, T., Bullock, C., Convery, F., Curry, J., Ward, S., Wilson, D., 

Müller, C., 2011. BOGLAND - Sustainable Management of Peatlands in Ireland. 

Environmental Protection Agency, Johnstown Castle, Wexford, Ireland. 

Renou-Wilson, F., Wilson, D., Barry, C., Foy, B., Müller, C., 2015. Carbon loss from drained 

organic soils under grassland - CALISTO. Environmental Protection Agency, 

Johnstown Castle, Wexford, Ireland. 



Bibliography 

122 
 

Renou-Wilson, F., Wilson, D., Rigney, C., Byrne, K., Farrell, C., Müller, C., 2018. Network 

monitoring rewetted and restores peatlands/organic soils for climate and biodiversity 

benefits (NEROS). Environmental Protection Agency, Johnstown Castle, Wexford, 

Ireland. 

Riddle, M., Bergström, L., Schmieder, F., Kirchmann, H., Condron, L., Aronsson, H., 2018. 

Phosphorus Leaching from an Organic and a Mineral Arable Soil in a Rainfall 

Simulation Study. J. Environ. Qual. 47. 

Rivière, J.C., Rivière, L.-M., 2003. Quality of peat substrates for plants grown in containers, 

in: Organic Soils and Peat Materials for Sustainable Agriculture. CRC Press Boca 

Raton, FL. 

Roberts, W.M., Fealy, R.M., Doody, D.G., Jordan, P., Daly, K., 2016. Estimating the effects 

of land use at different scales on high ecological status in Irish rivers. Sci. Total Environ. 

572, 618–625. https://doi.org/https://doi.org/10.1016/j.scitotenv.2016.04.011 

Roberts, W.M., Gonzalez-Jimenez, J.L., Doody, D.G., Jordan, P., Daly, K., Gan, J., 2017. 

Assessing the risk of phosphorus transfer to high ecological status rivers: Integration of 

nutrient management with soil geochemical and hydrological conditions. Sci. Total 

Environ. 589, 25–35. https://doi.org/10.1016/j.scitotenv.2017.02.201 

Robinson, J.S., Sharpley, A.N., 1994. Organic Phosphorus Effects on Sink Characteristics of 

Iron-Oxide-Impregnated Filter Paper. Soil Sci. Soc. Am. J. 58, 758. 

Ross, D., 1995. Recommended soil tests for determining exchange capacity, in: Sims, J.T., 

Wolf, A. (Eds.), Recommended Soil Testing Procedures for the Northeastern United 

States. Ag Experiment Station, University of Delaware, Newark, Delaware. 

Rosseel, Y., 2012. lavaan: An R Package for Structural Equation Modeling. J. Stat. Software; 

Vol 1, Issue 2 . 

Roy, A.C., De Datta, S.K., 1985. Phosphate sorption isotherms for evaluating phosphorus 

requirement of wetland rice soils. Plant Soil 86, 185–196. 

https://doi.org/10.1007/BF02182893 

Ruttenberg, K.C., 2003. The Global Phosphorus Cycle, in: Holland, H.D., Turekian, K.K. 

(Eds.), Treatise on Geochemistry. Pergamon, Oxford, pp. 585–643. 



Bibliography 

123 
 

https://doi.org/https://doi.org/10.1016/B0-08-043751-6/08153-6 

Scherr, S.J., 1999. Soil degradation. A threat to developing-country food security by 2020? 

International Food Policy Research Institute, Washington, DC. 

Schlichting, A., Leinweber, P., Meissner, R., Altermann, M., 2002. Sequentially extracted 

phosphorus fractions in peat-derived soils. J. Plant Nutr. Soil Sci. 165, 290–298. 

https://doi.org/10.1002/1522-2624(200206)165:3<290::AID-JPLN290>3.0.CO;2-A 

Scholz, R.W., Ulrich, A.E., Eilittä, M., Roy, A., 2013. Sustainable use of phosphorus: A 

finite resource. Sci. Total Environ. 461–462, 799–803. 

https://doi.org/https://doi.org/10.1016/j.scitotenv.2013.05.043 

Schulte, E.E., Hopkins, B.G., 1996. Estimation of Soil Organic Matter by Weight Loss-On-

Ignition, in: Soil Organic Matter: Analysis and Interpretation, SSSA Special Publication 

SV  - 46. Soil Science Society of America, Madison, WI, pp. 21–31. 

https://doi.org/10.2136/sssaspecpub46.c3 

Schulte, R.P., Doody, D.G., Byrne, P., Cockerill, C., Carton, O.T., 2009. Lough Melvin: 

Developing cost-effective measures to prevent phosphorus enrichment of a unique 

aquatic habitat. Tearmann Irish J. Agri-Environmental Res. 7, 211–228. 

Schulte, R.P.O., Herlihy, M., 2007. Quantifying responses to phosphorus in Irish grasslands: 

Interactions of soil and fertiliser with yield and P concentration. Eur. J. Agron. 26, 144–

153. https://doi.org/10.1016/j.eja.2006.09.003 

Sharpley, A.N., Daniel, T., Sims, T., Lemunyon, J., Stevens, R., Parry, R., 1999. Agricultural 

phosphorus and eutrophication. ARS-149. USDA-ARS, University Park, PA. 

Sharpley, A.N., Rekolainen, S., 1997. Phosphorus in agriculture and its environmental 

implications. Phosphorus loss from soil to water. 

Sheil, T.S., Wall, D.P., Culleton, N., Murphy, J., Grant, J., Lalor, S.T.J., 2016. Long-term 

effects of phosphorus fertilizer on soil test phosphorus, phosphorus uptake and yield of 

perennial ryegrass. J. Agric. Sci. 154, 1068–1081. 

https://doi.org/10.1017/S0021859615001100 

Simmonds, B., McDowell, R.W., Condron, L.M., 2017. The effect of soil moisture extremes 

on the pathways and forms of phosphorus lost in runoff from two contrasting soil types. 



Bibliography 

124 
 

Soil Res. 55, 19–27. 

Simmonds, B., McDowell, R.W., Condron, L.M., Cox, N., 2016. Can phosphorus fertilizers 

sparingly soluble in water decrease phosphorus leaching loss from an acid peat soil? Soil 

Use Manag. 32, 322–328. https://doi.org/10.1111/sum.12274 

Simmonds, B.M., McDowell, R.W., Condron, L.M., Jowett, T., 2015. Potential phosphorus 

losses from organic and podzol soils: prediction and the influence of soil physico-

chemical properties and management. New Zeal. J. Agric. Res. 58, 170–180. 

https://doi.org/10.1080/00288233.2014.988830 

Sims, J.T., Pierzynski, G.M., 2005. Chemistry of Phosphorus in Soils, in: Chemical Processes 

in Soils, SSSA Book Series SV  - 8. Soil Science Society of America, Madison, WI, pp. 

151–192. https://doi.org/10.2136/sssabookser8.c2 

Sø, H.U., Postma, D., Jakobsen, R., Larsen, F., 2011. Sorption of phosphate onto calcite; 

results from batch experiments and surface complexation modeling. Geochim. 

Cosmochim. Acta 75, 2911–2923. 

https://doi.org/https://doi.org/10.1016/j.gca.2011.02.031 

Sommers, L.E., Nelson, D.W., 1972. Determination of Total Phosphorus in Soils: A Rapid 

Perchloric Acid Digestion Procedure. Soil Sci. Soc. Am. J. 36, 902–904. 

https://doi.org/10.2136/sssaj1972.03615995003600060020x 

Spomer, L., Berry, W., Tibbitts, T., 1997. Plant culture in solid media, in: Langhans, R.W., 

Tibbitts, T.W. (Eds.), Plant Growth Chamber Handbook. Iowa State University of 

Science and Technology, pp. 105–118. 

Storer, D.A., 1984. A simple high sample volume ashing procedure for determination of soil 

organic matter. Commun. Soil Sci. Plant Anal. 15, 759–772. 

https://doi.org/10.1080/00103628409367515 

Tiecher, T., Gomes, M.V., Ambrosini, V.G., Amorim, M.B., Bayer, C., 2018. Assessing 

linkage between soil phosphorus forms in contrasting tillage systems by path analysis. 

Soil Tillage Res. 175, 276–280. https://doi.org/https://doi.org/10.1016/j.still.2017.09.015 

Tierney, D., O’Boyle, S., 2018. Water Quality in 2016: An Indicators Report. Environmental 

Protection Agency, Johnstown Castle, Wexford, Ireland. 



Bibliography 

125 
 

Tiessen, H., 2008. Phosphorus in the global environment, in: White, P.J., Hammond, J.P. 

(Eds.), The Ecophysiology of Plant-Phosphorus Interactions. Springer Netherlands, 

Dordrecht, pp. 1–7. https://doi.org/10.1007/978-1-4020-8435-5_1 

Tiessen, H., Stewart, J.W.B., Cole, C. V, 1984. Pathways of Phosphorus Transformations in 

Soils of Differing Pedogenesis1. Soil Sci. Soc. Am. J. 48, 853–858. 

https://doi.org/10.2136/sssaj1984.03615995004800040031x 

Turner, B.L., Cade-Menun, B.J., Condron, L.M., Newman, S., 2005. Extraction of soil 

organic phosphorus. Talanta 66, 294–306. 

https://doi.org/https://doi.org/10.1016/j.talanta.2004.11.012 

Turner, B.L., Condron, L.M., 2013. Pedogenesis, nutrient dynamics, and ecosystem 

development: the legacy of T.W. Walker and J.K. Syers. Plant Soil 367, 1–10. 

Turner, B.L., Condron, L.M., Richardson, S.J., Peltzer, D.A., Allison, V.J., 2007. Soil 

Organic Phosphorus Transformations During Pedogenesis. Ecosystems 10, 1166–1181. 

https://doi.org/10.1007/s10021-007-9086-z 

UN, 2017. World population prospects: the 2007 Revision. United Nations, Department of 

Economic and Social Affairs, Population Division. 

USEPA, 1996. Microwave Assisted acid digestion of siliceous and organically based 

matrices (Method 3052), EPA Publication. 

Valkama, E., Virkajärvi, P., Uusitalo, R., Ylivainio, K., Turtola, E., 2016. Meta-analysis of 

grass ley response to phosphorus fertilization in Finland. Grass Forage Sci. 71, 36–53. 

https://doi.org/10.1111/gfs.12156 

van Reeuwijk, L., 2002. Procedures for soil analysis. Tech. Pap. 09. International Soil 

Reference and Information Centre, FAO, Wageningen. 

Velásquez, G., Ngo, P.-T., Rumpel, C., Calabi-Floody, M., Redel, Y., Turner, B.L., Condron, 

L.M., de la Luz Mora, M., 2016. Chemical nature of residual phosphorus in Andisols. 

Geoderma 271, 27–31. https://doi.org/https://doi.org/10.1016/j.geoderma.2016.01.027 

Voss, R., 1998. Fertility recommendations: past and present. Commun. Soil Sci. Plant Anal. 

29, 1429–1440. https://doi.org/10.1080/00103629809370040 



Bibliography 

126 
 

Vymazal, J., 2007. Removal of nutrients in various types of constructed wetlands. Sci. Total 

Environ. 380, 48–65. https://doi.org/https://doi.org/10.1016/j.scitotenv.2006.09.014 

Walsh, S., 2012. A Summary of Climate Averages for Ireland 1981-2010. Met Eireann, 

Dublin. 

Weil, R.R., Brady, N.C., 2016. The Nature and Properties of Soils, Global Edition, Fifteenth. 

ed. Pearson Education M.U.A. 

White, B., Moorkens, E., Irvine, K., Glasgow, G., Ní Chuanigh, E., 2014. Management 

strategies for the protection of high status water bodies under the Water Framework 

Directive. Biol. Environ. Proc. R. Irish Acad. 114B, 129–142. 

Wilke, B.-M., 2005. Determination of Chemical and Physical Soil Properties, in: Monitoring 

and Assessing Soil Bioremediation SE - 2, Soil Biology. Springer Berlin Heidelberg, pp. 

47–95. https://doi.org/10.1007/3-540-28904-6_2 

Withers, P.J.A., Haygarth, P.M., 2007. Agriculture, phosphorus and eutrophication: a 

European perspective. Soil Use Manag. 23, 1–4. https://doi.org/10.1111/j.1475-

2743.2007.00116.x 

Wright, A.L., Reddy, K.R., 2001. Heterotrophic Microbial Activity in Northern Everglades 

Wetland Soils. Soil Sci. Soc. Am. J. 65, 1856–1864. 

https://doi.org/10.2136/sssaj2001.1856 

Yang, X., Post, W.M., 2011. Phosphorus transformations as a function of pedogenesis: A 

synthesis of soil phosphorus data using Hedley fractionation method. Biogeosciences 8, 

2907–2916. https://doi.org/10.5194/bg-8-2907-2011 

Zak, D., Gelbrecht, J., Steinberg, C.E.W., 2004. Phosphorus Retention at the Redox Interface 

of Peatlands Adjacent to Surface Waters in Northeast Germany. Biogeochemistry 70, 

357–368. https://doi.org/10.1007/s10533-003-0895-7 

Zheng, Z., MacLeod, J.A., Sanderson, J.B., Lafond, J., 2004. Soil phosphorus dynamics after 

ten annual applications of mineral fertilizers and liquid dairy manure: Fractionation and 

path analyses. Soil Sci. 169. 

Zheng, Z.M., Zhang, T.Q., Kessel, C., Tan, C.S., O’Halloran, I.P., Wang, Y.T., Speranzini, 

D., Van Eerd, L.L., 2015. Approximating Phosphorus Leaching from Agricultural 



Bibliography 

127 
 

Organic Soils by Soil Testing. J. Environ. Qual. 44, 1871–1882. 

https://doi.org/10.2134/jeq2015.05.0211 

Zheng, Z.M., Zhang, T.Q., Wen, G., Kessel, C., Tan, C.S., O’Halloran, I.P., Reid, D.K., 

Nemeth, D., Speranzini, D., 2014. Soil Testing to Predict Dissolved Reactive 

Phosphorus Loss in Surface Runoff from Organic Soils. Soil Sci. Soc. Am. J. 78, 1786. 

https://doi.org/10.2136/sssaj2014.02.0065 

 



Appendix A 

128 
 

Appendix A 

 

Contrasting yield responses to phosphorus applications on mineral and organic soils from 

extensively managed grasslands: Implications for P management in high ecological status 

catchments.  Journal of Plant Nutrition and Soil Science, 

González Jiménez, J.L., Healy, M. G., Roberts, W. M., Daly, K., 

 

Article associated with Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A 

129 
 

 



Appendix A 

130 
 

 



Appendix A 

131 
 

 



Appendix A 

132 
 

 



Appendix A 

133 
 

 



Appendix A 

134 
 

 



Appendix A 

135 
 

 



Appendix A 

136 
 

 



Appendix A 

137 
 

 



Appendix A 

138 
 

Effects of fertiliser on phosphorus pools in soils with contrasting organic matter 

content: A fractionation and path analysis study. Geoderma.  

 

González Jiménez, J.L., Healy, M. G., Daly, K., 

 

Article associated with Chapter 4 

 

 

 

 

 

 

 

  



Appendix A 

139 
 

 



Appendix A 

140 
 

 



Appendix A 

141 
 

 



Appendix A 

142 
 

 



Appendix A 

143 
 

 



Appendix A 

144 
 

 



Appendix A 

145 
 

 



Appendix A 

146 
 

 


