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Abstract 

 

Phosphorus (P) is a macro nutrient and is an essential element required by grasslands for 

optimum production and herbage P concentration for animal dietary requirements. However 

phosphorus is a finite resource and efforts must be made to reduce P needs in grassland to 

prolong its remaining lifespan. In Ireland current P fertiliser recommendations do not account 

for soil type differences, but large differences in fertiliser P responses can exist across 

differing soil types. The use of this one size fits all P fertiliser recommendation system can 

result in the depletion or over supply of P fertilisers compared to grassland P requirements. 

 

Lime applications to grassland soils have been found to have both significant positive and 

negative effects on soil P availability over shorter and longer term studies. Given the finite 

nature of rock P and potential for P fixation with acid cations in the soil there is need for a 

greater understanding of the effects of lime and soil P interactions under Irish grassland soil 

conditions. When lime applications strategies are combined with applied P fertilisers this 

could result in decreased requirement for fertiliser P for grass production by significantly 

improving P assimilation by the grass plant. 

 

Developing soil specific P fertiliser recommendations is one way of elongating P reserves. 

The aim of this project was to i) investigate the soil physical and chemical characteristics 

effecting soil P availability, ii) to determine the fate of chemical and organic P source 

fertilisers across differing grassland soils and iii) to aid in the development of new soil 

specific P fertiliser recommendations for Irish grassland farms. 

 

To achieve these aims a series of experiments were designed and undertaken to evaluate the 

fate of P fertilisers across a range of the most important agricultural grassland soils in Ireland. 
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A controlled soil - only incubation study was undertaken across 22 grassland soils to 

investigate the fate of applied P fertilisers (chemical and organic P) with and without lime 

applications. A simulated grass silage (3 cut) pot study was then conducted across the same 

range of soils under semi – natural environmental conditions for the development of a model 

on the effect of P source fertilisers also with and without lime incorporations on soil P and 

herbage dry matter yield. Finally an intensive simulated grazed grass (9 cut) field plot study 

across contrasting soil types was undertaken to determine the response to fertiliser P on soil 

P, herbage dry matter yield and herbage P concentration where trial plots received lime 

treatments based on previous lime applications. 

 

The incubation study identified a number of soil physical and chemical properties effecting 

the change in soil test P from applied P fertilisers. In these mineral grassland soils clay and 

organic matter had significant negative correlations (P<0.0001) with the change in soil P 

levels (-0.46 & -0.42). While soil chemical properties aluminium and calcium displayed 

similar negative correlations with the change in soil test P (r = -0.33 & -0.37). Soil pH 

correction through lime addition was found to significantly increase soil test P (P<0.0001) (r 

= 0.48), while applications of organic P (dairy slurry) to low P and low pH soils showed 

greater returns in soil test P with 124% fertiliser P replacement value, when compared to 

chemical P additions in these incubated soils. 

 

Following on from this the grassland pot study showed a wide range of dry matter yield 

responses across a range of differing soil types. Predictive models for soil P and herbage dry 

matter yield were developed from the results of this trial to determine the factors effecting 

future changes in soil P and in the prediction of herbage dry matter yield. The models 

developed had a good fit to the data generated for the soil and grassland prediction models 

(R2 = 0.76 & 0.71 respectively). Both models identified soil pH as the single biggest factor 
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effecting soil P and herbage dry matter yield (DMY) across these grassland soils. These 

results indicate that an additional 20kg P ha-1 above current recommendations would be 

required to maintain soil P levels in these recently reseeded intensively managed mineral 

grassland soils. 

 

Finally the results of the contrasting grassland field study found that soil pH management is a 

key determinant for increasing and maintaining soil P availability for optimum grassland 

production and in meeting herbage P concentrations. This trial found a significant increase in 

soil P (2.23 mg P L-1) from lime applications in the first year after lime application. It also 

found that P fertiliser applications ≥40 kg P ha-1 were required to meet herbage P 

concentration targets (3.5 mg P kg-1) and that lime applications in conjunction with adequate 

P fertiliser was necessary to sustain high DMY in the longer term. 

 

This project and its findings will further develop our knowledge on soil P, herbage P and 

herbage DMY for the future development of soil specific P fertiliser recommendations in 

Irish grassland soils. 
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Chapter 1: 

Literature Review 
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1.1 Overview 

The aim of this chapter is to provide an overview of the scientific literature concerning the 

importance of phosphorus (P) with respect to grassland production and sustainable 

management of finite P resources in agricultural production systems. The specific focus of this 

review is on intensively managed temperate grasslands and it attempts to identify the main 

knowledge gaps for further research on phosphorus in temperate mineral grassland soils. 

This review delves into the current fertiliser management practises on Irish grassland farms 

and the role that environmental legislation has on constraining phosphorus fertiliser application 

practises on these farms. It will also discuss soil P chemistry and soil P cycling along the plant-

soil continuum, as well as the environmental implications of P losses from the P cycle. An 

analysis of the chemical and organic P sources for agricultural soils is provided and the relative 

importance of these sources in the context of developing soil-specific nutrient P advice for 

grassland farms is discussed. Finally an overview of the phosphorus requirements for grassland 

production and the efficiency of P use under grassland management regimes and background 

soil fertility levels are presented. 

Overall, the aim of the chapter is to provide the reader with a critical analysis and an in-depth 

understanding of the complexity of phosphorus dynamics in agricultural soils, while 

highlighting its importance for optimum soil P fertility management for grassland production, 

profitability and environmental sustainability. 
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1.2 The Story of Phosphorus in Ireland 

1.2.1 Introduction 

Phosphorus is a critical element in animal and crop production (FAO, 2005). Phosphorus plays 

a key role in plants to aid in energy production, the transport of ions and the synthesis of organic 

molecules (Whitehead, 2000). Discovered by Hennig Brandt in 1669 (Schipper, 2014), it forms 

an integral constituent of the energy molecule of adenosine triphosphate (ATP) and is also a 

critical component in the genetic make-up of deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA) (Westheimer, 1987). Phosphorus is also an essential element required by animals 

for the regulation of blood pH, osmotic function in cells and bone formation (Whitehead, 2000). 

 

Roughly 148 million tons of phosphorus are mined from the Earth per year (Cordell et al., 

2009), and the majority of this is used for fertiliser production. However, this source of 

phosphorus is finite with reports estimating that reserves may only last for 50 - 100 years 

(Cordell et al., 2009). There are limited reserves of rock phosphate in Europe, mostly based in 

Finland (Marjolein de Ridder, 2012) meaning the EU is particularly vulnerable to rock 

phosphate shortages or price hikes. The EU uses approximately 9% of the world’s P fertiliser 

and imports 61% of its P requirements (van Dijk et al., 2016). Hence EU farmers are 

particularly exposed to fluctuations or shocks in international P supply markets and pricing. 

The world population is estimated to rise from 7.6 billion to 9.7 billion people by 2050 (UN, 

2017). Compounding the demand on P fertiliser has been the increased consumption of meat 

and milk within developing countries (Cordell and White, 2011) and geopolitical instability 

both of which may affect access to P fertilisers going forward (Marjolein de Ridder, 2012). In 

this context the efficient assimilation of P from the soil by plants, the optimum utilisation of P 
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by livestock and the recycling of P in manure, and other wastes, are all essential to reduce the 

consumption of rock P supplies in agriculture and to sustain fertiliser P supplies. 

 

Grassland is one of the biggest land uses in the world accounting for 52.5 million km2 (40.5%) 

of the terrestrial area of the Earth (FAO, 2005), and covering 76% of Ireland’s agricultural area 

(CSO, 2010). Phosphorus fertilisers are required in relatively large quantities to sustain high 

yielding grass production systems in Ireland. Phosphorus undersupply and high P removal rates 

from many grassland soils in Ireland, have resulted in sub-optimal soil P fertility levels in many 

regions. In contrast, soils in regions with intensive confined animal production systems, such 

as pigs and poultry, tend to have surpluses in organic manure P owing to large net imports of 

P in concentrate feeds and repeated applications of organic manure P to soils in the immediate 

vicinity (McDonald et al., 2019). 

Ireland’s dairy sector has rapidly increased in size in response to milk quota abolition and 

through government support to achieve ambitious ‘Food Wise 2025’ targets (Anon, 2015). The 

reliance on the supply and use of P fertilisers for grassland production to sustain the national 

dairy herd and dry-stock, is therefore set to continue with potential for an increased demand 

for P fertiliser well into the future. 

 

Phosphorus fertiliser advice for grassland production is typically based on meeting herbage dry 

matter yield (DMY) and P concentration targets (Wall and Plunkett, 2016), while working 

within the limits on P fertiliser inputs laid out in local and regional environmental legislation 

in compliance with the EU Nitrates Directive (European Council, 1991). In Ireland, P is one of 

the primary pollutants in water courses (Anon, 2017d), being a key limiting nutrient for 

eutrophication in Irish fresh water bodies. Meeting agricultural production targets, namely 
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‘Food Wise 2025’, while simultaneously protecting and improving water quality, has been 

acknowledged as a significant challenge to the Irish agricultural industry (Anon, 2018). 

 

1.2.2 Economic Importance of Grassland Production in Ireland 

Grassland production targets on dairy farms in Ireland are ~15t DM ha-1 (O'Donovan et al., 

2011) and incorporate grass-herbage utilisation targets of ≥75% (Anon, 2017b). In Ireland the 

temperate humid climate is favourable for grass production providing suitable growing 

conditions over a relatively long growing season (Keane and Collins, 2004). Grazed grass is a 

low cost source of feed for dairy and drystock animals and its production and management 

underpins the economic viability of Ireland’s milk, beef and sheep production systems 

(Finneran et al., 2012). However, fertilisers are one of the single biggest costs on Irish grassland 

farms (Dillon et al., 2019) and the fertiliser strategy employed on farms can have a significant 

effect on farm profitability. Optimising soil P fertility levels can increase grassland production 

by on average 1.5t ha yr-1 under an intensive grass based production system (Schulte and 

Herlihy, 2007). Doing this has the potential to significantly increase farm profitability as each 

tonne of grass DM utilised is worth approximately €173 ha-1 net profit (Hanrahan et al., 2018). 

Phosphorus fertiliser applications on Irish farms can be significantly affected by the purchase 

cost, with a range of national and international factors affecting the prices of imported 

fertilisers. An example of this occurred in 2008/9 when national fertiliser P use in Ireland 

dropped rapidly as a result of dramatically increased P fertiliser prices (CSO, 2019). The 

subsequent reduction in the application of P fertilisers, on intensive grassland farms in Ireland, 

has been found to have a negative economic impact on farm holdings (Buckley and Carney, 

2013). 
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With the abolition of the EU milk quota system in 2015, the Irish dairy industry is currently 

undergoing a rapid expansion with the national dairy herd increasing by 24% to 1.36 million 

animals (CSO, 2018b). Consequently, national demand for imported concentrate feed has 

increased significantly, and with it the need for improved manure P management on dairy 

farms. This would ensure that neither over-enrichment of soil P occurs in some paddocks, with 

implications for water quality, nor unsustainable mining of soil P occurs in other soils, with 

implications for grass and animal production. Improved management of organic P fertilisers 

(namely cattle slurry) would thus ensure expensive chemical fertiliser P is kept to a minimum. 

 

1.2.3 Soil P Fertility: Past and Present 

Phosphorus deficiency symptoms were clearly evident in Irish soils, plants and animals during 

the 1940’s and 1950’s (Walsh, 1957). This led to the search for a suitable soil P testing 

procedure to pre-diagnose such problems in Irish soils. The Morgan’s extractable P test 

(Morgans, 1941) was identified as most suitable and calibrated to provide a basis for P fertiliser 

recommendations for grass and arable crops in Ireland. A programme of knowledge transfer 

on the benefits of soil testing and P fertiliser applications which considered the requirements 

of both grassland and crops subsequently began in the 1950’s and 1960’s. 

Following widespread soil testing in the 1950’s, which indicated very low soil test P (STP) 

values, P fertiliser applications were shown to greatly improve soil P status on grassland farms 

and reduce the incidence of P deficiency in both plants and animals. However, increased 

fertiliser P use in the 1980’s and 1990’s coincided with a decline in water quality, with 

increased usage of P fertilisers identified as the primary cause (EPA, 2001). Although correct 

P applications can have a positive influence on water quality (Daly and Casey, 2005) there are 

various reasons why fertiliser P applications to farmland poses a risk to water quality, including 

lack of knowledge on precise soil nutrient requirements, lack of training in the calibration of 
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fertiliser application equipment, and lack of understanding of the effect of P on aquatic 

environments. 

The intensification of farm production systems on Ireland has led to increased removal of P 

from soils in crop and animal products. Over the decades the removal of P from soil in crops 

and animals and the redistribution of these nutrients to other locations, has resulted in nutrient 

imbalances at farm, regional and national levels (McDonald et al., 2019). 

Soil fertility testing on Irish farms is typically carried out every four to five years with 

approximately 100,000 – 120,000 soil samples analysed nationally each year (Plunkett and 

Wall, 2016). Recent results indicate poor overall soil fertility with only about 24% of soils 

displaying the optimum soil P levels needed for intensive grassland production. These results 

are supported by a national fertiliser use survey between 2005 and 2015, which showed that 

chronic under-use of P fertiliser on grassland has caused soil P fertility to decline nationally 

(Dillon et al., 2018). 

About 40% of soils tested were also found to have sub-optimal pH (Teagasc, 2020), a factor 

contributing to reduced soil P availability. It would appear that these soil fertility results are 

not unique to Ireland, similar low soil P fertility results have also been documented for 

Scotland, England and Wales (Webb et al., 2001). In an extrapolation of historical soil P 

fertility trends in Ireland, Culleton (2013) predicted that 84% of soils would have sub-optimum 

fertility levels for intensive grassland production by 2020. While this dramatic prediction in 

relation to soil P fertility results hasn’t manifested, the soil test results presented above 

nevertheless suggest that P fertiliser recommendations are not being adhered to on many 

grassland farms, and thus warranting further scrutiny into nutrient management practices and 

decision making processes on Irish grassland farms (McDonald et al., 2019). 
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In light of reduced fertiliser sales, Buckley et al. (2016) noted positive trends in farm P balance 

(11.9 – 6 kg ha-1) and an increased return in applied P fertiliser (60 – 78%) while also increasing 

milk solids per ha per cow in a study across 150 specialist dairy farms in Ireland over a seven 

year period (2006 – 2012). These positive trends may be due to strategic organic P applications 

to the farm holding, which may well be a necessity for the economic survival of grassland 

production systems. If Water Framework Directive (WFD) targets are not achieved, substantial 

financial penalties will be levied on the entire agricultural industry (Trodd and O’Boyle, 2018). 

This strategic targeting of organic P may help to achieve WFD good quality water status by 

reducing chemical P requirements on grassland farms and the overall P loading to farmland. 
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1.2.4 Phosphorus Sources for Grassland Production 

 

Due to plant and animal assimilation of P from soils and naturally occurring P losses from the 

plant root zone, grassland soils are routinely supplemented by organic and/or inorganic P 

fertilisers. 

 

Inorganic Phosphorus 

There are two main types of inorganic P fertiliser available in Ireland: ‘fast acting’ and ‘slow 

acting’ fertiliser P. The fast and slow connotation to these fertilisers are in respect of their 

dissolution rates, i.e. water solubilisation for fast acting, or acid/microbial dissolution for slow 

acting. Fast acting P fertiliser is made by acidulating crushed rock phosphate. The slow acting 

P sources are usually made by finely crushing soft rock phosphate to increase their solubility, 

without acidulation (Wall and Plunkett, 2016). The Irish fertiliser market is typically dominated 

by compound fertiliser (combinations of nitrogen (N), P and potassium (K)) comprising mainly 

di-ammonium phosphate (DAP) (containing 18% N and 46% P) and triple super phosphate 

(TSP) containing 16% P. These P fertilisers are fast acting and typically contain > 90% water 

soluble P. Slow acting rock-based P fertilisers are also available in Ireland. Overall, the use 

and efficiencies of chemical P fertilisers on Irish farms are related to fertiliser cost, stocking 

rate, land use potential and rainfall patterns (Buckley et al., 2016). 

 

Organic Phosphorus 

Animal manures are important sources of P fertiliser on grassland farms. Their collection and 

targeted redistribution around the farm holding to areas of P deficiency is a key aspect of on-

farm nutrient management. The correct redistribution of organic manures to P deficient soils, 
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or areas with high P off-take potential, such as silage fields, can prevent P insufficiencies or 

deficiencies from occurring and increase grass yield and nutrient use efficiency. This is a core 

principal of nutrient management planning, and aligns with a key aim of the European 

Commission for the development of a circular economy (EC, 2018). Novel measures have been 

developed to extract and/or separate P from animal slurries and other effluents (Church et al., 

2016) and export it, to prevent the excessive P enrichment of soils as a result of repeated organic 

manure applications. Legislative measures have also been introduced to constrain manure use 

on grassland farms. Manure P is deemed to be 100% available to crops on soils that only require 

maintenance levels of P inputs (S.I. No. 605 of 2017), but when applied to soils with sub-

optimal P levels, it is only assumed to be 50% available (Table 1.1). This encourages greater 

volumes of organic manures to be targeted at areas with sub-optimal P fertility. Typically, cattle 

slurry (6% dry matter) has an average P concentration of 0.5 kg P t DM-1 but this mean value 

masks quite a wide range (0.1 – 1.1 kg P t DM-1) (Berry et al, 2015). Going forward, targeting 

the expected increases in dairy cattle slurry (with the expansion of the national dairy herd) to 

low P fertility soils could help ensure better P distribution on farm holdings and reduce the 

likelihood of P losses to water bodies (McDonald et al., 2019). 

Table 1.1 Assumed phosphorus availability (%) of total applied fertiliser P, for plant uptake 

according to soil P index in Ireland. These phosphorus availabilities for chemical and organic 

P sources are stipulated under national Nitrates Directive Regulations in Republic of Ireland.  

Fertiliser 

Type 

Phosphorus  

Availability (%) 

 

Soil Index  

1 & 2 

Soil Index  

3 & 4 

Chemical 100 100 

Organic manures* 50 100 

* Organic manures – any manures derived from animals or mushroom production. (Source: 

Wall and Plunkett, 2016).  
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1.2.5 Legislation Governing P Fertiliser use in Ireland and Europe 

Applications of P fertilisers in excess of plant P requirements can result in the build-up of soil 

P. Increased soil P fertility beyond grassland requirements (>8 mg l-1 Morgan’s extractable P) 

may lead to an increase in P loss to water bodies (Tunney, 2002). Irish regional legislation, 

namely the Nitrates Action Programme (NAP), was introduced in Ireland in 2006 to bring the 

region into compliance with the EU Nitrates Directive (European Council, 1991) (S.I. 378 of 

2006). The NAP seeks to minimise losses of N and P from agricultural land to water bodies, 

and is reviewed every 4 years, the most recent review being in 2018. Ireland is one of a small 

number of European countries that legislates for limitations on P fertiliser use as well as N 

fertiliser use on agricultural land (Buckley et al., 2016). Other EU countries are implementing 

a range of P loss mitigation measures which may provide a more targeted approach to localized 

infringements in water quality (Schoumans, 2014). 

The current programme of measures implemented under Ireland’s NAP (Anon, 2017a) include 

among others: 1) limits on N and P fertiliser application rates, 2) closed periods where N and 

P fertilisers and manure applications are prohibited, 3) matching P fertiliser application to 

animal stocking rates, and 4) manure storage requirements. Under this regional legislation, 

Ireland was divided into three climatic zones based on county boundaries (Figure 1.1), and 

these zones are used to determine dates when organic and chemical N and P fertiliser 

applications are prohibited over the winter period. 
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Figure 1.1 Fertiliser application zone designation, fertiliser type and prohibited application 

periods. Source: Department of Agriculture, Food and the Marine (DAFM) (2018). 

 

One of the main objectives of the NAP is to reduce excessive soil P levels (> 8 mg P l-1) to 

agronomic optimum (5.1 – 8 mg P l-1) to alleviate excess soil P source pressure on the aquatic 

environment. However, modelling studies in Ireland, estimated that a negative soil P balance 

(-7 kg P ha-1) scenario would take 5 to 20 years for soils displaying high soil test P to reach 

agronomic optimum levels (Wall et al., 2013; Schulte et al., 2010). The implementation of 

legislation on soil P must recognise such soil P decline models in developing targets for future 

nutrient use legislation as alluded to by Murphy et al. (2015) in an investigation of P losses in 

an intensive dairy catchment in Ireland. 

The NAP regulations which fall within the umbrella of the Water Framework Directive (WFD) 

(OJEC, 2000) have undergone, and will undergo in future, revision as a direct result of the 

development of new knowledge of nutrient movement in the landscape (EPA, 2007). While 

the implementation of the NAP inadvertently restricts the stocking density of farm holdings at 

2 dairy cows per ha (170 kg N ha-1), farmers can apply for a derogation which can allow for a 

stocking rate of up to 2.9 dairy cows per ha (250 kg N ha-1) on approved farms (Anon, 2017a). 
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Derogated farms must adhere to stricter rules concerning the management of P fertilisers and 

provide evidence of good nutrient stewardship, including soil testing, creation of nutrient 

management plans and optimising soil pH. 

The introduction of environmental legislation has been identified as a major contributory factor 

in the reduction of P fertiliser sales in Ireland and may be implicated in causing declines in soil 

fertility nationally. Studies have noted a drop off in P fertiliser sales and applications at farm 

level due to fertiliser legislation (Dillon et al., 2018). Figure 1.2 displays the P fertiliser and 

lime sales for Ireland between 1980 and 2016. Phosphorous fertiliser sales fell from an annual 

average of 64,000 tonnes in 1980 - 1984 to 20,000 in 2008, while doubling to 42,000 in 2016. 

 
Figure 1.2 Fertiliser sales in Ireland for the period 1980 to 2016 (Source; CSO, 2018a). 

 

1.2.6 Current Recommendations for P Fertiliser in Ireland and Europe 

There are a range of P fertiliser recommendations given across Europe which are underpinned 

by in excess of 10 different soil P extraction methods (Table 1.2) (Jordan-Meille et al., 2012), 

with the resulting P fertiliser advice recommendations varying by up to three-fold (lowest v 

highest recommendation). However, for the same soil and crop combinations, studies have 
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found no single soil test to be better than others for making fertiliser recommendations (Vos et 

al., 1992). 

Table (1.2) Soil test P methods across various European countries or areas.  

Test 

No. 

Country Method References Soil Types 

1 Ireland (ROI) Morgans Morgan (1941) All soils 

2 Ireland (N.I.), Denmark, 

England, France, Italy, 

Spain (Nav) 

Olsen Olsen et al., (1954) Calcareous soils 

extended to all 

soils 

3 Belgium (Flanders), 

Hungary, Lithuania, 

Norway, Slovenia, Sweden 

AL Egner et al., (1960) All soils 

4 Austria, Germany CAL Schüller, (1969) All soils 

5 Czech Rep., Estonia, 

Slovak Rep. 

Mehlich 3 Mehlich, (1984) All soils 

6 Latvia, Poland Egnerand 

Riehm (DL) 

LV ST ZM 82‐97, 

(1997) 

All soils 

7 Belgium (Wallonia), 

Switzerland 

NH4 Ac 

EDTA 

Van den Hende & 

Cottenie, (1960); 

Lakanen & Erviö, 

(1971) 

All soils 

pH < 6.8 

8 The Netherlands, 

Switzerland 

H2O Sissingh, (1971)  

Dirks & Scheffer, (1930) 

All soils 

9 Italy Bray P1 Bray & Kurtz, (1945) pH < 6.8 

10 France Dyer Dyer, (1894) Neutral and 

acidic 

11 France Joret‐Hebert Joret & Hebert, (1955) Calcareous 

Source: Modified from Jordan-Meille et al. (2012). 
 

In Ireland, the Morgan’s extraction method (Morgan’s, 1941) is used to determine soil P 

availability on the typical acidic mineral soils found in Republic of Ireland, while in Northern 

Ireland the Olsen P test was found to best represent plant available P in these heavier and more 

organic soils. Crop response trials have been calibrated in Ireland against the Morgans P test 

to generate P recommendations for different cropping scenarios. Irish grassland P 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b54
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b24
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b61
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b47
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b45
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b45
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b70
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b70
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b43
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b43
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b65
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b20
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b5
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b22
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1475-2743.2012.00453.x?casa_token=XooFfyeU2zsAAAAA%3AFj7VumbVamc-zara0JU0YYu5Mf_o1R3wgijLzIxjVnjGc8R-kXqCJnYxpb2eMq9T4e0WEtBBqzfUuzjL#b40
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recommendations are based on an index system consisting of four ranges in soil test phosphorus 

(STP) (see Table 1.3) (Wall and Plunkett, 2016). Additional P fertiliser allowances are made 

for soil P build–up and reseeding for silage production or animal grazing (Table 1.3). This 

allowance acknowledges soil P fertiliser accumulation at or near the soil surface under long 

term grassland swards. Inversion of this near surface soil P during tillage operations may result 

in soil P deficits for young and shallow rooted seedlings. Recommended P fertiliser 

applications across soil test P and across stocking rates have been created (Table 1.4), as well 

as increased P fertiliser allowances under higher stocking rates (for maintenance plus soil P 

build up) to meet the grassland P requirements, and are set out in the NAP regulations. 

 

Table 1.3 Soil P index system with P recommendations for silage and grassland establishment 

allowances. 

Soil P index Soil P values1 Grass P response Silage2 Grass est.3  

 mg L-1  kg ha-1 

1 0 – 3 Very Low 20 10 60 

2 3.01 – 5 Low 20 10 40 

3 5.01 – 8 Medium/Adequate 20 10 30 

4 > 8.01 Sufficient/High 0 0 0 
1 Morgans extracted. 2 Additional P application for one cut and second/multiple silage cuts (5 

t ha-1). 3 Grassland P application rates where grassland is being re-established. Source: Wall 

and Plunkett (2016). 
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Table 1.4 Annual maximum fertilisation rates of phosphorus on grassland across differing 

stocking rates and soil P index category. 

Stocking Rate (kg N ha-1) Phosphorus Index 

 1 2 3 4 

 Available Phosphorus (kg/ha) 

<85 27 17 7 0 

  86 - 130 30 20 10 0 

131 - 170 33 23 13 0 

 Grassland stocking rate greater than 170 kg/ha/year 

171 - 210 36 26 16 0 

211 - 250 39 29 19 0 

>250 39 29 19 0 

* An additional 15kg ha-1 may be applied to soil at P index 1, 2 or 3 where pastures are 

undergoing establishment. Source: Wall and Plunkett (2016). 

 

The original agronomic soil P index ranges (prior to those outlined in Table 1.3 above) for 

grassland were adjusted downwards in 2006, in line with financial and environmental findings 

from an extensive cut grassland trial conducted across 32 soil types in Ireland (Schulte et al., 

2006). Fertiliser application recommendations have been adjusted over the years to account for 

changes in farm management practises (Shore et al., 2016), greater crop production through 

improved varietal choice (Blake et al., 2000), increased knowledge in soil chemistry (Daly et 

al., 2015) and a range of other management and legislative factors impinging on fertiliser P 

management practises (Figure 1.3). Bailey (2015b) noted that grassland nutrient requirements 

were based on research conducted in the 1970’s and 1980’s and since then, grassland breeding 

programmes have significantly improved grassland productivity and hence crop removal of P 

from soil. Such adjustments to the legislation and to fertiliser recommendations are 

acknowledgments that these need to be fluid to account for on-going changes in technologies 

and on farm management strategies which influence soil P. 
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Figure 1.3 Diagrammatic representation of the factors influencing fertiliser P allowances and 

efficiencies on Irish grassland farms. 

 

Overall, the current recommendations for P fertiliser aim for a balanced approach through 

targeting organic P fertiliser applications at land of poor soil P status, however, they do not 

account for differences in soil types. 
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1.3 The Phosphorus Cycle 

1.3.1 Phosphorus in Soil 

 

A number of factors play a role in determining the availability of soil P to grass (Figure 1.4). 

Phosphorus levels in soils have been reported to range from 0.001 mg/l to >1 mg/l for very 

infertile to fertile soils; it has also been concluded that <1% of soil P (total inorganic and 

organic) is available to plant roots at any given time (Bünemann, 2015). Phosphorus, as an 

anion, holds a negative electrical charge and occurs as hydrogen phosphate (HPO4
2-) and 

dihydrogen phosphate (H2PO4
-), but in acid mineral soils it is usually taken up by plant roots 

in the dihydrogen form (H2PO4
-) (Whitehead, 2000). Positively charged soil cations, namely 

calcium (Ca+2), aluminium (Al+3) and iron (Fe+3) form chemical complexes with P. 

 

Soil P buffering capacity have been found to regulate soil solution P availability in Irish soils, 

with acidic soils typically displaying greater P buffering than calcareous soils, owing to the 

abundance of Al and Fe ions in the former (Daly et al., 2015). Soils dominated by Ca+2 are 

limited to smaller regions of Ireland, whereas acidic soils are dominant and are associated with 

relatively high levels of Al+3 and Fe+3. Regulation of these P binding soils by Al+3 and Fe+3 

through pH adjustment can significantly reduce the ability of these cations to bind or absorb 

soil P adsorption (see Section 4.5). Fertiliser and manure P applications are typically made to 

the surface of grassland swards, and owing to poor translocation of P down the soil profile, the 

majority of applied fertiliser or manure P tends to be bound to soil particles at or close to the 

soil surface (McLaren et al., 2015; Murphy et al., 2007). Long term applications of P fertiliser 

can result in soil surface legacy P accumulation providing large secondary global phosphorus 

source available for possible future mineralisation (Zhu and Whelan, 2018). 



 

19 
 

 

 
Figure 1.4 Phosphorus cycle displaying complex biological and geochemical cycles of soil P. 

Source; Walbridge (1991). 

 

1.3.2 Fixation 

Phosphorus fixation, also known as adsorption and immobilisation, is the loss of P from soil 

solution due to its physical or chemical associations with other elements in the soil (Brady and 

Weil, 2008). Fixation reactions are determined largely by the positive and negative attraction 

of P fertiliser to soil clay particles, organic matter, and Al, Fe and Ca ions. This is a natural 

attraction, and the size of the effect is determined by the degree of P fixing soil properties or 

elements. Unfortunately P fixation by soil is not easily reversed and in many cases has been 

greatly misunderstood (Gérard, 2016). Increasing levels of clay in soils typically coincide with 

increased P sorption capacities mainly due to increased surface area on clay particles which 

react with soluble P. In a review of P fixation, Gérard (2016) concluded that clay can bind 

considerably more P than Al+3 or Fe+3 oxides depending on the soils specific surface area. 
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Phosphate ions carry a negative charge and due to this negative charge they are considered a 

relatively immobile nutrient in soil, i.e. not easily lost, because phosphate ions have a 

propensity to bind with other soil constituents and can occur rapidly after fertiliser application 

(Whitehead, 1998). Bair et al. (2014) showed how pH affects Fe-P and Al-P binding (see 

Section 1.3.6). This is typically soil specific and related to the concentrations of Al+3, Fe+3, 

Ca+2 ions and the overall buffering capacity of the soil as well as soil pH. Daly et al. (2001) 

investigated the sorption and desorption of applied P fertiliser across eleven soil associations, 

and found that in the acidic soils of Ireland, Al+3 and Fe+3 oxides are largely responsible for P 

sorption capacity. 

 

Soil P buffering capacity is a reflection of a soils ability to resist changes in the P ion 

concentration in the solution phase (Holland et al., 2018). Where soils are highly buffered, 

relatively large amounts of P are required to increase STP, while poorly P buffered soils require 

low levels of P input to achieve the same change in STP. The quantity/intensity relationship of 

P fertiliser applications are central to the solubilisation of soil bound P into the soil water 

solution (McDowell et al., 2003). Ultimately, its delivery to the grass plant roots, as 

recommended for Irish grassland soils (Wall and Plunkett, 2016) is based on this P buffering 

premise (Holland et al., 2018). 

 

1.3.3 Mineralisation 

Soil P mineralisation is the conversion of organically bound P to a plant available form through 

microbial decomposition (Bunemann et al., 2011). Organic P is an important source of soil P, 

typically made up of dead and decaying plant shoots and roots and comprising of between 30% 

and 65% of total P in soil (Bunemann et al., 2011). More than 70% of P applied as fertiliser 
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may be locked up in slowly labile P pools through a process of P sorption (Culleton, 2002), 

and this represents a large untapped resource of P. As mineralisation of soil organic P is 

temperature dependant, chemical applications in the early spring may compensate for low 

levels of microbial P mineralisation and help to meet plant P requirements in the early part of 

the growing season (Sheil et al., 2016). 

 

1.3.4 Leaching 

Phosphorus is highly immobile due to its negative electrical charge and it is widely held that P 

is so tightly bound to soil particles that losses to the aquatic environment are low (Whitehead, 

2000). In many cases leaching of P from soils is limited due to the highly reactive adsorption 

properties of soils, mediated via soil mineral surfaces and organic matter. In cases where P is 

leached from the soil surface, reactive soil minerals deeper in the profile may absorb this P and 

immobilise it into secondary compounds. This can result in surface P stratification as shown 

by results from a long-term (established in 1968) grassland experiment in Ireland, where 

Morgan’s extractable soil P declined at various rates across differing depths (Figure 1.5). Soil 

P at various depths was shown to be positively related to the rates (0, 15 and 30 kg P ha-1) of 

surface applied fertiliser P (Culleton et al., 2002). 
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Figure 1.5 The effect of P fertiliser rate on Morgan’s extractable P at various depths. Source: 

Efficient Use of Phosphorus in Agricultural Soils – FAI and Teagasc 

 

Haygarth (1998) found P leaching losses in groundwater on clay soils under grasslands to be 

in the region of 132 µg L-1 with the ability to cause eutrophication at P levels >0.01 µg L-1 

(Sharpley and Menzel, 1987). This indicated that surplus surface applied P fertiliser, leached 

down the soil profile, was not all absorbed or immobilised by soil physical and chemical 

interactions. On a positive note, using hydrologically isolated grassland plots, Watson et al. 

(2007) found that there was no clear relationship between fertiliser P application rate and rate 

of P loss in run-off with annual levels of P loss ranging from 0.19 and 1.55 kg P ha yr-1. 

However in the same study it was shown that P losses in a single event could account for 52% 

of the dissolved reactive P load in a single year. Watson and Matthews (2008) also found soil 

P losses of between 0.28 – 1.73 kg P ha-1 with similar losses to ground water, while, in Ireland 

P losses up to 1.66 kg P ha-1 were reported on high P soils (9.9 mg Morgan’s P l-1) by Tunney 

et al. (2000). 

Maguire and Sims (2002), in an investigation into the effect of Al+3 and Fe+3 on soil P 

availability, using intact soil columns, identified a number of change point values based on the 
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degree of P saturation ratio [P/(Al+Fe)]. Dissolved reactive P repeatedly exceeded the 

requirement for eutrophication but the integration of Mehlich 3 soil testing, in conjunction with 

Mehlich 3 P saturation ratio into agronomic fertiliser recommendations was found to decrease 

P loss through leaching. Although soil test P (Morgans extractable) has been found to correlate 

with P loss to aquatic environments, Tunney et al. (2000) expressed caution as to its use as the 

sole indicator of P loss, as other factors including climate, rainfall intensity and agronomic 

practises can have significant (sometimes over-riding) effects on P loss. 

1.3.5 Run - off 

Run - off, movement of sediment from the soil surface to a waterbody, can occur in extreme 

heavy periods of rainfall at various times of the year with losses via overland flow regarded as 

the main source of P loss from grassland soils (Haygarth et al., 1998; Watson and Mathews, 

2008). The upper most layer of the soil surface is at greatest risk of sediment run off since this 

is most exposed to the water environment (Haygart et al., 1998) and is the zone of greatest P 

accumulation (Culleton et al., 2002). In grassland agriculture, there is limited soil inversion 

(ploughing and reseeding) and hence redistribution of soil P down into the soil profile 

compared to tillage farms, with annual permanent grassland reseeding rates as low as 0.015% 

in Ireland (Humphreys and Casey, 2002). This means that on grassland, P is particularly prone 

to accumulate at the soil surface and therefore is at significant risk of loss in surface run - off. 

As expected, soils with high STP levels have been repeatedly linked with high P loss to water 

courses via particulate P in overland flow (Tunney, 1998). 

 

Phosphorus losses from Irish farmland under various agricultural practises have been 

extensively documented (Tunney et al., 2000; Shore et al., 2016; Schulte et al., 2006). 

Identifying the source of P in runoff is critically important for identifying the main driver of 
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impaired water quality and also the remedial or management actions needed to prevent future 

P losses from occurring. High resolution water quality data have shown that 43% of total P 

(organic and chemical P) losses occur during the slurry spreading closed period, i.e. in just 25% 

of the year (Shore et al., 2016). 

Intercepting these losses through the implementation of a range of mitigation actions would be 

hugely advantageous for protecting water quality and delivering on future water quality targets. 

A more targeted approach to mitigating P loss to water courses is being adopted (Doody et al., 

2012) with research by Thomas et al. (2016) suggesting that the identification of critical source 

areas, areas of high nutrient source pressure relative to other areas in landscapes and the 

implementation of mitigation measures around the source-transport-pathway model may result 

in a significant reduction in soil P transfer to water courses. 

 

1.3.6 Soil pH 

Soil pH is a measure of H+ ions in solution and is measured on a logarithmic pH scale of 1 – 

14 (Brady and Weil, 2008). Soil acidity (pH 1 – 6) plays a key role in regulating the type and 

the availability of soil P in grassland soils (Gustafsson et al, 2012). Increasing soil acidity can 

negatively affect soil P availability to the grass plant (see Figure 1.6) and increase levels of 

potential toxins such as Al3+, manganese (Mn2+) and Fe3+ in the soil solution (McDowell et al., 

2002). In low pH (acidic) soils, the monovalent anion (HPO4
2-) is more freely available, while 

in high pH (alkaline) soils, the divalent (H2PO4-) is more abundant. Research by Stevenson and 

Cole (1999) found that soil pH of 6 would result in 94% of available P being in the form of 

H2PO4
- with the remainder as HPO4

2-, whereas at pH 7 there would be a 60:40 ratio of H2PO4
- 

to HPO4
2-. 
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Figure 1.6 The effect of soil pH and secondary minerals on soil P fixation Source: FAI and 

Teagasc, 2019 – modified from Havlin et al., 1999. 

 

As previously mentioned, Ireland is subject to relatively high rainfall (750 – 1000 mm/yr), 

which in turn, is one of the biggest factors contributing to soil pH decline via Ca+2 leaching. 

Such high rainfall levels in combination with carbon dioxide from root respiration and 

acidification linked to N fertiliser usage, can appreciably reduce soil pH (Wall and Plunkett, 

2016). Correcting soil acidity through the application of lime is the foundation of soil fertility 

planning, and is the first step recommended for acidic mineral soils. Ground limestone is 

primarily used for alleviating acidic mineral soil conditions in Ireland. Application rates to 

alleviate soil acidity are based on a lime requirement test by Shoemaker et al. (1961), which 

uses an acidity extraction method to measure the pH buffering of the soil. While back in the 

1970’s, lime applications to Irish soils were reportedly in the region of 1.7 million tonnes per 

annum, national sales in 2014 were only 0.8 million tonnes (Figure 1.7) (CSO, 2019). 

 



 

26 
 

Applications of lime are essential in high rainfall climates such as in Ireland to neutralise the 

acidic hydrogen ions present in soil solution and thus increase soil pH, decrease Al3+ 

concentrations and improve crop nutrient availability. These beneficial effects of lime may 

continue for several years after application (Curtin and Smillie, 1986). The importance of lime 

use was highlighted in Ireland as early as 1934 when a liming subsidy scheme was introduced 

by the then Department of Agriculture (Walsh et al., 1957). Correcting soil pH can increase the 

availability of P in soil via mineralisation of organic P, desorption of P from mineral surfaces, 

and dissolution of P from secondary compounds such as Al+3 and Fe+3 phosphates. However, 

there have been conflicting reports of the effects of lime on soil P, with increases (Holland et 

al., 2018) and decreases (Curtin, 2001) reported in responses to lime applications on Irish 

grasslands. Hynes (1982) suggests that applications of lime to soils without an intervening 

drying period may actually increase soil P binding when high levels of Al+3 are present. 

Lime applications have been reported as having a P-sparing effect in relation to crop nutrition. 

According to Mansell et al. (1984), P-sparing effects require the following three conditions: 1) 

a lime x P interaction, 2) an overall yield response to P, and 3) no yield depressions to lime. 

Applications of Ca+2, through lime, have also been linked with increased efficiency of P 

utilization by grass for dry matter production (Bailey, 1991), with the Ca+2 supplied by lime 

compensating for low levels of P in root membrane tissue, by forming bridges between 

phospholipids and proteins in root membranes, thereby stabilising them and reducing the 

nutrient and carbohydrate efflux to soil solution. High soil pH values can also result in the 

precipitation of relatively insoluble Ca phosphates, in which the P is not available for plant 

uptake and assimilation (Sims and Pierzynski, 2005). However, slight over correction of soil 

acidity by liming is still likely to be more advantageous than under application, as P sorption 

to Ca+2 is weaker than P sorption to Al+3 and Fe+3 oxides and hydroxides (Halfordi, 1975). 
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Figure 1.7 Lime usage on Irish soils between 1970 – 2014 with mean applications for 1970 – 

1984 (blue line) and 1985 – 2014 (red line). Source: Wall et al. (2015) 

 

An economic evaluation of the use of lime on pasture land in New Zealand suggested that 

applications of lime increased farm profitability, but this was found to be highly dependent on 

simultaneously increasing stocking rate to utilise the increases in grassland production 

(Mansell et al., 1984). Ireland does have an abundant (and cheap) supply of liming materials 

(namely ground limestone) and this provides an economic return on investment with regard to 

grassland production of 7:1 through increased fertiliser efficiency and grassland production 

when compared to P fertiliser only (Wall et al., 2015). 

 

 



 

28 
 

1.4 Grassland Phosphorus Uptake and Utilisation 

1.4.1 Phosphorus Requirements for Grassland Production 

Grass is an essential forage for Irish ruminants, including dairy and beef cattle and sheep, and 

is the cheapest source of feed for these animals (Läpple et al., 2012). To capitalise on this, 

current farming advice is to extend grazing into the shoulders (i.e. early spring and late autumn) 

of the grazing season. The Irish dairy sector is the most profitable and intensive farming sector 

(O'Donovan et al., 2011). The Irish dairy industry aims to increase national grazing days 

beyond 300 days per year (O'Donovan et al., 2011), thereby reducing expensive supplementary 

concentrate feeds. An econometric study on Irish dairy farms by Läpple et al. (2012) showed 

that increasing the length of the grazing season increased overall farm profitability by between 

€750 and €1,000 per ha. Maximum grassland production potential in Ireland ranges from 12 t 

DM ha-1 to 16 t DM ha-1 (O’Donovan et al., 2011). When correctly utilised, increases in grass 

production can increase the stock holding capacity of farms (up to the NAP upper limit of 2.9 

cows per hectare) thereby increasing farm profitability. Adjusting P applications to meet the 

requirements of highly productive swards will be essential if soil P fertility is to be sustained 

into the future. 

 

Soil type has been found to be an important factor as regards P fertiliser recommendations. 

Research in Finland has shown that the grass yield response to P on clay soils is lower than on 

organic or light textured soils (Valkama et al., 2009). Other research by Schulte and Herlihy 

(2007) indicated that a broad range of P fertiliser recommendations were needed to achieve 

95% grassland production potential and herbage P concentrations between 0.3% and 0.35% 

across 32 Irish soils of different types and soil P indexes. The same study also provided 

evidence that P index 1 soils required > 70 kg P ha-1 to ensure herbage P values were ≥ 3.5 g P 
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kg DM-1 – i.e., the target value needed to meet the dietary P requirements of grazing ruminants 

(Whitehead, 2000). The research would support the theory that P fertiliser in multiple orders 

of magnitude may be required to reach the grass P concentration requirements compared to the 

P fertiliser requirements for optimum DMY. One commonly recommended practise to 

overcome P fixation is to apply P fertilisers in multiple split applications to meet P requirement 

of plants throughout the growing season (Wall and Plunkett, 2016). This strategy is known as 

the “Intensity/Supply Theory” outlined in Brady and Weil (2008), and it allows for fixation 

sites to be occupied. In this way the greater the intensity of P fertilisers applied, the greater the 

number of P fixation sites may be occupied and thereby increase the supply of additional 

unbound P fertiliser (Larsen, 1967) to be freely available for plant root assimilation in the soil 

solution. This is one P fertiliser strategy utilised for the soil P index system in Ireland. 

 

During the grazing season, for short periods P supply to grazing animals may be sub-optimal, 

but should not result in clinical P deficiency symptoms as P concentrations in the blood are 

buffered by the animals’ high skeletal P content (Whitehead, 2000). While the availability of 

herbage P to grazing animals has been reported to be between 64 – 86% (Whitehead, 2000), in 

a grazed grass experiment in Ireland with beef cattle on paddocks receiving a range of P 

fertiliser treatments, the zero-P treatment resulted in a significant 66% reduction in live weight 

gain. In contrast, there was no overall significant difference in live weight gains across a range 

of treatments receiving chemical P. The same study found that a soil P value of between 4.1 

and 6.4 mg Morgan’s P l-1 allowed 90 – 100% of the maximum live weight gain potential from 

P fertilised grass (Tunney et al., 2010). 
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1.4.2 Grassland Phosphorus Uptake 

There is a constant requirement for P close to plant roots as soil P has a limited capacity to 

travel through soil. Shen et al. (2011) concludes that the travel capacity of soil P, in 

combination with plant root structure and mycorrhizal association can play a significant role in 

plant P accumulation beyond the immediate soil and plant root interface. However plants 

growing in soils with highly insoluble P pools have also shown adaptations through the 

excretion of mild acids such as citric acid from their roots, which form stable complexes with 

metals (Al+3 and Fe+3) in the soil, thereby releasing or mineralising bound soil P (Schnug and 

Haneklaus, 2016). 

 

While phosphorus deficiency can result in stunting of plant growth and may be recognised as 

a purple tinge to grass plant leaves, these symptoms can also occur as a result of other stress 

conditions including cold weather and moreover may not be visible in plants at all times of the 

year (Brady and Weil, 2008). Phosphorus is also highly mobile within plant leaves and can be 

transferred from older to younger leaves in times of short supply (Fleming and Murphy, 1968). 

As a result of this P deficiency, symptoms will usually be seen in older leaves first (Whitehead, 

2000; Brady and Weil, 2008). 

 

Grass-herbage P concentrations of 3.5 – 4 g kg-1 are required for intensive grazing animal 

production systems e.g. dairying, and can be problematic to achieve especially during peak 

grass growth periods owing to herbage P dilution (Sheil et al., 2016). Schulte and Herlihy 

(2007) found no seasonality effect on herbage DMY from P fertiliser addition under a four cut 

grassland production study. Research by Sheil et al. (2016) found a seasonal trend in herbage 

P concentrations with 6 out of 8 seasonal cuts sub optimum (< 3.5 mg P L-1) in a grassland trial 

plots subject to a simulated grazing scenario over a 17 year period. These results are in contrast 
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to the findings from Cotching and Burkitt (2011) who found no seasonal trend in herbage P 

concentration under a similar simulated grazing trial over a three year period. 

 

1.4.3 Phosphorus Use Efficiency in Grassland 

The ‘apparent’ efficiency with which an applied nutrient is taken up by crops is calculated 

using the following equation:  

(Nutrient uptake in crop with fertiliser – Nutrient uptake in crop without fertiliser) 

Rate of fertiliser nutrient applied 

 

Increasing P use efficiency is critical for increasing the longevity of supply of non-renewable 

rock P resources. Syers et al. (2008) estimated that P use efficiency typically ranges from 10 – 

20% in the year of application. The determination of P use efficiency can be affected by a range 

of factors. These can include soil type, soil mineral composition, soil nutrient status, and 

climate change, as well as a range of management factors that can positively or negatively 

influence soil P. Even on intensive dairy farms there is scope to decrease P fertiliser inputs 

while maintaining grassland yields (Humphreys et al., 2006). Factors affecting grassland 

utilisation rates, and thereby fertiliser use efficiency, include days at grass (O'Donovan et al., 

2011) and the adoption of grassland measurement technologies to better manage pasture 

utilization (Creighton et al., 2011). Higher levels of fertiliser N efficiency have been found on 

Nitrates Directive derogated farms (i.e. 170 to 250 kg organic N/ha loading) compared to non-

derogated farms, possibly because of a greater willingness to implement better grassland 

utilisation and adopt improved on-farm technologies on the derogated farms. 

 

Nutrient use efficiency has been found to be directly proportional to the education level of 

farmers (Buckley et al., 2013), which indicates the need for increased knowledge transfer to 

Irish farmers and greater focus on the importance of sound nutrient (N and P) management to 
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improve farm productivity. In a more recent survey of 150 specialist dairy farms across Ireland, 

Buckley et al. (2016) found that P use efficiency increased from 60% in 2006 to 78% in 2012, 

peaking at 88.3% in 2011, albeit this improvement may have been primarily due to the 

substantive increase in P fertiliser cost and the associated drop in P fertiliser applications 

resulting in soil P mining. 

 

Overall there is large scope for increasing P use efficiency compared to N and K fertiliser use 

efficiencies. Therefore greater research focus is necessary to investigate the interactive effects 

of P x Lime x soil type in the identification of the factors effecting soil P availability with the 

aim to developing soil specific P fertiliser recommendations, thereby increasing applied P 

fertiliser use efficiencies into the future. 
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1.5 Final Conclusion 

The role of soils in regulating P supply for grassland, phosphorus storage and P losses is 

possibly the most important factor concerning P management in Irish agriculture. Yet the 

interaction of P fertiliser with different soil types and soil properties is not fully understood, 

while current soil P knowledge requires greater knowledge transfer to agronomists and farmers. 

This points to the need for further research to generate soil-specific P advice to guide farmers 

in the best management of P on their farms. 

Farmers also need to be cognisant of the need for a greater knowledge of the soil fertility levels 

across their farm holdings, and for the creation of appropriate nutrient management plans which 

will improve soil fertility and nutrient supply to crops, increase the efficiency of P fertilisers 

and minimise P loss to the aquatic environment. A range of practises have been proposed to 

decrease P losses such as increased soil testing, fertiliser P incorporation into the upper soil 

surface during fertiliser spreading, and applications during periods of low surface P mobility 

potential. However, the role of soil specific P management has been less well promoted due to 

the lack of practical tools or information to differentiate soils. 

Increasing knowledge of soil P and plant interactions allows for greater nutrient stewardship 

both now and into the future. Ultimately increasing nutrient P use efficiencies on all farms, the 

development of more targeted nutrient P applications to different soils, and the development 

and implementation of policies that protect the environment and precious P resources, are 

essential for modern and sustainable food production systems.  

This project was established to provide a greater understanding into the differing soil physical 

and chemical factors that may affect the availability of applied P fertiliser and determine the P 

use efficiency across a range of grassland soil types commonly found in Ireland. The ultimate 

aim of this research is to generate new advice for grassland farmers to maintain and improve 
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soil P fertility to meet crop P and dry matter yields requirements whilst extending the lifetime 

of rock P, a finite resource into the future. 
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1.6 Knowledge Gaps 

Fertiliser P is a finite resource facing increased demands from developing countries. 

Additionally applications of fertiliser P displays poor nutrient use efficiencies when compared 

with other macro nutrients namely N and K. It is widely suggest that 80% of applied P fertiliser 

can become unavailable to plant roots soon after application due to the interaction with soil 

physical and chemical properties but that with time this will slowly become available. New 

knowledge is required on soil P and clay interactions and sorption and desorption capabilities 

of Irish clay soils with time. Adsorption of soil P into insoluble P forms (primary and secondary 

P minerals) points to a large reserve of legacy P in some soils and would suggest that there is 

a large scope for the development of i) new fertiliser P advice to prevent initial occlusion 

(taking into account soil constituents) and ii) research into the solubilisation of legacy P from 

soils. 

In Ireland the current fertiliser P advice allows for a one size fits all approach but there are a 

large number of differing soils in Ireland, displaying a wide range of physical and chemical 

properties. The effects of these soil physical and chemical properties, on applied P fertilisers, 

is not fully understood which my lead to excessive applications of P fertiliser to certain soil 

types. This points to a need for greater research into these soil properties and ultimately in the 

creation of soil specific P fertiliser recommendations. This research focuses on Irish soils as 

there is a need to develop this knowledge within Ireland. Such research is required to better 

inform policy regulations and best practice recommendations for P management through farm 

advisory services within Ireland, especially in light of more restrictive P fertiliser application 

allowances under the Nitrates Directive in Ireland, to enhance P use efficiency in agricultural 

soils and to protect water quality. 
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There is also a greater need to develop new knowledge on the optimum timing of P fertiliser 

placement (surface or incorporated) on low P grassland soils across a range of soil P indexes. 

Identification of optimum P fertiliser application timings could also increase herbage P 

recovery during periods of traditionally low herbage P concentrations. 

 

New knowledge is also needed to investigate the interactive effects of P x Lime x soil type to 

identify soil properties affecting soil P availability in grassland soils. The development of soil 

specific P fertiliser recommendations is a key element to increasing applied P fertiliser use 

efficiencies and reducing losses to the aquatic environment into the future. 
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1.7 Layout of Thesis 

 

This literature review investigated the current factors effecting soil P in Irish grassland soils; the 

agronomic, economic and legislative factors that determine the fertiliser P use with a particular 

focus on sources of P fertiliser, the phosphorus cycle and grassland uptake and utilization.  

 

Hypothesis Number 1: 

It was hypothesized that organic P (dairy slurry) could provide comparable responses in soil test P 

when compared to chemical P sources across different mineral soil types. In Chapter 2 the results 

from a soil only incubation study investigated the fate of P chemical and organic P fertilisers across 

a range of Irish mineral grassland soils and was specifically developed to investigate the hypothesis 

above. 

 

Hypothesis Number 2: 

It was further hypothesized that organic P (dairy slurry) inputs could match or increase the dry 

matter yield production, herbage P concentration and soil test P concentrations when compared to 

chemical P fertiliser. The experiment undertaken in Chapter 3 investigated the effect of these 

chemical and organic P fertilisers on the same range of mineral grassland soils but in a semi – 

natural grass silage simulated pot study. 

  

Hypothesis Number 3: 

Finally it was hypothesized that repeated applications of both lime and P fertilisers to permanent 

grassland swards could deliver increased dry matter yield, herbage P concentration and soil test P 

availability compared to either lime or P application alone. Chapter 4 further evaluates the effect 

of long term lime and chemical P fertiliser additions on soil P, herbage P and herbage dry matter 

yield on two contrasting grassland sites subject to an intensive simulated grazing. 
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To conclude, Chapter 5 summarizes the findings and provides an overarching conclusion while 

also suggesting future research needs. Chapters 2 – 4 provide a description of independent research 

experiments established to evaluate specific research questions to further build our understanding 

of soil P. Chapter 2 has already been submitted for peer review and accepted based on submission 

of changes made as presented in this thesis. Chapter 4 will be submitted for peer review in the 

coming months and Chapter 3 will be submitted for peer review at a date in the near future also. 
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1.8 Thesis Objectives 

 

The primary aim of this thesis was to develop new knowledge of the interactions of chemical and 

organic P sources with soil physical and chemical parameters, while considering the effects of 

legacy nutrient management across a range of mineral grassland soils found in Ireland. Developing 

this new knowledge could underpin and inform new policy, in addition to providing on farm 

management advise for organic P (slurry) applications on Irish grassland farms. To this end the 

objectives of this were set out in three studies: 

 To quantify the return on chemical and organic P source fertilisers with and without lime 

addition across a range of grassland soils under a controlled incubation environment. 

 To quantify the yield, herbage P and soil test P responses to chemical and organic P source 

fertilisers under a grass silage scenario using a simulated low emission slurry spreading 

technique in a semi-natural outdoor pot trial. 

 And to quantify the effect of repeat lime applications on yield, herbage P and soil test P 

responses from medium term chemical P applications to permanent grassland plots subject 

to an intensive simulated grazing trial. 
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Chapter 2: 

Effect of soil physical and chemical characteristics on 

phosphorus availability from dairy cattle slurry across 

agricultural soils with and without lime applications 
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Chapter 2 

Effect of soil physical and chemical characteristics on phosphorus availability from dairy 

cattle slurry across agricultural soils with and without lime applications 
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*Submitted for peer review and to be accepted upon completion of corrections as presented in 

this chapter. 
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2.1 Abstract 

Understanding interactions between phosphorus (P) inputs and different soil physical and 

chemical properties may be important for developing effective and efficient P nutrient 

management strategies for agricultural production systems. This study investigated the efficacy 

of dairy slurry P in increasing soil test P (STP) in 22 mineral grassland soils from across Ireland. 

The objectives were to: (1) identify the key soil physical and chemical factors controlling soil 

P availability, (2) evaluate the effects of lime and pH adjustment on soil test P, and (3) evaluate 

the P fertiliser replacement value (PFRV) of dairy cattle slurry for increasing plant available 

soil P across a range of farmed grassland soils in Ireland. 

The most important soil physical properties correlated with change in STP were clay and soil 

organic matter (OM) concentration (r = -0.46 and -0.42, respectively) and the most important 

soil chemical properties were Mehlich3 Aluminium (M3Al) and pH (r = -0.33 and 0.45, 

respectively). The application of lime significantly increased STP compared to non-limed 

control treatments. In the presence of lime, dairy cattle slurry and chemical P proved to be 

equally effective in raising STP, whereas in the absence of lime, dairy cattle slurry was more 

effective than chemical P in this regard. The results demonstrate that knowledge of just a 

limited number of soil properties could be sufficient to underpin soil specific P application 

advice. They also demonstrate that improved soil fertility, reduced fertiliser P costs and 

increased resource efficiency may be achieved through improved targeting of cattle slurry P 

sources to soils with higher crop P requirements and lower initial soil pH. 

Key words: fertiliser, lime, organic manure, phosphorus resources, soil pH, soil test 

phosphorus, soil type 
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2.2 Introduction 

Phosphorus (P) is an essential element in the production of crops and animals (Stutter et al., 

2012). Phosphorus is assimilated by plants from the soil but limitations in native soil P for 

grassland production usually occur where soil P concentrations are low and when crop off-

takes exceed soil P supply. On agricultural soils, P off-take via conserved grass (i.e. grass silage 

and hay), is typically replaced by the application of recycled animal manures or through 

chemical phosphate fertilisers derived from rock P deposits. However, rock P, like fossil fuels, 

is a finite resource but unlike fossil fuels there is no substitute for this critical element (Cordell 

and White, 2011). It is estimated that the life span of phosphate rock reserves is relatively short 

(Cordell and White, 2011) but true reflections of the world supplies of phosphate rock are 

difficult to accurately determine (U.S.G.S., 2017). This uncertainty surrounding the life span 

of supply and future quality of artificial P fertiliser brings manure P management into greater 

focus with best practice guidelines needed to improve nutrient use efficiency across the range 

of different farming systems that exist. 

Despite the relative importance of soil P fertility for underpinning crop production, mean soil 

P levels in Ireland have been in decline since the mid-1990s. Currently, greater than 60% of 

agricultural soils have soil test P values below the requirement for optimum grassland 

production (5.1 – 8.0 mg L-1 Morgan’s extractable P) (Wall and Plunkett, 2016). In order to 

support the projected growth in agricultural production (Anon, 2015), maintaining adequate 

soil P supplies for grassland production will be critical. Previous research by Schulte and 

Herlihy (2007) indicated a relatively large variation in fertiliser P requirements (37 – 55 kg ha-

1) to meet crop P and dry matter (DM) yield targets on soils with low P levels. Strategies to 

increase soil fertility to agronomic optimum levels require the application of P fertilisers in 

excess of crop requirements, in order to build soil P reserves (Wall and Plunkett, 2016). 

Identifying critical soil P limits to meet the agronomic P requirements of grassland while 
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simultaneously protecting water quality are essential for a resource efficient agricultural 

industry (Anon, 2018). 

The long term availability of applied P fertilisers for plant uptake is governed by a range of 

complex chemical and biological relationships within the soil. Applications of chemical and 

organic P sources can undergo a range of occlusions and losses from the soil solution via 

immobilisation, sorption, precipitation, run-off and leaching loss pathways (Scholz et al., 

2014). These occlusion and loss pathways are largely soil-type dependant with a range of soil 

physical, chemical, topographical and hydrological conditions in addition to management 

practises, demonstrating a strong influence on soil P pools (Haygarth et al., 2005). While 

reports of P-use efficiency as low as 20% in intensive grassland soils (McLaughlin et al., 1992), 

root architecture and soil/root microbial colonies (arbuscular mycorrhiza) can have a positive 

effect on plant growth (Gahoonia and Nielsen, 1998). However, identifying the true effect of 

microbial-root interactions can prove difficult due to soil chemistry, plant genetics, soil 

management and environmental factors (Richardson et al., 2011). Under acidic soil conditions, 

relatively high concentrations of aluminium (Al) and iron (Fe) oxides exist, indicating that 

freshly applied P sources may be subject to P binding with these elements within a short period 

of time, suggesting that single element measurement of soil P can fail to accurately prescribe 

fertiliser P requirements across differing mineral soils even over a short period (Sánchez‐Alcalá 

et al., 2015). Across mineral soils in Ireland, relatively high Al concentrations have been found 

indicating large P sorption capacities (Daly et al., 2015). Soil pH correction, through lime 

application, can play a significant role in increasing the availability of soil P for plant 

assimilation (Curtin and Smillie, 1984; Bailey, 1991) by decreasing P sorption potential of Al 

and Fe. While the application of lime to neutralise soil acidity can increase soil P availability, 

the over correction of soil acidity through liming, leading to free calcium (Ca) availability, can 

also temporarily reduce P availability through Ca-P bonding. Murphy (2007) reported that the 
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application of lime to acidic soils increased organic P (total P minus reactive P) mobility but 

found that lime and slurry combinations (after 48 hours) and slurry alone (after 11 days) 

provided the greatest P availability in the top 5 cm after application, while rapid P sorption was 

observed for the combination of lime and inorganic P (after 48 hrs) post application. Even when 

soil pH is optimised, available soil P for the grass plant may only be in the region of 0.01% of 

the total soil P, with the majority of soil P contained in more stable organic and inorganic forms. 

As a result, P use efficiencies in the years of application to grasslands have been reported to be 

as low as 15 - 30% (Syers et al., 2008). Longer term experiments, however, have shown higher 

fertiliser P recoveries of between 49 and 79% under Irish soil and climatic conditions (Sheil et 

al., 2016). 

Phosphorus loss from agricultural soils can be detrimental to water quality (Crews, 1998), and 

areas of the landscape with excess soil test P have been linked to the eutrophication of water 

bodies through diffuse P loss (Carpenter et al., 1998; Daly et al., 2002). The protection of water 

bodies from excess P loss has been the focus of many recent studies at European Union (EU) 

(Schoumans et al., 2014), national (Anon, 2017b) and catchment scale (McDonald et al., 2019). 

Due to the negative effects of P enrichment on freshwater aquatic ecosystems, maximum P 

concentration limits for water bodies have been adopted under the EU Water Framework 

Directive (OJEC, 2000). Regulatory measures are used to constrain the application of P sources 

on agricultural land in some EU member states. In Ireland these regulations are implemented 

via the Nitrates Directive (European Council, 1991) National Action Programme (NAP) and 

through the Code of Good Agricultural Practise (Anon, 2017a). This legislation places upper 

limits on the quantity and timing of P fertiliser applied to agricultural soils based on site 

characteristics, crop type, stocking rate and current soil test P levels. In Ireland, P fertiliser 

regulations were implemented by considering soil test P concentrations (Morgan’s extractable 

P) but do not account for differences in soil physical and chemical properties (Wall et al., 2012), 
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which can affect the soil P buffering, binding and P release potential of different soil types. 

Soil type and run-off pathways also play a critical role in P loss to the environment (Daly et 

al., 2002; Haygarth et al., 2005) but can be mitigated by implementing best nutrient 

management practice and by increasing P use efficiency through use of appropriate fertiliser 

timing and application placement methods (Sharpley et al., 1993; Wall and Plunkett, 2014). 

Consequently, the implementation of legislation curtailing fertiliser P use and increasing cost 

of chemical P fertiliser have resulted in increased monetary value of organic P sources, 

especially cattle slurry on livestock farms. 

To increase the phosphorus fertiliser replacement value (PFRV) of organic P in manures, better 

targeting of manure applications to low P soils is required, coupled with balanced fertiliser 

nutrient applications, including lime for soil pH adjustment. Increasing the nutrient use 

efficiency of on-farm fertilisers is also a key aim for the EU in the creation of a circular 

economy (Bourguignon, 2017). The development of soil specific fertiliser recommendations 

has been cited as a method for sustainably increasing food production, nutrient use efficiency 

and farm profitability, while limiting the effects of excessive nutrient applications on the wider 

environment (Sharpley et al., 1994). Due to the abolition of the milk quota system in the EU, 

there has been a resulting increase in dairy cow numbers (CSO, 2018b) and resultant volumes 

of slurries generated on dairy farms in Ireland. Research is required to generate soil specific 

advice for dairy cattle slurry applications to grassland soils and to build confidence amongst 

farmers of its PFRV compared to chemical sources of P.  

It is hypothesised soil physical and chemical characteristics can significantly influence the 

availability of differing P sources even when applied at high dose rates and that the volume of 

P returned when compared to P applied differs with differing P sources. 
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The objective of this study was to (1) identify the key soil physical and chemical factors 

controlling the soil P availability, (2) quantify the effects of lime and pH adjustment on soil 

test P and (3) evaluate the PFRV of dairy cattle slurry for increasing plant available soil P 

across a range of agricultural soils in Ireland. There has been limited studies comparing the 

efficacy of chemical and organic P fertiliser sources for increasing soil P availability across a 

wide range of mineral agricultural soils in Ireland and none that simultaneously evaluate the 

interaction of lime additions on these different P sources. This study will enable new insights 

for targeting differing P source fertilisers (chemical or organic) to differing soils based on their 

physical and chemical characteristics and soil pH status. The knowledge gained will also help 

to underpin the development of soil specific P management and the optimal management of 

manure P as a substitute for chemical P. 
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2.3 Materials and Methods 

2.3.1 Site Selection and Sampling 

Soil was collected from 22 locations around Ireland (Table 2.1) representing a range of 

commonly farmed mineral grassland soil types, described by McDonald et al. (2014). The soil 

sampling locations selected were on commercial farms and Teagasc research farms, and 

captured a range of legacy soil test P levels as a consequence of previous P management on 

each farm system. At each site, soil was sampled from a 0.45 ha area to a depth of 10 cm, post 

removal of the grass root-mat/vegetation (top 3 cm). Thirty, 10 cm long x 10 cm wide x 10 cm 

deep, cubes of soil were taken from the sampling area in a “W” pattern to give a composite 

sample of approximately 30 kg. These larger field moist samples were coarse sieved to 15 mm 

to remove large stones and roots and to help homogenise the large bulk soil sample. These 

coarse sieved samples were then further processed for inclusion in the experimental set-up as 

follows. 

2.3.2 Sample Preparation 

Prior to placing these soils into pots, each soil type was sieved to < 2.0 mm to remove small 

stones and other non - soil debris and to break down larger soil aggregates. The soil moisture 

content of each soil type was determined by placing 20 g of soil into a force draught oven at 

105oC for 72 hours. Samples were reweighed and soil moisture content subsequently 

determined. The moisture content was used to adjust the weight of each soil so that 100 g dry 

weight soil was placed in each pot (experimental unit). 

Soils were previously tested for physical attributes using the methodology outlined in 

McDonald et al. (2014). The determination of soil organic matter (OM) was undertaken 

through loss of ignition at 500oC for 16 hours (Storer, 1984). Soil pH was evaluated using the 

method outlined by Byrne (1979) and Mehlich III (M3) extractable phosphorus (M3P), 
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aluminium (M3Al), iron (M3Fe) and calcium (M3Ca) concentrations were also determined 

(Table 2.1) using the method outlined in Mehlich (1984). 
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Table 2.1 Soil sample location, classification, and soil physical and chemical characteristics of 22 soils. 
ID Sample Location Soil Location Geo data Sand Silt Clay Texture OMi pHi TPi 

 

M3Pi Ali Fei Cai 

    ________% (by vol.) _______  %  _____________________(mg kg-1)_____________________ 

1  Johnstown Castle, Co. Wexford JC1 6°30ʹW, 52°17ʹN 54.4 30.1 15.5 Loam 8.5 5.7 1022.86 
 

44.08 547.16 166.78 1345.27 

2  Johnstown Castle, Co. Wexford JC2 6°30ʹW, 52°17ʹN 53.3 30 16.7 Loam 6.4 5.59 783.86 
 

34.95 577.84 176.25 1141.25 

3  Screen, Co. Wexford SC2 6°25ʹW, 52°25ʹN 87.3 7.9 4.8 Loamy sand 4.5 5.07 521.52 
 

32.35 375.01 118.68 359.86 

4  Castledockrell, Co. Wexford CA1 6°36ʹW, 52°33ʹN 27.1 50.4 22.5 Silt loam 12.3 6.07 590.39 
 

26.42 934.25 133.63 1359.69 

5  Ballycanew, Co. Wexford BC1 6°18ʹW, 52°37ʹN 25.7 41.4 32.9 Clay loam 12.5 5.82 1047.88 
 

26.61 609.49 207.61 1635.1 

6  Ballycanew, Co. Wexford BC2 6°22ʹW, 52°35ʹN 36.7 40.2 23.2 Loam 8.8 5.26 1176.55 
 

25.68 931.81 140.77 646.22 

7  Kildalton, Co. Kilkenny KL2 7°18ʹW, 52°20ʹN 36.4 41 22.6 Loam 9.6 6.48 1077.81 
 

49.38 412.33 141.47 1759.99 

8  Kildalton, Co. Kilkenny KL3 7°19ʹW, 52°21ʹN 36.6 39.6 23.8 Loam 6.6 5.82 1367.25 
 

59.47 534.51 179.01 1257.97 

9  Cregduff, Co. Mayo CD1 9°09ʹW, 53°37ʹN 39.0 39.9 21.0 Loam 10.9 5.63 1424.15 
 

73.45 781.49 243.73 1631.88 

10  Cregduff, Co. Mayo CD2 9°06ʹW, 53°35ʹN 37.2 43 19.8 Loam 9.9 5.73 859.24 
 

23.63 739.28 145.4 1476.57 

11  Timoleague, Co. Cork TL1 8°46ʹW, 51°37ʹN 41.1 42.6 16.3 Loam 10.3 5.61 1719.91 
 

61.52 608.67 293.88 1608.01 

12  Timoleague, Co. Cork TL2 8°47ʹW, 51°37ʹN 42.9 40.5 16.5 Loam 10.7 5.1 1357.11 
 

34.69 629.51 292.98 1222.52 

13  Moorepark, Co. Cork MP1 8°13ʹW, 52°09ʹN 54.1 31.1 14.8 Loam 7.9 5.88 1355.6 
 

83.48 397.53 278.68 1979.69 

14  Moorepark, Co. Cork MP4 8°14ʹW, 52°10ʹN 46.1 36.8 17.2 Loam 7.9 5.21 915.99 
 

28.99 548.55 232.36 1101.09 

15 Grange, Co. Meath GR1 6°40ʹW, 53°31ʹN 29.5 47.5 23.0 Loam 10.4 5.3 1270.48 
 

38.98 505.61 268.59 1598.39 

16  Grange, Co. Meath GR2 6°39ʹW, 53°31ʹN 21.3 44 34.7 Clay loam 11.2 5.18 976.04 
 

26.35 552.38 223.18 2062.49 

17  Dunleer, Co. Louth DL2 6°26ʹW, 53°49ʹN 40.0 36.9 23.1 Loam 7.5 5.1 825.35 
 

32.98 691.96 169.85 1244.33 

18  Dunleer, Co Louth DL1 6°25ʹW, 53°49ʹN 38.3 37.7 24.0 Loam 10.9 5.18 1285.3 
 

58.56 728.93 208.58 1116.84 

19  Corduff, Co. Monaghan CM2 6°51ʹW, 54°01ʹN 22.1 43.2 34.7 Clay loam 20.8 5.47 1429.06 
 

25.28 834.68 223.12 2112.46 

20  Ballyhackbeg, Co. Wexford CL 6°48ʹW, 52°15ʹN 36.1 35 28.9 Clay loam 7.8 6.37 849.15 
 

15.87 613.01 135.59 1390.44 

21  Corduff, Co. Monaghan CM1 6°52ʹW, 54°01ʹN 38.1 33.6 28.2 Loam 15.3 5.52 2427.44 
 

86.47 921.05 148.43 1791.1 

22  Killenagh, Co. Wexford MC 6°15ʹW, 52°36ʹN 39.5 34.1 26.5 Loam 11.4 5.69 658.11 
 

23.26 542.52 190.76 1731.25 

N=22   Mean 40.13 37.57 22.3  10.10 5.58 1133.68 41.475 637.16 196.33 1435.11 

Table amended from McDonald et al. (2014). OMi – initial organic matter, pHi – initial pH, Ali – initial aluminium, Fei – initial iron, Cai – initial calcium  
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2.3.3 Soil, Lime and P treatments 

This experiment used a multi-factorial design, with 22 soil types and 8 lime and P treatment 

combinations, including: (1) soil only control, (2) lime (8.5 t CaCO3 ha-1), (3) fertiliser P (100 

kg P ha-1 equiv.), (4, 5, 6) chemical P (50, 100 and 150 kg P ha-1 equiv.) with lime (8.5 t CaCO3 

ha-1 equiv.), (7) organic P (100 kg P ha-1 equiv.) and (8) organic P (100 kg P ha-1 equiv.) with 

lime (8.5 t CaCO3 ha-1 equiv.) (Table 2.2). High application rates of P were applied as some of 

these soils were known to have high P fixation capacities and hence low levels of soil test P 

response to applied fertilisers. For example, Culleton (2002) showed that up to 59 kg ha-1 P 

was required to increase the soil test P concentration by 1 mg kg-1 on mineral soils in Ireland. 

The application of slurry P was applied on the basis of the total P present in the slurry sample 

as per the slurry nutrient content analysed (see below). The required treatment application rates 

were selected to span the soil test P response range of Irish soils and the P treatments were 

applied to the pots based on soil dry weight per ha equivalent basis to 10 cm depth (assuming 

a bulk density of 1 g cm-3). This resulted in the following volumes, P 50 – 0.03g, P 100 – 0.06g, 

P 150 – 0.09g, Org P – 25.9g and lime – 0.5g assigned to the respective pots. 

The experiment was laid out as a randomised block design with 4 replicates (blocks) giving a 

total of 704 experimental units. 

Ground limestone conforming to Irish fertiliser legislation (Anon, 1978), was used for soil pH 

correction. The chemical P utilised was triple super phosphate (16% P) conforming to EU 

fertiliser regulations (European Union, 2003). To achieve equal distribution of the fertiliser 

granules within the soil incubation pot, chemical P fertiliser granules were ground to a fine dust 

(< 2 mm) prior to treatment addition. Fresh dairy slurry, sourced from the slurry storage facility 

on the dairy farm at Teagasc Johnstown Castle, was used as the source of organic P. A 

representative sample of slurry was taken from the slurry storage facility and stored in a sealed 
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plastic container at -20oC prior to being added to the experimental units. Prior to storage, the 

slurry was homogenised thoroughly, sub sampled, and analysed for DM and nutrient 

concentration. Slurry DM was determined by placing 20 g fresh slurry in a force draught oven 

at 105oC for 72 hours and then re-weighing after all water had evaporated. Total nitrogen (N), 

P and potassium (K) in fresh slurry was determined using a KJELDATHERM block digester. 

The dairy slurry had a total P value of 0.37 mg P l-1 and DM of 5.79%. Total slurry P results 

were below average (0.5 mg P l-1) (Berry et al., 2012) but within the expected range (0.1 – 1.1 

mg P l-1). The percentage DM was also below average (6.3%) but within the expected range 

for dairy cattle slurry (0.4 – 11.9%) (Wall and Plunkett, 2016).  
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Table 2.2 Treatment applications and quantities applied. 

Treatment 

No. 

Treatment  

Code 

Treatment 

Description 

Phosphorus 

kg ha-1 

Lime 

t ha-1 

1 C0 Control 0 0 

2 C0 plus Lime Control + Lime 0 8.5 

3 C100 Chemical P 100 0 

4 C50 plus Lime Chemical P + Lime 50 8.5 

5 C100 plus Lime Chemical P + Lime 100 8.5 

6 C150 plus Lime Chemical P + Lime 150 8.5 

7 Org100 Organic P 100 (equiv.) 0 

8 Org100 plus Lime Organic P + Lime 100 (equiv.) 8.5 

 

2.3.4 Pot Preparation and Treatment Addition 

One hundred grams of soil was added to the circular plastic pots (64 mm diameter x 73 mm 

height) based on the pre-determined dry weight of each soil type. Chemical treatments (50, 100 

and 150 kg P ha-1 equiv.) and all lime treatments (8.5 t CaCO3 ha-1 equiv.) were added to the 

respective experimental unit pots (based on the mean lime requirement of these soils) and were 

capped and inverted using an end over end shaker for 1 hour to fully incorporate these 

treatments with the soil. This incorporation equilibrated its distribution within the soil pots. 

Soils receiving organic P additions were stirred for 30 seconds to incorporate the slurry into 

the soil evenly. Following inversion or stirring, soils were consolidated to a standard bulk 

density of 1.2 kg cm-3. A hole was drilled in the pot lids (16 mm diameter) to permit an aerobic 

soil environment prior to incubation. 
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2.3.5 Incubation 

Pots were incubated for a period of 12 months under controlled environmental conditions in a 

TAS PGC480 Environmentally Controlled Unit (ECU). The ECU was maintained at 15oC, 

with relative humidity set at 80% and with no solar radiation. A soil moisture monitoring 

programme was undertaken to maintain a consistent soil moisture content of 65% water filled 

pore space across all experimental units (pots). Each pot was weighed every 2 weeks and their 

weights adjusted with the addition of deionised water once they fell below the predetermined 

weight (soil plus water). The pots were removed from the ECU for watering purposes, block 

by block, watered as required and then re-randomised within each block when placed back in 

the ECU. This randomization was undertaken to prevent any long term internal ECU factors 

affecting the experimental units, with each block receiving the same re–randomising 

throughout the course of the experiment. Pots were removed from the ECU after the 12 month 

incubation, the entire pot was destructively sampled and the contents dried in force draught 

ovens at 40oC for a period of 72 hours and hand sieved to 2 mm before undergoing post 

incubation soil analysis. 

2.3.6 Laboratory Analysis 

Soils were analysed at two time points, initially, prior to treatment addition (from the bulk soil) 

and after 12 months incubation. Samples were tested for a range of soil chemical properties, 

including soil pH, lime requirement and soil OM. Soil pH was measured using a Mettler Toledo 

glass calomel electrode in a 1:2 soil to water ratio on a volume : volume basis and lime 

requirement was determined using the Shoemaker-McClean-Pratt method (Shoemaker et al., 

1961). Soil OM was determined on pre dried soil samples, which were combusted at 500oC for 

16 hours as per the loss-on-ignition method outlined by Storer (1984). All soils prior to 

treatment addition and post incubation, were subjected to a M3 extraction, as outlined in 
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Mehlich (1984) and the extracts tested for a range of soil nutrient elements including P, K, Mg, 

Mn, Fe, Al, Ca, Co, Cu and Zn. M3 solution was added to pre-weighed soil in centrifuge tubes 

in a 10:1 ratio (20 ml M3 : 2g soil), shaken for 5 minutes and filtered through Macherey-Nagel 

MN640 125 mm filter papers and securely stored at 4oC prior to analysis. Samples were 

analysed using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP - OES) 

(Varian, Palo Alto, Carolina, USA) as per the method outlined in Carter and Gregorich (1993). 

Total soil P was determined by microwave digestion of 0.5 g soil in nitric acid and hydrochloric 

acid followed by ICP - OES (Varian, Palo Alto, CA, USA) analysis. The Avery and Bascomb 

(1974) pipette method was used to determine soil texture via the particle size analysis and 

USDA classification of sand, silt and clay (Brady and Weil, 2002) as reported in McDonald et 

al. (2014).  

The results from this experiment were all analysed in SAS 9.4 (SAS Institute, Inc., Cary, North 

Carolina, USA). SAS PROC CORR was used for the linear correlation analysis of initial soil 

physical and chemical properties using Pearson correlation coefficients (Table 2.3). Following 

this SAS PROC GLM was used to determine the effects of soil physical and chemical 

properties (Clay and OM) on change in mean M3P (M3Pc) at the end of the incubation period 

(Figure 2.1), and PROC ANOVA was then used for the analysis of variance in treatment mean 

values (T1 – T8) for mean M3Pc. (Table 2.4). A significance level of P < 0.0001 and P < 0.001 

was used for PROC GLM and ANOVA analysis.  
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2.4 Results and Discussion 

2.4.1 Effects of Soil Physical and Chemical Properties on Soil P and Fertiliser P Availability 

The soils used in this experiment had varied physical and chemical properties and legacy soil 

P concentrations (Table 2.1). A correlation analysis was conducted to explore the links between 

soil properties and mean M3Pc across all treatments over the incubation period (Table 2.3). 

Soil physical properties clay and initial organic matter (OMi) concentrations were significantly 

negatively correlated (-0.46 and -0.42) (P < 0.0001) with M3Pc. There was a significant 

negative correlation between clay and initial M3P (M3Pi) (r = -0.22), while there was a positive 

correlation between clay and initial total P (TPi) (r = 0.20). M3Pi and initial pH (pHi) were not 

significantly correlated reflecting the initial equilibrium soil conditions on available P pools. 

In this way pHi was not associated with the phosphorus binding capacity of the soil on applied 

P fertilisers. However, change in pH (pHc) was positively (P < 0.0001) correlated with M3Pc 

(r = 0.48) indicating that lime addition to these acidic mineral soils (mean soil pHi 5.58) 

increased P availability. M3Pc was negatively correlated (P < 0.0001) with initial M3 

aluminium (M3Ali) (r = -0.33) and initial M3 calcium (M3Cai) (r = -0.37). Initial OM (OMi) 

was strongly correlated with M3Ali and M3Cai (r = 0.56 and 0.63, respectively) and was 

negatively correlated with M3Pc (r = -0.42). In this study inherent soil properties, in particular 

the soil physical properties clay and OM, and chemical properties Al and Ca, negatively 

affected the P availability, as measured by M3Pc. These results are similar to the adsorption 

reactions of Al and Fe oxides and Ca on soil P additions as documented by McLaughlin et al. 

(2011) due to the attraction of free P in solution. Due to the high rates of P fertiliser applied P 

sorption maxima may have been exceeded leading to a reduction in P sorption in some soils.  
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Table 2.3 Pearson correlation coefficients (r values) between a range of soil test properties including the mean change in soil test P and pH for all 

treatments post soil incubation (n = 704). 

 
M3Pc pHc Sand Silt Clay OMi M3Pi TPi M3Ali M3Fei M3Cai pHi 

pHc 0.48*** 
           

Sand 0.42*** 0.26*** 
          

Silt -0.30*** -0.21*** -0.92*** 
         

Clay -0.46*** -0.26*** -0.87*** 0.59*** 
        

OMi -0.42*** -0.31*** -0.64*** 0.50*** 0.67*** 
       

M3Pi NS NS 0.18*** -0.11* -0.22*** NS 
      

TPi -0.20*** -0.11* -0.23*** 0.20*** 0.20*** 0.46*** 0.73*** 
     

M3Ali -0.33*** -0.18*** -0.48*** 0.45*** 0.40*** 0.56*** NS 0.32*** 
    

M3Fei NS NS -0.17*** 0.31*** NS 0.20*** 0.31*** 0.38*** -0.21*** 
   

M3Cai -0.37*** -0.29*** -0.62*** 0.50*** 0.60*** 0.63*** 0.25*** 0.39*** NS 0.40*** 
  

pHi NS -0.22*** -0.21*** 0.20*** 0.18*** NS NS NS -0.10* -0.30*** 0.36*** 
 

PSIi 0.16*** NS 0.28*** -0.18*** -0.33*** -0.16*** 0.81*** 0.44*** -0.48*** 0.35*** 0.26*** 0.22*** 

M3Pc , Change Mehlich 3 P; pHc, change pH; OMi, initial organic matter; M3Pi, initial Mehlich 3 P; TPi, initial total soil phosphorus; M3Ali, 

initial Mehlich 3 aluminium; M3Fei,initial Mehlich 3 iron; M3Cai, initial Mehlich 3 calcium; pHi, initial pH; PSIi, initial phosphorus saturation 

index (M3P – PSI = ((P / (Al + Fe)); NS, not significant. 

*, ** and *** are indicators for P values of <0.05, <0.001 and < 0.0001 respectively. 
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2.4.2 Effect of Soil Clay and OM Categories on M3Pc 

To further investigate how soil clay and OM concentrations interact and may influence the 

practical management of soil P pools, the 22 study soils were grouped into categories based on 

the distribution of clay and then OM concentrations. Soils were grouped into three clay 

categories which were low: < 20%, medium: 20-27% and high: > 27% with clay thresholds 

based on United States Department of Agriculture (USDA) soil texture thresholds (USDA, 

2017) and two OM categories, which were low: ≤ 8%, and high: > 8%, with the OM threshold 

based on mean of distribution of OM across the 22 soils. The interaction between clay category 

and OM category was found to be significant (P < 0.0001) with respect to M3Pc (Figure 2.1). 

Overall, M3Pc decreased as clay category increased from low to high, and also as OM category 

increased from low to high within each clay category. There was a significant decrease (P < 

0.001) in M3Pc between low and high OM categories in soil types with medium and high clay 

contents. These findings suggest that P fixation in soils increases, as the percentage clay in soil 

increases, in keeping with findings by Djodjic and Mattsson (2013). 

  



 

59 
 
 

 

Figure 2.1 The effect of interaction of clay and OM on the change in Mehlich 3 phosphorus. 

L. – Low = Organic matter ≤ 8%, H. – High = Organic matter > 8%. Letters denote significant 

difference (P < 0.0001). Mean initial pH values are provided above each Clay X OM category. 

 

Increasing clay content in soils has also been found to increase P binding to soil colloids 

(Gérard, 2016; Herlihy and McGrath, 2007). It is generally agreed that in acidic soils, clay 

content is directly proportional to the number of Al-P and Fe-P binding sites (Gérard, 2016). 

Across these soils higher OM reduced M3Pc by buffering soil pH increases resulting in Al-P 

bonding in these acid mineral soils. These findings are supported by the correlation analysis 

(Table 2.3) where clay and OMi were positively correlated with M3Ali (r = 0.40 and 0.56, 

respectively) and negatively correlated with M3Pc (r = -0.46 and -0.42, respectively). In a 

review of organic matter complexation with Al, Fe and soil solution P, Gerke (2010) linked 

organic matter complexed with Al+3/Fe+3 in binding soil solution P which may explain the 

strong positive correlation between OMi and M3Ali and the negative correlation with M3Pc. In 

Ireland very high OM concentrations in soils (> 20%), have been shown to occlude the binding 
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sites on clay minerals, decreasing the P sorption by these sites and increasing the potential for 

fertiliser P to remain in solution for longer periods (Daly et al., 2001). 

Overall these results show that the soil properties clay, OM, pH and M3Al had the greatest 

influence on native soil P availability and the availability of added chemical and organic P 

fertiliser. In Ireland and in many other countries soil properties, or soil type differences, are not 

fully considered when making fertiliser P recommendations or under environmental legislation 

governing P use on farms (e.g. Nitrates Directive- NAP (Wall et al., 2012)). Daly et al. (2015) 

reported that soil M3Al concentrations, in particular, were positively related to soil P sorption 

and P buffering in Irish mineral soils and that the ratio of M3P/M3Al could be used to 

differentiate soil P supply potential of soils. In addition, this current study indicates that 

knowledge of clay and OM in addition to M3Al would be useful for determining how effective 

P fertiliser programmes are for supplying P for plant uptake, for building up soil P fertility 

levels and for minimising the risk of P losses from agricultural soils over time. 

  



 

61 
 
 

2.4.3 Effect of Soil pH on M3Pc 

 
Figure 2.2 Change in M3P by soil pH category after incubation (n = 22 soils). 
*Numbers above columns indicate mean pH values for each pH category 

The mean M3Pc across all treatments for the 22 soils categorised by final pH (pHf) is shown in 

Figure 2.2. There was a significant difference in M3Pc between each of the four pH categories 

with the highest M3Pc in soils with a pH > 7.01 (range 7.01 – 7.59) and the lowest for soils 

with a pH of < 5.8 (range 4.61 – 5.8). The low pH category (< 5.8) had a mean M3Pc of 0.12 

mg P kg-1 and the medium pH category (5.81 - 6.3), a mean M3Pc of 5.45 mg P kg-1. Soils with 

pH values within the optimum agronomic range (6.31 – 7), had a mean M3Pc of 14.98 mg P 

kg-1. The highest M3Pc was measured in soils within the high pH category (> 7) with a mean 

M3Pc of 23.65 mg P kg-1. This increase in M3Pc, with increasing soil pH, may have resulted 

from lower fixation of freshly applied fertilizer and organic P and / or enhanced microbial P 

mineralisation of soil organic P (Bunemann, 2011). Legacy soil P reserves (P inputs – P 

outputs) (Bouwman et al., 2009) may have been unlocked through lime addition. Large soil P 
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reserves may exist in these important grassland soils from historical P fertiliser applications 

giving a large TP (range 521.52 – 1719.91 mg kg-1). DeLuca et al. (2009) found that soil P 

availability can be greatly influenced by the soil pH which can release insoluble P to soluble P 

for plant uptake. Frossard et al. (2011) attributes soil P release from insoluble to soluble P pools 

via a range of processes (including plant root exudations and hyphae interactions), in this soil 

only experiment, plant and root material was removed during the processing of soil bulk 

samples suggesting that soil P responses were as a result of pH adjustment (lime) and P fertiliser 

additions alone. This shows the importance of optimising soil pH (agronomic target for acidic 

soils in Ireland is ≥ 6.3) for increasing the availability and efficiency of applied P inputs to 

agricultural soils. 

 

2.4.3 Effects of Phosphorus and Lime Treatments on mean M3Pc 

An ANOVA analysis was conducted to determine the effects of P treatment (all chemical and 

organic P treatments) and lime treatments and their interactions on M3Pc. The effects of Lime 

treatment x Soil (P < 0.0086), P treatment x Soil (P < 0.0001) and Lime treatment x P treatment 

(P < 0.0001) were all significant. The three-way interaction of L treatment x P treatment x Soil, 

however, was not statistically significant. The mean effects of P, Lime and P plus Lime 

treatments on M3Pc are shown in Table 2.4. 
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Table 2.4 Mean change in Mehlich 3 phosphrous (M3Pc) across 22 soil types as affected by 

lime and chemical or organic P treatments. 

*Trt 

No. 

Trt  

Code 

Mean 

M3Pc  

(mg kg-1) 

Standard  

Error† 

PFRV %‡ 

at 100 kg ha-1 P 

application 

Significant 

differences**  

(P < 0.001) 

6 C150 plus Lime 29.59 1.62  A 

5 C100 plus Lime 18.98 1.62 100% B 

8 Org100 plus 

Lime 
17.38 1.62 92% BC 

7 Org100 15.84 1.62 124% C 

3 C100 12.75 1.62 100% D 

4 C50 plus Lime 8.78 1.62  E 

2 Lime 2.70 1.62  F 

1 C0 -2.45 1.62  G 
# C – chemical P fertiliser, Org – organic P fertiliser (dairy slurry)  

*Trt - treatment 

**Different letters indicate significant difference between treatment means for M3Pc 

† Pooled standard error 

‡PFRV, phosphorus fertilizer replacement value (comparable within each sub group) = mean M3Pc for 

Organic P / Chemical P with and without lime and where chemical P  = 100% PFRV 
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Across the 22 soils the mean M3Pc for the control (C0) was -2.45 mg kg-1 (range -17.88 mg 

kg-1 to 25.46 mg kg-1) by the end of the incubation period. The M3Pc in the soil (control) was 

likely to have been influenced by the soil processing followed by drying and wetting cycle, 

resulting in exposure of more P binding sites in some soils as found by Penn and Bryant (2006). 

The addition of lime alone (Lime) significantly increased the mean M3Pc (2.7 mg P kg-1) 

compared to the control (C0). A significant positive M3Pc from lime application was measured 

in 6 soils (JC2, TL1, MP1, SC2, KL3 and TL2) which had relatively high M3Pi values. 

However, on 5 soils (CM1, CD1, CD2, DL1 and DL2), the addition of lime negatively affected 

the M3Pc as P was likely to be precipitated with free Ca availability post lime application. 

These 5 soils were found to have lower lime requirement for pH correction to the target 

agronomic optimum of pH ≥ 6.3 and therefore may have had surplus Ca (as CaCO3) available 

during the soil incubation period to sorb P. 

In the presence of lime the mean M3Pc increased linearly and significantly from 8.78, to 18.98 

to 29.58 mg kg-1 as chemical P applications were increased from 50 to 100 to 150 kg P ha-1 

(C50 plus lime, C100 plus lime and C150 plus lime) (Table 2.4). However, there was a wide 

range in M3Pc to the chemical P treatments for each soil type (Figure 2.3). For the C50 plus 

lime treatment the M3Pc across these 22 soils ranged from -7.41 to 40.41 mg kg-1 while the 

M3Pc for C100 plus lime ranged from 0.31 to 49.58 mg kg-1 and M3Pc values for C150 plus 

lime ranged from 5.9 to 66.17 mg kg-1. 

Neither the C50 plus lime nor C100 plus lime significantly increased M3Pc in 6 soils, indicating 

to a high P sorption capacity within these soils (CM1, CM2, CD1, CD2, DL2, BC1). These 

soils were typically characterised by higher pH after 12 months of incubation compared to the 

remaining soil types, which may have suppressed a significant increase in M3Pc. However, the 

application of C150 plus lime resulted in a significant increase in M3Pc across all soils 
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compared to the control. In a long-term study on a grassland loam soil in Ireland, Culleton et 

al. (2002) found in excess of 50 kg ha-1 P was required to increase soil test P (Morgan’s 

extractable P) by 1 mg l-1. This shows the high potential P fixation in some soils, especially 

soils with high clay concentrations and also further demonstrates the P saturation requirements 

of soils to meet the phosphorus sorption site demands on these mineral grassland soils to 

achieve a significant increase in soil solution P from high P treatment application (C150) for 

some soils (Syers et al., 2008) as found here in Ireland (Figure 2.3). 
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Figure 2.3 The effect of differing rates of chemical P plus lime on the change in Mehlich 3 phosphorus (M3Pc). 
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The application of organic P in dairy slurry, with and without lime, resulted in a significant 

increase in M3Pc of 17.38 and 15.84 mg P kg-1, respectively, compared to the control and the 

control plus lime only treatments. Across the 22 soils the mean M3Pc for Org100 was 16.61 

mg P kg-1 (range -2.7 to 46.08 mg P kg-1) and for Org100 plus lime was 17.38 mg P kg-1 (range 

2.07 to 49.1 mg P kg-1). The mean M3Pc for Org100 and Org100 plus lime were not 

significantly different from one another which indicates that the bioavailability of P in dairy 

slurry was less affected by lime applications. The dairy slurry application alone produced an 

average pH increase of 0.49 pH over the 12 month incubation period which may have helped 

to buffer the pH in the soil surrounding the organic P applied, increasing its availability. 

Dairy Cattle Slurry Phosphorus Fertiliser Replacement Value 

When compared at 100 kg ha-1 equiv. P rate, with lime applied, the mean M3Pc for chemical P 

(C100 plus lime) and organic P (Org100 plus lime) were not significantly different at 18.98 

and 17.38 mg P kg-1, respectively. However, in 15 out of 22 soils there was no significant 

difference in M3Pc between the chemical and organic P additions when lime was applied 

(Figure 2.4). Based on the relative M3Pc the average PFRV for cattle slurry where lime was 

applied was 109% (Table 2.4). However, in the absence of lime application the mean M3Pc for 

the Org100 (15.84 mg P kg-1; PFRV = 124%) was significantly higher than the C100 (12.75 

mg P kg-1). The Org100 was also significantly lower than the C100 plus lime but not 

significantly different from the Org100 plus lime. 

The addition of lime showed limited benefit for increasing the P availability from dairy cattle 

slurry and the results indicate the capacity of dairy slurries to buffer soils at higher pH in 

association with the slurry P. In addition to the pH buffering effects of the dairy cattle slurry 

treatment, humic substances in manures are also likely to have helped increase the M3Pc over 

the 12 month period with similar results found by Delgado et al. (2002), where manures were 
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shown to inhibit Ca-P bonding in soils and where dairy slurry applications increased soil pH 

levels similar to Holford et al. (1997). Oberson et al. (1996) also found that organic P 

amendments can increase soil P turnover (flux) compared to chemical sources of P. With 

similar, or potentially higher PFRV for dairy cattle slurry, these results indicate that cattle 

slurry P is a very efficient P source for agricultural soils, especially low pH soils. With a greater 

than two-thirds of mineral grassland soils submitted for soil testing, currently having pH levels 

less than the agronomic optimum grassland pH of 6.3 (Wall et al., 2018), applying P as dairy 

slurry on these low pH soils could have significant agronomic and P resource use efficiency 

benefits. In Ireland, cattle slurry is produced in the largest volumes on grassland farms and the 

results from this study demonstrate that these slurry P resources can be used to efficiently offset 

more expensive chemical fertiliser P sources where applied to mineral soils on these farms. 

These results clearly demonstrate the value of organic P in dairy slurry and its ability to offset 

more expensive chemical P fertilisers. 
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Figure 2.4 The effect of chemical or organic P (100 kg P ha-1), with and without lime on the change in Mehlich 3 phosphorus. 
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On more intensive grassland farms, soil testing and nutrient management planning is 

compulsory yet there is evidence that the distribution of organic manures is less than optimal 

(McDonald et al., 2019). In addition, the high variability in slurry nutrient content (Berry et al., 

2013) and lack of measurement on farms results in poor nutrient P utilisation and as a result 

slurry P application rates are often mismatched with crop nutrient requirements. Combining 

organic nutrient information with soil properties, with regard to the fate of soil P, as found in 

this study, has the potential to greatly increase the PFRV and P resource use efficiency of cattle 

slurry P. 
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2.5 Conclusions 

In this study of soil P availability across 22 mineral grassland soils we identified clay, OMi, 

and M3Ali concentrations and pHc, as the soil properties having the largest effects on STP 

(measured as M3Pc) over the 12 month soil incubation period. Overall, mineral soils with lower 

clay concentrations and lower organic matter had higher STP response to fertiliser or manure 

P applications. The interaction of these soil physical and chemical attributes provided critical 

information about the availability of freshly applied P sources in different mineral grassland 

soils, and knowledge of these parameters could also be helpful for determining appropriate soil 

specific P fertiliser application strategies and could be incorporated into soil testing regimes. 

Spatially explicit nutrient management policies related to improving P use efficiency, and 

hence minimising potential P loss risk, must therefore consider soil type differences. In this 

way, agronomic advisors could administer greater accuracy in nutrient management advice to 

meet both agronomic and environmental objectives simultaneously.  

The application of lime was shown to increase chemical P availability by reducing soil M3Al 

levels and hence soil Al-P binding potential. The availability of P applied in dairy slurry was 

less affected by lime application and had similar PFRV compared to relatively expensive 

chemical P fertilisers. In Ireland cattle slurry is the dominant manure P source produced and 

this study demonstrates that dairy slurry has the potential to offset expensive and finite 

chemical P fertilisers on grassland mineral soils conferring economic, environmental and 

resource use efficiency benefits to agricultural systems. 

 

However, in order to realise these benefits, such organic P sources need to be spatially targeted 

to fields with mineral grassland soils (OM <20%) (Wall and Plunkett, 2016) with high P 

requirements for crop production or to mineral grassland soils that have low soil pH levels, 

where higher P use efficiency potential can be achieved with cattle slurry, compared to 
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chemical P fertiliser. Knowledge transfer initiatives for farmers and/or, policy incentives under 

the EU Nitrates Directive supporting improved targeting of manures and organic P fertilisers 

to low soil test P soils could help to improve manure P use efficiency and prolong the future 

supply of higher quality rock phosphate for fertiliser P production. 
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3.1 Abstract 

Phosphorus (P) is an essential element for intensive grass production since it is responsible for 

a range of metabolic functions in the grass plant. Chemical P derived from rock P, is a finite 

resource and efforts are needed to sustain the supply of this nutrient through greater efficiency 

of nutrient management and usage. Phosphorus has a complex relationship with a range of soil 

physical, chemical and biological properties. Developing new understanding of how these soil 

properties effect soil P availability can contribute to more sustainable phosphorus management 

practices on farms and increased P use efficiency in soil based agricultural production systems. 

Organic P, i.e. dairy slurry, is a valuable yet underutilised and sometimes mismanaged source 

of P on grassland farms and its full contribution to soil P supply, grass P concentration and 

grass production is poorly understood. 

The aim of this grass pot and data modelling study was to investigate the effects of a number 

of soil and plant factors on soil P availability under a semi-natural silage grassland production 

system and to also build on the findings from Chapter 1. The work described in this chapter 

further develops this knowledge through the development and interpretation of prediction 

models for soil P availability and grass production which identify the main soil and fertiliser 

management factors controlling the model responses across 20 of the most important 

agricultural mineral grassland soils in Ireland. Chemical and organic P source treatments were 

applied to large pots of soil, with and without lime treatments, were sown with perennial 

ryegrass and the fate of added P fertiliser was examined in the soil test P (STP) pool and in the 

harvested grass. 

The results of this study show that initial soil test P, and the P buffering potential indicated by 

available aluminium (Al) and calcium (Ca), as well as P inputs were the most important 

variables for predicting responses in soil P availability over time. The initial available Al 
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concentration in the soil was the single most important variable controlling soil P availability 

and explained 24% of the change in soil P levels, and also explained 18% of the variability in 

grass dry matter yield (DMY) production. Additionally, soil pH, organic matter % (OM), clay 

and lime inputs were the most important factors for predicting grass DMY potential of soils. 

These data presented indicate that an addition of 20kg P ha-1 is required to maintain soil P 

levels under a recently reseeded intensive grass silage cutting system. 

These model outputs have clear implications for the fate and management of P source fertilisers 

in mineral grassland soils in Ireland. These models also provide insights and new understanding 

of the interactions between different soil and nutrient input variables and build further on the 

knowledge generated from previous experimental studies across these important agricultural 

soil types. 
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3.2 Introduction 

Phosphorus is a macro element required for a range of metabolic functions within the grass 

plant, including the creation of adenosine triphosphate (ATP), deoxyribonucleic acid (DNA) 

and ribonucleic acid (RNA) (Simpson et al., 2011; Brady and Weil, 2008), and is also a critical 

element in meeting the dietary needs of grazing animals (Whitehead, 2000). In Ireland, the 

profitability of dairy and beef farms has been closely linked with increased grassland 

production and grass herbage utilisation by grazing livestock (Dillon et al., 2005). Each tonne 

of grass dry matter utilised has shown to return a net profit of €173/ha and €105/ha on dairy 

and beef farms, respectively (Hanrahan et al., 2018). Grazed grass has been shown to be the 

cheapest feed source for dairy cows (Finneran et al., 2012) further underlining the economic 

importance of grazed grassland in Irish dairy production systems. 

Phosphorus is required for intensive grassland production and has recently been found to be 

the most limiting nutrient for grass production in intensively managed grassland dairy farms (n 

= 15) across Ireland (Nikoloski et al., 2019). This is not surprising since chemical P 

applications have been in decline since the mid 1990’s (Dillon et al., 2018), possibly due to the 

increased cost of P fertiliser both nationally (CSO, 2019) and internationally (IndexMundi, 

2019). Analysing the Teagasc National Farm Survey, Wall and Dillon (2017) found that 

average chemical P fertiliser applications on dairy farms in Ireland were below the replacement 

rates when compared to crop P offtake by the grazing animals. Large P deficits of minus 1 to 

minus 6 kg P ha-1 were found on grazed grasslands and are even greater on silage ground (minus 

7 to minus 13 kg P ha-1) between the years 2005 and 2015. Currently, Irish farms in general are 

in a unique position of low soil P fertility, compared to farms in other intensive agricultural 

regions, and correct P management could allow for greater milk and meat production and 

profitability whilst protecting water quality into the future (Murphy et al., 2015). 
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Soil P supplementation, via chemical and organic P fertilisers, has been used for the past 70 

years to increase the production potential of grasslands, enabling the intensification of grazed 

grass-based animal and milk production systems. However, once P is applied to the soil surface, 

a number of processes including adsorption, precipitation and immobilization of applied P, 

cause the removal of P from the soil solution and make it less available for plant uptake 

(McLaughlin et al., 2011; Daly et al., 2015). Determining grassland P requirements is also 

complicated by the different physical, chemical, biological and soil fertility management 

factors which interact together to effect soil P supply (Tunney, 1998; Cox, 1994). 

Understanding the fate of applied chemical and organic P fertilisers to support intensive grass 

production is critical for sustaining adequate soil P fertility and levels of grass production, as 

well as environmental goods and services for the future. 

It is well known that climatic conditions effect fertiliser P use and the growth potential of crops 

(Keane, 2004), and much research on grassland response to P fertiliser inputs has tended to 

focus on multi-site field campaigns (Schulte and Herlihy, 2007; Sheil et al., 2016; Power et al., 

2005). However, the results of these studies maybe confounded due to historical management, 

climatic differences, long term recycling and assimilation of soil P in grassland swards. In order 

to provide farmers with better nutrient P recommendations, soil specific P fertiliser 

recommendations for grasslands are required. In this study we sought to standardise the 

weather variables affecting the fate of nutrient P and grassland production potential across 20 

agricultural sites (soils) in Ireland, in order to better differentiate the effects of soil 

characteristics and fertiliser management practices on soil P availability and grass yield. In 

addition we wanted to investigate if chemical and organic P fertiliser allowances under Irish P 

fertiliser regulations (Nitrates Directive statutory instrument 65 of 2017), were adequate to 
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meet the soil P fertility and grass-herbage requirements of intensively managed grassland 

systems. 

The hypothesis tested asked if inherent soil properties and legacy nutrient management effects 

regulate soil P availability and grass DMY differently across agricultural soils subject to similar 

P and lime applications, under a similar weather regime. This experiment identified the 

significant soil physical and chemical properties effecting soil P availability and grass P uptake 

across a range of agricultural soil types. The experimental design employed for this study 

controlled for the effect of climate, by developing a grassland microcosm study in one location, 

allowing for the comparable analysis of the physical and chemical soil properties effecting 

grassland production and soil P supply across a range of soils subject to lime, chemical P and 

organic P source fertilisers. 

 

Objectives 

The overall aim of this study was to gain new understanding of soil and nutrient management 

factors controlling soil P availability for grass production on Irish soils as a future basis for soil 

and management-specific P fertiliser recommendations. The objectives of this study were: 

1.  To examine the interaction of chemical and organic P fertiliser and lime applications 

on soil P availability and P assimilation by grass across different mineral soil types. 

2. To combine this fertiliser response information with readily available soil parameters 

and develop prediction models for soil P availability and grass dry matter yield (DMY). 
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3.3 Materials and Methods 

3.3.1 Soil Sampling and Preparation 

Site identification 

An intensive soil sampling campaign was undertaken across 20 locations (see Table 3.2) 

around Ireland. These locations were chosen by McDonald et al. (2014) to represent a range of 

the most common mineral grassland soil types in Ireland. Sampling sites were identified and a 

field sampling campaign was undertaken to collect the required volume of soil as described by 

McDonald et al. (2014) and summarised below. 

Soil sample collection and processing 

At each field sampling location an area of < 0.5 ha was selected and 30 soil samples were 

collected within this area in a random “W” like pattern. At each sampling point, the grass sod 

was removed (top 1-2 cm) and a cube of soil underneath (10 x 10 cm x 10 cm deep) was 

collected. Sampling was repeated at multiple points along the “W” pattern to create a composite 

sample of approximately 30 kg. Soils were stored in large open top plastic pots and transported 

back to Teagasc Environmental Research Centre, Johnstown Castle, for further processing. All 

soils were hand sieved through a 15 mm sieve to remove large stones, roots and other foreign 

debris. Each soil type was then homogenised through repeated inversion to ensure a consistent 

and homogeneous bulk sample. These homogenous samples were then subsampled for 

subsequent soil physical and chemical characterisations (see Table 3.2). 
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Pot preparation 

Large 16 litre black plastic squat containers with a surface area of 706.5 cm2 (30 cm diameter 

x 28 cm height) were utilised for the purpose of this experiment (see Figure 3.4). Pots were 

lined with a fine plastic mesh wire at the base to prevent soil loss through the drainage holes. 

A one inch layer of rough sand was then placed into the base of each pot to hold the mesh lining 

in place and to aid drainage from excessive precipitation. The pots were then filled with the 

pre-processed soils to a bulk density of ~1g cm3, which is typical for permanent grassland soils 

in Ireland. Due to the size of the pots, plants did not become root bound in this study. Once soil 

was transferred to the respective pots, the surface was lightly compressed to form a firm seed 

bed. 

3.3.2 Experimental Design 

Seeding 

All experimental units (pots) were sown with perennial rye grass (Lolium Perenne) with a 

50:50 mixture (diploid “Tyrella” and a tetraploid “Aston Energy”) at a sowing rate equivalent 

to 35 kg ha-1. Experimental units were seeded in mid to late September 2014. The newly 

reseeded soil received no starter fertiliser and all pots were sprayed for broad leaf weeds post 

grassland establishment. Harvesting commenced in the spring of the following year as per the 

harvesting schedule (see Table 3.1). 

Environmental Growing Conditions 

The pots were placed in the secure soil microcosm facility (area enclosed by netting of 29 x 

11m x 2 meters) located at the Teagasc Environment Research Station, Johnstown Castle, (52° 

17ʹ N; 6° 30ʹ W) (see Figure 3.4) and constructed in an east–west orientation to maximise solar 
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radiation onto the pots. The wire netting around the enclosure prevented external debris and 

animals from reaching the pots while allowing access to natural light, solar radiation 

(temperature) and rainfall. This permitted a semi-natural growing environment for the grass 

herbage. 

Each pot was placed on a leachate saucer (28 cm width x 36 mm depth) to capture any water 

and nutrients draining from the pots. Supplemental watering (550 ml per watering) was 

supplied to all pots during the summer months via the leachate saucers, and was available for 

soil/plant root uptake via capillary rise action. This action was to provide optimum growing 

conditions (in consultation with weather forecasts) when soil moisture deficits were naturally 

expected to exceed plant growth requirements. A pre-screening test conducted across the soil 

microcosms in the set-up year indicted that the environmental conditions in the microcosm 

facility were uniform and did not have a significant effect on the various dynamic soil 

properties tested (soil nutrients, pH, soil water content) or on seasonal grass growth within soils 

when randomised across the relative small area (5m X 10m) of the microcosm facility. Based 

on this pre-screening the potted soils (from different sites) were not randomised across the 

microcosm facility for ease of practical management and each row of pots represented a single 

soil type. However, the treatments within each site were blocked by replication (n = 3) and 

randomised within each block. The uniform nature of the soil microcosm facility, single 

climatic condition and limited effect of external structures or shading minimised any potential 

bias in the experimental units. 

3.3.3 Treatments 

For the purpose of this trial, a fertiliser programme simulating an intensive grass silage 

production system was implemented. Nitrogen (N) and potassium (K) fertiliser were applied 

as blanket applications in excess of actual crop demand (Wall and Plunkett, 2016). Nitrogen 
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was applied as Sulpha CAN (26.7% N & 5% sulphur) in three equal applications of 100 kg N 

ha-1 each per application. Potassium was applied as Muriate of Potash (MOP) (50% K) in three 

equal applications of 125 kg ha-1 each per application. 

Chemical P fertiliser was applied as triple super phosphate (16% P) conforming to European 

Union (EU) fertiliser standards (EU, 2003). Due to the variable granule size distribution, the P 

fertiliser was sieved through a 3.35 mm aperture sieve. This removed smaller particles and 

resulted in a more uniform granule size distribution and hence enabled chemical P fertiliser to 

be applied with greater uniformity to the soil surface. The P fertiliser was applied at 3 rates, 0 

(P0), 20 (P20), and 40 (P40) kg ha-1 P per annum (Table 3.1). 

The organic P (OP) treatment was applied as dairy slurry at a rate of 20 kg ha-1 (OP20) per 

annum. The dairy slurry, which was sourced from the winter milk dairy research farm at 

Teagasc Johnstown Castle, was utilised as the organic P source in this experiment. Continuous 

sub-surface slurry agitation equipment in the cattle housing facilities allowed a representative 

sample to be extracted using a standard slurry tanker. Six large (15 litre) plastic re-sealable 

buckets were obtained from a side discharge point on the slurry tanker in the spring and mid-

summer for each year representing the main slurry application periods. 

A sub-sample of slurry was taken for nutrient analysis immediately after the slurry was 

extracted from the housing facility. This was taken from each of the 6 containers and bulked 

before a final sample was obtained for nutrient analysis. Samples were securely sealed and 

stored in a fridge at 4oC overnight before analysis. The 6 sealed containers were stored in a 

freezer at -20oC until time of application. Slurry application rates are then calculated based on 

the total P composition of the slurry samples. 
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Lime, conforming to Irish fertiliser regulations (Anon, 1978), was applied by hand as ground 

limestone at a rate of 3.7 t CaCO3 ha-1 as per the average soil test recommendation across all 

soil types. The lime was incorporated into the top 15 cm of each pot prior to seeding, simulating 

a typical grassland seed bed formation. 
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Table 3.1 Schedule of chemical and organic fertiliser P and lime applications and harvest dates 

over the study period 2015 to 2016.  

Year 
Harvest 

no 

Harvest 

date 

 Lime 

control 
Lime 

 
P0* P20 P40 OP20** 

    t ha-1  kg ha-1 

2015 1 19/06/2015  0 3.75  0 10 20 10 

 2 11/08/2015  0 0  0 0 0 0 

2016 1 31/03/2016  0 0  0 10 20 10 

 2 23/05/2016  0 0  0 10 20 10 

 3 19/07/2016  0 0  0 0 0 0 

 4 10/10/2016  0 0  0 0 0 0 

Total 6   0 3.75  0 30 60 30 

*P – Chemical phosphorus, **OP – Organic phosphorus 

Fertiliser application methods 

All fertilisers (N, P and K) were applied by hand and spread evenly to the soil surface of each 

experimental unit post-harvest (test plant defoliation). Two application strategies were required 

due to the relatively low volume of chemical and organic P applied and the need for precise 

and uniform applications. 

Chemical P application method 

Chemical P was applied using a specially constructed applicator consisting of two 30 cm 

cylindrical overlapping disks drilled with thirty six holes in four quadrants (Figure 3.1 A), 

ensuring that the P fertiliser application (granules) were evenly distributed across the entire pot 

surface area. 

Organic P application method 

To improve the spread pattern of organic P, each experimental unit (pot) receiving slurry was 

divided into quarters. The required weight of slurry for each pot was divided into 4 equal parts 

and applied to each quarter of the pots surface. Spreading was achieved by poring the slurry 

through a narrow ended funnel, simulating low emission slurry spreading, which prevented 
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contamination of grass regrowth and ensured an even application directly to the soil surface 

(Figure 3.1 B). 

 

 

Figure 3.1 Application methods to experimental units (pots) A) pre loading chemical fertiliser 

P into drop applicator with regularly spaced fertiliser loading slots and B) low emission slurry 

P applicator (funnel) with cylindrical ring. Both methods divided the pot/soil surfaces into 

quartiles to aid precision application of fertilisers into the sward surface. 

3.3.4 Experimental Sampling 

Crop Sampling 

There was a total of 6 grass harvests over the two study years (see Table 3.1) simulating an 

intensive silage production system. In year 1 (post reseeding) there were two harvests in June 

and August, and in year 2 harvesting began in the early spring (March) with subsequent 

harvests in May, July and late September / October. 

 

Herbage was cut, using electric hand shears with pre-sharpened reciprocating blades (Bosch 

Uxbridge, UK), to a height of 4 cm, as per a simulated silage harvest. Herbage harvested from 

A B 
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each pot was placed in a perforated plastic bag and then immediately placed into a larger black 

plastic bag to prevent moisture fluctuations. 

Once transported to the laboratory total grass-herbage fresh weights were determined using a 

precision three point balance, and representative sub-samples (100 g wet weight) were then 

taken for dry matter determination and for crop nutrient analysis. The grass-herbage sub-

samples were placed in force draught ovens for a period of 72 hours at 70oC and then reweighed 

to determine the percentage dry matter content and the DMY for each pot. The dried grass 

herbage was ground (~2 mm) using a Christy and Norris hammer mill and stored in labelled 

resealable plastic containers prior to chemical analysis. 

Soil Sampling 

Initial representative soil samples were taken from each of the bulk soils post homogenisation. 

These samples were then evaluated for pH and lime requirement, soil texture, organic matter 

(OM), macro nutrients and micro nutrients. A basal lime application rate was chosen from the 

lime requirement results. 

Each pot was soil sampled once per year, in December using an 8 mm pencil tine soil sampler 

(Figure 3.2), to the standard agronomic depth of 10 cm. Roughly 9 cores were taken from each 

pot at each sampling (~30 g) and stored in resealable plastic bags prior to drying in a force 

draught oven. These samples were subsequently analysed for a range of nutrient elements and 

soil pH. 
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Figure 3.2 Pencil tine (8 mm diameter) soil sampler. 
 

3.3.5 Lab Nutrient Analysis 

Soil Analysis 

Analysis for soil pH was undertaken using a Mettler Toledo electrode pH meter (Mettler-

Toledo, Zurich, Switzerland) and was analysed in water solution in a 1:2 ratio of soil to water. 

Soil K and Mg were analysed using the method outlined by Byrne (1979) while soil P was 

extracted following the method outlined in Mehlich (1984), i.e. placing 2 g soil into 20 ml 

solution and shaking for 5 minutes then filtering the extract through Whatman (grade 42) filter 

papers. 

All soil extracts were analysed using an Inductively Coupled Plasma-Optical Emission 

Spectroscopy (IPC–OES) (Varian, Palo Alto, California, USA). The range of nutrients 

measured under the Mehlich extraction method included Al, Ca, Fe, K, Mg and P. 

Soil texture was determined using the pipette method outlined in Avery (1974). Sand, silt and 

clay compositions were categorised using the methods outlined in Brady and Weil (2008). 

Lime requirement was determined using the Shoemaker, McLean and Pratt (SMP) (1961) 

buffer method. 
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Grass Tissue Analysis 

All herbage shoot samples were analysed for N, P, K, Ca, Mg, Mn and S. Total N in shoots 

was measured using a LECO Truespec CN analyser (LECO Corporation, Michigan, USA). 

Dried and milled herbage samples were microwave digested in nitric acid in a CEM MARS 6 

(CEM, Buckingham, UK) closed vessel microwave digester and P, K, Ca, Mg, Mn and S in the 

digests were analysed using an Agilent 5100 inductively coupled plasma mass spectrometry 

atomic emission spectroscopy (ICP-OES) (Agilent, Santa Clara, California, USA). 

Organic Manure P Analysis 

Manure (cattle slurry) N and P nutrient concentrations were analysed calorimetrically using a 

discrete analyser (Thermo Fisher, Aquakem 250, Waltham, Massachusetts, USA). Cattle slurry 

was digested in a Gerhardt Kjeldatherm block digester using concentrated sulphuric acid (95% 

solution) and slurry K, Mg and Ca in the digest was determined via inductively coupled 

plasma–optical emission spectrometry (ICP–OES) (Agilent, Santa Clara, California, USA). 

Slurry dry matter percentage was determined by weighting 20 g of dairy slurry into pre-

weighed tin cups, placed into a forced draught oven for 48 hours and reweighed. 

3.3.6 Climatic data 

A range of climatic variables were recorded by an onsite weather station situated within ~1 km 

of the microcosm facility. The meteorological data collected at the weather station included air 

temperature, soil temperature, precipitation and solar radiation. The growing degree days and 

soil moisture deficient were also determined for the site based on the climatic information 

supplied. 
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Figure 3.3 Total monthly rainfall, mean air and mean soil temperature for Johnstown Castle 

between Sept. 2014 (pot reseeding) and Dec. 2016 (experiment end). 

 

3.3.7 Calculations 

The “Soil P Balance” is the difference between the P fertiliser applied (input) and the quantity 

of P fertiliser returned (offtake) in the grass plant. This gives an indication of soil P balance, P 

that remains in the soil or is lost to the environment and is calculated through the following 

equation:  

Fertiliser P input – (Herbage P concentration x Herbage dry matter yield) = Soil P balance 

 

The change in Mehlich 3 P (M3Pc) calculates the effect of P treatments on soil solution P over 

time. It is calculated using the following calculation: 

Final soil P (M3Pf) – Initial soil P (M3Pi) = M3Pc 
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3.3.8 Statistical Analysis 

All data were statistically analysed using SAS 9.4 (SAS Institute, Inc., Cary, North Carolina, 

USA). Summary statistics and one-way analysis of variance was undertaken across all soil and 

herbage data generated. A linear correlation analysis (Pearson correlation; r) was also 

undertaken to determine the influence between soil properties, DMY and soil P balances 

averaged over time. Mean values for soil and crop nutrient concentrations and herbage yield 

(dependent variable) were analysed using a mixed multiple stepwise regression model 

(including linear and quadratic terms) using PROC GLMSelect in SAS 9.4. Best fit models 

were chosen for soil P availability (measured by M3P) and cumulative DMY prediction models 

based on the adjusted r squared using a statistical significance level of α = 0.05. Model 

averaging and resampling with replacements was undertaken via bootstrapping (resampling 

with replacement). The data set was also split for model fitting with validation undertaken on 

a 25% (and then 50%) subset of the entire data set. The coefficient of determination (r squared) 

and root mean squared error (RMSE) was used to measure “goodness of fit” between the 

modelled responses in the soil P availability and cumulative grass DMY models generated. The 

RMSE relates to the magnitude of the error with values closer to zero indicating to better model 

performance. 



 

93 
 
 

 

Figure 3.4 Semi natural growing environment displaying experimental layout with trial pots 

ready for harvest. 
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3.4 Results 

As shown in Table 3.2, across the 20 soils, physical texture varied from loam to clay-loam, 

Mehlich-P from 22 mg P kg-1 to 136 mg P kg-1 and TP from 590 mg P kg-1 to 1720 mg P kg-1. 

The optimum pH for grassland soils in Ireland is 6.3 (Wall and Plunkett, 2016). Soil pHi was 

below optimum (pH 6.3) for 18 of 20 soils in this experiment with a mean soil pH equal to 5.6 

(range 5.1 – 6.5) with only two soils, CL and KL2, were within the optimum pH range. 



 

95 
 
 

Table 3.2 Soil location, physical and chemical classification and summary statistics of soils used in the evaluation of P efficiency. 

ID Sample Location  Site Geo location Sand  Silt Clay Texture OMi  pHi    TPi M3Pi M3Ali M3Fei M3Cai 

    ___% (by vol.)___  (%)  _____________________ (mg kg-1)_________________ 

1 Johnstown, Co. Wexford  JC1 6°30ʹW, 52°17ʹN  54.4  30.1  15.5  Loam 8.5 5.7  1023 73 547 167 1345 

2 Johnstown, Co. Wexford  JC2 6°30ʹW, 52°17ʹN  53.3  30  16.7  Loam 6.4 5.6  784 52 578 176 1141 

3 Castledockrell, Co. Wexford  CA1 6°36ʹW, 52°33ʹN  27.1  50.4  22.5  Silt loam  12.3  6.1  590 56 934 134 1360 

4 Ballycanew, Co. Wexford  BC1 6°18ʹW, 52°37ʹN  25.7  41.4  32.9  Clay loam  12.5  5.8  1048 68 609 208 1635 

5 Ballycanew, Co. Wexford  BC2 6°22ʹW, 52°35ʹN  36.7  40.2  23.2  Loam  8.8  5.3  1177 45 932 141 646 

6 Kildalton, Co. Kilkenny  KL2 7°18ʹW, 52°20ʹN  36.4  41  22.6  Loam  9.6  6.5  1078 80 412 141 1760 

7 Kildalton, Co. Kilkenny  KL3 7°19ʹW, 52°21ʹN  36.6  39.6  23.8  Loam  6.6  5.8  1367 97 535 179 1258 

8 Cregduff, Co. Mayo  CD1 9°09ʹW, 53°37ʹN  39.0  39.9  21.0  Loam  10.9  5.6  1424 91 781 244 1632 

9  Cregduff, Co. Mayo  CD2 9°06ʹW, 53°35ʹN  37.2  43  19.8  Loam  9.9  5.7  859 46 739 145 1477 

10 Timoleague, Co. Cork  TL1 8°46ʹW, 51°37ʹN  41.1  42.6  16.3  Loam  10.3  5.6  1720 115 609 294 1608 

11 Timoleague, Co. Cork  TL2 8°47ʹW, 51°37ʹN  42.9  40.5  16.5  Loam  10.7  5.1 1357 69 630 293 1223 

12 Moorepark, Co. Cork  MP1 8°13ʹW, 52°09ʹN  54.1  31.1  14.8  Loam  7.9  5.2  1356 136 398 279 1980 

13 Moorepark, Co. Cork  MP4 8°14ʹW, 52°10ʹN  46.1  36.8  17.2  Loam  7.9  5.9  916 54 549 232 1101 

14 Grange, Co. Meath  GR1 6°40ʹW, 53°31ʹN  29.5  47.5  23.0  Loam  10.4 5.3 1270 72 506 269 1598 

15 Grange, Co. Meath GR2 6°39ʹW, 53°31ʹN 21.3 44 34.7 Clay loam 11.2 5.2 976 47 552 223 2062 

16 Dunleer, Co Louth  DL2 6°26ʹW, 53°49ʹN  40.0  36.9  23.1  Loam  7.5  5.1  825 46 692 170 1244 

17 Dunleer, Co Louth  DL1 6°25ʹW, 53°49ʹN  38.3  37.7  24.0  Loam  10.9  5.2  1285 99 729 209 1117 

18 Corduff, Co. Monaghan  CM2 6°51ʹW, 54°01ʹN  22.1  43.2  34.7  Clay loam  20.8  5.5  1429 57 835 223 2112 

19 Ballyhackbeg, Co. Wexford  CL 6°48ʹW, 52°15ʹN  36.1  35  28.9  Clay loam  7.8  6.4  849 22 613 136 1390 

20 Killenagh, Co. Wexford  MC 6°15ʹW, 52°36ʹN  39.5  34.1  26.5  Loam  11.4  5.7  658 47 543 191 1731 

   Mean 37.87 39.25 22.89  10.1 5.61 1100 68 636 203 1471 

   Min 21.30 30.00 14.80  6.4 5.10 590 22 398 134 646 

   Max 54.40 50.40 34.70  20.8 6.48 1720 136 934 294 2112 

   Median 37.75 40.05 22.80  10.1 5.62 1063 62 609 199 1434 

   STDEV 9.61 5.43 6.15  3.1 0.40 297 28 151 53 363 

OMi% - percentage initial organic matter, pHi – initial pH, TPi – total initial soil P, M3Pi – initial Melich 3 extractable P, M3Ali – initial Mehlich 3  

extractable alumimium, M3Fei – initial Mehlich 3 extractable iron, M3Cai – initial Mehlich 3 extractable calcium 

Source: amended and updated from McDonald et al., 2014 
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Table 3.3 Pearson correlation coefficients (r values) between a range of soil test properties including the mean initial soil physical and chemical 

characteristics, treatment inputs and cumulative DMY for all soils. 
  Sand Silt Clay OMi pHi M3Pi M3Pf M3Ali M3Fei M3Cai Lime 

trt 

P 

trt 

P 

offtake 

P 

balance 

Silt -0.805*** 
             

Clay -0.850*** 0.372*** 
            

OMi -0.650*** 0.494*** 0.579*** 
           

pHi -0.022 -0.071 0.097 -0.147* 
          

M3Pi 0.454*** -0.212** -0.522*** -0.209** -0.064 
         

M3Pf 0.451*** -0.213** -0.518*** -0.211** 0.016 0.952*** 
        

M3Ali -0.340*** 0.394*** 0.184** 0.364*** -0.241*** -0.429*** -0.408*** 
       

M3Fei 0.345*** -0.186** -0.376*** -0.034 -0.325*** 0.765*** 0.665*** -0.446*** 
      

M3Cai -0.418*** 0.236*** 0.443*** 0.443*** 0.545*** -0.097 -0.027 -0.206** -0.091 
     

Lime trt 0.000 0.000 0.000 0.000 0.701*** 0.018 0.106 -0.203** -0.130* 0.647*** 
    

P trt 0.000 0.000 0.000 0.000 0.377*** 0.016 0.174** -0.106 -0.068 0.339*** 0.535*** 
   

P offtake 0.189** -0.040 -0.262*** 0.042 -0.035 0.596*** 0.575*** -0.502*** 0.533*** 0.196** 0.289*** 0.304*** 
  

P balance -0.145 0.031 0.202** -0.032 0.371*** -0.445*** -0.285*** 0.290*** -0.473*** 0.158** 0.265*** 0.678*** -0.494*** 
 

DMY -0.069 0.100 0.017 0.337*** -0.154** 0.258*** 0.224*** -0.319*** 0.324*** 0.288*** 0.187** 0.172** 0.839*** -0.490*** 

OMi, initial organic matter; M3Pc, Change in M3 phosphorus; DMY, cumulative dry matter yield; pHi, initial pH; M3Pi, initial M3 

phosphorus; M3Pf, final M3 phosphorus; M3Ali, initial M3 aluminium, M3Fei, initial M3 iron and M3Cai, initial M3 Calcium. 

*, **, *** indicate significance to P <0.05, <0.01 and <0.0001, respectively. 
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3.4.1 Predicting Soil Phosphorous Availability and Grass Dry Matter Yield from Lime 

and P Fertiliser Addition 

Mixed multiple stepwise regression models, for the prediction of the change in M3P (M3Pc) 

and cumulative grass-herbage DMY, after P fertiliser (chemical and organic) and lime addition, 

were developed using GLMselect in SAS (see 3.3.8 Statistical Analysis), from the soil P and 

grass DMY results generated during this study. The soil physical and chemical parameters 

measured across all soils and phosphorus and lime inputs were available as explanatory 

variables to help account for the variability in soil Mehlich P and in herbage DMY (Table 3.4). 

The model training data set comprised of 25% of the original data set. Modelling was conducted 

with and without the slurry treatments to investigate the effect of P sources on M3Pc and 

cumulative grass DMY. The results were compared using SGplots, for visual analysis and using 

the average square error (ASE) values for each of the data sets. It was concluded that the slurry 

inclusive data set developed a stronger model (AES = 11.3 million) compared to the data 

without the slurry treatments (AES = 12.2 million) and were subsequently included in the 

modelled data. 
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Table 3.4 Explanatory variables and descriptors used for the generation of the soil P and grass 

yield models. 

Category  Variable  Data Descriptor 

Soil physical characteristics  Sand  Sand (%) 

  Silt  Silt (%) 

  Clay  Clay (%) 

  OMi  Initial organic matter (%) 

Soil chemical characteristics  pHi  Initial soil pH 

  M3Pi  Initial Mehlich 3 phosphorus (mg kg-1) 

  M3Ali  Initial Mehlich 3 aluminium (mg kg-1) 

  M3Fei  Initial Mehlich 3 iron (mg kg-1) 

  M3Cai  Initial Mehlich 3 calcium (mg kg-1) 

Treatments  P Input  P fertiliser (kg ha-1) 

  Lime  Ground limestone (t ha-1) 

 

Best fit prediction model testing 

After the models were developed, using the training data set, both M3Pc and cumulative DMY 

prediction models were validated against 50% of the grass production data. Both prediction 

models showed good agreement with observed M3Pc and DMY in this experiment and would 

indicate that both models effectively identified soil properties and fertiliser management factors 

that affect soil P availability and grassland production potential. 
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Table 3.5 Multiple stepwise regression model on change M3P on soil P (mg kg-1) and grass DMY production potential (kg ha-1). 
Soil P Model  Grass DMY Model 

 Parameter 

Estimate 
S.E. P >t RMSE 

Model 

R2 

Adj. 

R2 
  

Parameter 

Estimate 
S.E. P >t RMSE 

Model 

R2 

Adj. 

R2 

Intercept 21.196924 11.129019 1.0000 7.19 0.76 0.75  Intercept -33379 18857 0.0777 3023.13 0.71 0.69 

M3Ali -0.558729 0.078592 0.0063     pHi 11939.24 3416.32 0.0005    

M3Pi -0.440497 0.392444 <.0001     OMi 4253.10 523.21 <.0001    

P input 0.030307 0.065562 <.0001     Clay -2086.12 476.11 <.0001    

Sand 0.008821 0.004980 0.0134     Silt -920.02 248.22 0.0003    

M3Cai 0.003248 0.001072 0.0008     Lime 506.62 167.01 0.0026    

        M3Ali 171.43 23.97 <.0001    

M3Pi*M3Pi -0.048745 0.021946 0.0001     P input 161.47 27.04 <.0001    

M3Ali*M3Ali -0.001821 0.002522 0.0025     M3Cai -15.92 2.77 <.0001    

M3Pi*M3Cai 0.000498 0.000228 0.0171     Silt*Clay 103.63 12.38 <.0001    

P input*P input 0.000035764 0.000013149 0.0024     Clay*OMi -96.44 17.74 <.0001    

        pHi*M3Ali -16.82 4.28 0.0001    

        P input*P input -2.28 0.43 <.0001    

        Clay*M3Ali -1.80 0.31 <.0001    

        Silt*M3Ali -1.83 0.25 <.0001    

        M3Ali*M3Cai 0.02 0.00 <.0001    

Equation formulas for the soil P and grass DMY model are constructed as follows: Y = aX1 + bX2 + cX3 + etc + d; where Y is the dependent variable, 

i.e. Mehlich-P or grass DMY; X are the measured independent variables, i.e. soil characteristics and P and lime inputs; a, b, and c, etc are parameter 

estimates; and d is the intercept. 
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3.4.2 Soil P Availability Model 

The model output showed that sand content proved to be the only soil textural component to 

significantly effect M3Pc. As shown in Figure 3.5, increasing percentage sand resulted in a 

more negative M3Pc. Mehlich extractable Al, in contrast, significantly and positively affected 

change in Mehlich-P, as shown in Table 3.5. 

 

Figure 3.5 The mean change in M3P and soil sand content. 

Table 3.3 indicates that sand content and the initial concentration of Mehlich extractable Al 

(M3Ali) were significantly and negatively correlated (r = -0.340, P <0.0001). In contrast silt 

and clay were positively correlated with Ali (r = 0.394 & 0.184, P <0.0001) (Table 3.3) and 

initial organic matter (OMi) was also highly and positively correlated with M3Ali (r = 0.364, P 

<0.0001). 
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Figure 3.6 Relationship between final STP and the initial concentrations of Mehlich 

extractable Al (M3Ali). 

There was a significant (P <0.0063) negative quadratic relationship between final M3P and the 

initial concentration of Mehlich-extractable Al in soil (M3Ali), such that M3P declined sharply 

as M3Ali increased from 300 to 800 mg Al kg-1, but thereafter stabilised at around 40 mg P kg-

1 as M3Ali increased from 800 to 1300 mg Al kg-1 (Figure 3.6). M3Ali concentrations were 

significantly correlated with the percentage of clay in soil (r = 0.184, P <0.0001) and M3Ali 

explained 24% of the variation in M3Pc. 

In this study there was a negative effect of M3Cai on the change in M3P across all soil types 

with mean M3Cai values of 1471 mg kg-1 (range 646 to 2112.46 mg kg-1). M3Cai values up to 

1800 mg kg-1 were negatively related with M3P while M3Cai levels beyond 1800 mg kg-1 

showed an increase in M3Pc. At high levels of M3Cai this trend in M3P is indicative of P 

sorption with soil Ca (Ca-P bonding) causing P to be removed from soil solution. Overall 

M3Cai had a significant (P <0.0001) but small effect on the overall change in M3Pc in the 

model. However, M3Cai was significantly (P <0.0001) and positively correlated with lime 

treatment (r = 0.647), pHi (r = 0.545), P trt (r = 0.339), cumulative DMY (r = 0.288), P offtake 
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(r = 0.196 P <0.0001) and P balance (r = 0.158 P <0.05). Interestingly there was no correlation 

between M3Cai and M3Pi or M3Pf. 

The biggest factors significantly (P <0.0001) correlating to P treatment were pHi and M3Cai 

(r = 0.377 and 0.535) (P <0.0001), but these are not independent variables, as they are 

significantly and positively correlated (Table 3.3). 

 

 
Figure 3.7 Box plots showing the mean, quartiles and range of change in M3P for each level 

of P input corresponding to all chemical and organic P treatments. 

Across all P treatments the mean M3Pc was negative across all soil types (n = 20) (Figure 3.7). 

Large negative M3Pc was found for P treatments P0: -31.64 mg kg-1 (range -65.73 to -9.46 mg 

kg-1), P30: -27.49 mg kg-1 (range -67.26 to -0.88 mg kg-1) and a somewhat smaller negative 

M3Pc P60: -17.79 mg kg-1 (range -50.24 to 4.21 mg kg-1). As expected, P input significantly 

affected M3Pc in the model where higher rates of P input (P60) showed smaller M3Pc over all 

soil types (P <0.0001).  
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P input was strongly correlated with P balance (r = 0.686, P <0.0001) and also positively 

correlated to P off-take in the harvested grass (r = 0.305, P <0.0001) and to a lesser extent with 

DMY (r = 0.173, P <0.01). 

 

Figures 3.8 Linear regression of change M3P against P balance across all treatments. 

Figure 3.8 shows the relationship between P balance and M3Pc. The results for P balance 

indicate that grass P offtakes were in excess of inputs resulting in a large decrease in M3Pc. 

The linear relationship showed that P balance explained 40% of the M3Pc (R
2 = 0.40). All 

fertiliser P treatment rates (0, 30 and 60 kg P ha-1) fell short of meeting P offtakes and displayed 

P mining even at relatively high P fertiliser applications (60 kg P ha-1). The correlation analysis 

indicated that P balance was more effected by P treatment and soil pHi (r = 0.686 & r = 0.371) 

compared to lime treatment (r = 0.265) though all three correlations were highly significant (P 

<0.0001). These P balance results also showed that a positive P balance of approximately 19 

kg P ha-1 in excess of P applications was required to maintain soil test P levels at equilibrium. 
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The remaining variables in soil P availability model are interactions between the variables 

mentioned above and had lower but yet significant effects on M3Pc were smaller effects on the 

overall model and therefore will not be discussed further in this chapter. 
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3.4.3 Grassland Response Model 

Soil pHi ranged from 5.1 to 6.48 across these soils (mean pH 5.61) and was the highest-ranking 

variable significantly (P <0.0001) effecting grass DMY in the model (Table 3.5). Overall, soil 

pHi was negatively related (R2 = 0.31) to cumulative grass DMY across these mineral soils 

(Figure 3.9A). Soil OMi (P <0.0001) was the second highest ranked factor effecting the grass 

DMY model (P <0.0001). OMi values ranged from 6.4% to 20.8% across these permanent 

grassland soils with a mean value of 10.1% (Table 3.2). OMi was positively correlated with 

grass DMY (r = 0.337, P <0.0001) and with M3Cai (r = 0.443, P <0.0001) but also with M3Ali 

(r = 0.364, P <0.0001). OMi explained approximately 16% of the variability in grass DMY (R2 

= 0.16) (Figure 3.9B). 

Clay (P <0.0001) was the third highest ranked factor effecting grass DMY in the model (Table 

3.5). Soils with a percentage clay <25% displayed a negative effect of grass DMY while soil 

clay levels between 25 – 35% had a positive effect on grass DMY (Figure 3.9C). When the 

data was plotted and fitted with a polynomial relationship curve it was found that clay explained 

21% of the cumulative grass DMY. Clay was also positively related to OMi (r = 0.579, P 

<0.0001) and negatively correlated to M3Pi and P offtake (r = -0.522 & -0.262, P <0.0001). 

 

Initial M3Ali also had a significant (P <0.0001) effect on grass DMY in the model. There was 

a wide range of M3Ali found in the soils used in this experiment (range 398 – 934 mg kg-1) 

with a mean M3Ali value of 636 mg kg-1. M3Ali explained 18% (R2 = 0.18) of the variability 

in grass DMY (Figure 3.9D) and overall there was a decreasing trend in cumulative DMY with 

increasing M3Ali. M3Ali was negatively correlated with M3Fei, P offtake and DMY (r = -

0.446, -0.502 & -0.319, P <0.0001) (Table 3.3). There was also a negative correlation with 

lime treatment (r = -0.203, P <0.01) and a positive correlation with P balance (r = 0.290, P 
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<0.0001). As expected lime had a significant positive correlation with M3Cai (r = 0.647, P 

<0.0001) and pHi (r = 0.701, P <0.0001) and negative correlations between lime and M3Ali 

and M3Fei (r = -0.203, P <0.01 & r = -0.130, P <0.05).  
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Figure 3.9 Relationships between (A) pHi, (B) OMi, (C) Clay and (D) M3Ali with cumulative dry matter yield (DMY) across the 20 mineral 

grassland soils. 
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Figure 3.10 Relationship of (A) lime treatment (0 & 5t ha-1) and (B) P treatment (0, 30 & 60 

kg P ha-1) on cumulative grass dry matter yield (DMY) across all soil types (n = 20). Letters 

denote significant differences between treatments. 

 

The application of lime had a significant positive effect on the cumulative grass DMY across 

these grassland mineral soils (n = 20) (Figure 3.10A). Lime treatments significantly increased 

the mean cumulative DMY across all soil types by 1003 kg DM ha-1. 

Cumulative grass DMY significantly increased with P fertiliser applications compared to when 

no P fertiliser was applied. Moderate P fertiliser inputs (P30) produced significantly higher 
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grass DMY than high P inputs (P60) across these soils. However, the mean soil M3Pi was 

relatively high across these 20 soils at 68 mg kg-1 with a range of 22 to 136 mg kg-1.  
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3.5 Discussion 

The soil P availability and grass DMY prediction models created from the data generated in 

this multi-site (soil type) grassland pot study, subject to lime and P source fertilisers, helped to 

identify the important soil parameters and soil fertility management factors affecting soil P 

availability and grass growth. The modelling approach used enabled the identification and 

ranking of the most influential soil (soil physical and chemical properties) and management 

variables affecting the change in soil P and cumulative grass DMY and also to understand how 

these variables interact with each other. 

The soil and grassland models both had good model characteristics as they were relatively 

compact with regard to the number of possible variables, and both models displayed a good fit 

to the data (soil model R2 = 0.76, grassland model R2 = 0.71). The models were developed on 

variables that are readily available through routine soil testing and hence easily accessible to 

farmers or agricultural extension agents. 

The generated soil model in this study would suggest that increasing soil P was not achieved 

by changing future P input practises alone but requires a combination of correcting initial soil 

characteristics (soil pHi and M3Pi) and a change in future P input practises. Soil M3Ali was 

found to be the highest ranking variable affecting M3Pc but the concentrations of Al in soils is 

highly correlated with soil pH, since Al precipitates as aluminium hydroxides at high pH, thus 

removing Al3+ ions from soil solution as found in other national and international studies (Daly 

et al., 2015; Burkitt et al., 2002). 

Five individual variables significantly affected M3Pc in this study: M3Ali, M3Pi, P input, Sand 

and M3Cai (Table 3.5). Two of the five individual variables in the model relate to or can act as 

a proxy for soil pH i.e. M3Ali and M3Cai. This displays the important influence soil pH 
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correction can play on M3Pc on acidic mineral grassland soils through the alleviation of soil Al 

and is consistent with results found by Indiate et al. (1999) and McLaughlin et al. (2011).  

The results of this study further support the findings in Chapter 1 (Fox et al., in review) where 

change in soil pH, clay (texture) and M3Ali all played a significant role in M3Pc. Initial soil pH 

(pHi) was found to be the most important factor influencing grass DMY in the grass DMY 

model, no doubt because pH has a key role in regulating soil P availability but also possibly 

due to Ca substitution for P in the grass plant due to a combination of P-sparing from enhanced 

P mineralisation and Ca stabilisation of the root membrane thereby reducing nutrient loss from 

plant roots (Bailey, 1991). In a modelling study of grass nutrient uptake and yield Nikoloski et 

al. (2019) reported that P was the most limiting nutrient for intensive grassland production 

across a large number of dairy grassland farms in Ireland. However, in the present study, P 

input (P fertiliser) was not the highest ranking variable affecting grass DMY, but this may have 

been because of greater levels of soil P mineralisation post soil disturbance and the provision 

of optimum growing conditions (reseed, lime and periodic irrigation) in this outdoor pot study. 

Soil OM was shown to positively affect M3Pc and positively increase grass DMY. Work by 

Daly et al. (2001) found OM decreased the sorption potential of recently applied P fertiliser 

across eleven major agricultural grassland mineral soils in Ireland. In contrast the availability 

of P to grass was reduced with increasing M3Ali levels in this study and is possibly due to 

increased P binding energies with extractable M3Al as found by Daly et al. (2015) across a 

range of Irish mineral grassland soils (n = 120) subject to a range of P fertiliser solutions prior 

to analysis. In an experiment of organic matter (manure) additions on acidic mineral soils, 

Halford et al. (1997) found that P sorption was greatly reduced on soils receiving dairy 

manures, arguing that P sorption sites may be blocked through organic anions which possibly 

lowered the P sorption strength of soils. Hynes and Mokolobate (2001) also report increases in 



 

113 
 
 

soil pH and a resultant precipitation of insoluble hydroxy-Al compounds during the 

decomposition of organic manures. Further work may be needed to identify the exact organic 

acids and soluble Al species present in these acidic mineral grassland soils to further strengthen 

the model presented. 

Currently in Ireland farmers are advised to apply 20 kg P ha-1 in spring for first cut silage crops, 

plus 10 kg ha-1 per additional silage cut (5 t ha-1) (Wall and Plunkett, 2016). The findings of 

this simulated silage cutting study would suggest that an additional 20 kg P ha-1 would be 

required to maintain soil P levels across these newly reseeded mineral grassland soils. These 

results agree with the findings from a long term P balance grassland study in the Netherlands, 

where soils receiving manure and chemical P applications equivalent to P balance were found 

to decline in STP levels and to accumulate organic P levels (Van Der Salm et al., 2017). In 

another grassland study in Ireland on high STP soils found that 40 kg P ha-1 would be sufficient 

to maintain soil P levels on high STP sites (n = 3) on a high N input system (Power et al., 2005). 

This study was subject to a 3 cut per year regime similar to this current study but across three 

infield sites in the south and east of Ireland.  

However this experiment was conducted as a pot study where soils were disturbed and excess 

nutrients may have been released into the soil which could have resulted in greater plant growth 

and associated change in soil P, distorting the soil P balance when compared to undisturbed 

field trials. Non the less, similar results maybe experienced on recently reseeded grassland 

swards subject to similar P fertiliser and lime treatments. Additionally, the universal multi 

element extractant Mehlich 3 was used to generate the soil test P data in this study. Though 

Morgans and Olsens extractants are widely used in Ireland there is no direct conversion factor 

for the various soil P extraction values (Herlihy et al., 2006) while research by Daly et al. 

(2015) suggests an increasing divergence in comparability of soil P results at higher levels of 
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soil P on calcareous soils. It must also be noted from research by Buckley et al. (2016), that in 

a random effects panel data model developed on intensive Irish grassland farms, indicated that 

P balance and use efficiency are significantly influenced by factors such as fertiliser prices, 

stocking rates, land use potential, use of milk recording technology and contact with extension 

services, which are all not applicable to this study.  
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3.6 Conclusions 

 This experiment developed prediction models for change in soil test P and grass dry 

matter yield across a range of agriculturally important soil types in Ireland. These 

prediction models had high levels of predictive power with R2 of 0.76 and 0.71 

respectively. This modelling approach was used to identify soil and management 

factors related to P dynamics in soils and the efficiency of P use in grassland production 

systems. The factors identified in the models can be used to develop new agronomic 

knowledge for improved P use efficiency and grassland management. 

 These generated models can be used to increase soil P supply and grassland production 

potential by identifying soil and fertility management variables limiting optimum soil 

P supply and grass P uptake and DMY. Quantification and integration of these 

identified variables including additional soil physical (clay percentages) and chemical 

factors (soil Al concentrations) into routine soil testing could deliver improved fertiliser 

guidelines into the future. 

 This study found initial soil P and initial soil Al to have the largest effect on soil test 

phosphorus while soil pH, OM and clay content had the biggest influence on grass 

production potential. 

 Developing this information for soil specific fertiliser recommendations in combination 

with additional soil chemical characteristics could go some way to increasing fertiliser 

P use efficiency and maintaining soil P fertility while reducing fertiliser costs and 

environmental pressures on land managers. 
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 This semi-natural pot study has limitations when extrapolating these results to the field 

scale and expanding this research to field scale studies is warranted to further 

interrogate and validate these relationships and effects. This was conducted across two 

contrasting soil types as discussed in Chapter 4. 
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Chapter 4: 

Soil phosphorus supply for grass production under long 

term lime and phosphorus fertiliser management on 

contrasting soils in Ireland 
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4.1 Abstract 

Phosphorus (P) fertilisers are essential for optimum grassland production and for meeting 

herbage P concentrations for intensive animal production. Phosphorus fertiliser inputs are 

required in relatively large quantities on intensively managed grassland, which increases the 

pressure on finite rock P resources and dwindling supplies of high quality reserves. Soil pH 

can significantly affect the availability of soil P to the grass plant. This current study used two 

long-term grassland lime and P fertiliser study sites with contrasting soil types which were 

subjected to an intensive grass cutting regime (9 cuts per year) mimicking intensive grazing. 

These field sites had legacy gradients in soil pH and soil test P levels which were used to 

develop a greater understanding of the interaction of freshly applied lime (0 and 5 t ha-1) and P 

fertilisers (0, 20, 40 and 60 kg ha-1 P) on soil P supply and P uptake and grass yield on 

intensively management ryegrass swards. The results show that lime applications significantly 

increased soil P availability across all long-term P treatments and maintained this higher soil P 

supply for a number of years post application. 

Combinations of fresh lime and fertiliser P applications on high pH soils significantly increased 

soil test P levels compared to where the soil pH was initially low. Lime application also 

increased grass dry matter yields across both sites. Grass dry matter yield also increased with 

P fertiliser rate but to a lesser extent than with lime and P fertiliser combinations. However, 

lime applications alone resulted in significantly lower herbage P concentrations possibly due 

to a yield dilution effect and suggests the P fertiliser application following liming is necessary 

to achieve herbage P concentrations (3.5 mg kg-1 P) to meet the dietary P requirements of 

grazing livestock on intensively managed grassland farms. Phosphorus fertilisers in excess of 

40 kg P ha-1 were required to maintain soil test P levels within the optimum P Index 3 range, 

and to achieve a neutral P balance across both sites. Regular lime applications are required for 
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sustained pH correction in conjunction with a proactive nutrient management programme to 

optimise soil P levels and thereby meet herbage dry matter yield (DMY) and herbage P 

concentration targets.  
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4.2 Introduction 

Phosphorus (P) is essential for plant production, playing an important role in the development 

of high energy phosphate bonds in ADP and ATP, and also an integral constituent in DNA and 

RNA (Whitehead, 2000). It is also second only to nitrogen (N) in importance for intensive crop 

production (Brady and Weil, 2008). Grassland accounts for 40.5% of the world’s surface area 

(FAO, 2005) and 93% of utilizable agricultural area in Ireland (CSO, 2010). Increased 

grassland production and utilisation rates on dairy and drystock farms has been recognised at 

government and industry level as a key target to increase profitability, sustainability and 

nutrient efficiency (Hanrahan et al., 2018; Anon, 2010; Anon, 2015). 

Research in Ireland has shown that grassland can suffer a yield penalty of on average -1.5 t dry 

matter (DM) ha-1 when soil test P levels fall below the optimum P index 3 range (Herlihy et 

al., 2004). In addition, grazing animals, on minimal concentrate supplementation, require 

herbage P concentrations of at least 3.5 g P kg DM-1 to meet their dietary requirements (Schulte 

and Herlihy, 2007). Other studies have recommended higher herbage P levels of between 3.7 

g P kg DM-1 and 4 g P kg DM-1 for optimum milk production in lactating Fresian dairy cows 

(Gueguen et al., 1989). Research by Curran et al. (2014) found that on intensively managed 

dairy grassland farms across Ireland, average herbage P concentration was 3.4 g P kg DM-1, 

which indicates that supplementation of P to grazing animals may be needed on many farms. 

In Ireland, soil P testing is used as the basis for deciding the rate of fertiliser P application to 

farmland, and is mandatory for intensive grassland farms where a derogation has been granted 

to farm with stocking rates greater than 2 cows ha-1 (> 170 kg organic N ha-1) and less than 2.9 

cows ha-1 (< 250 kg organic N ha-1) under EU Nitrates Directive rules (S.I. 605 of 2017). 

Nationally soil testing is conducted using the Morgan’s extractable P method (Morgan, 1941) 

and a soil P index system (based on Morgan’s P) has been developed to inform fertiliser P 
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advice. In this P index, soils containing 0 – 3 mg Morgan’s P L-1 are classified as P Index 1, 

and soils containing 3.1 – 5 mg Morgan’s P L-1 are classified as P Index 2. Both these Index 

ranges are deemed to be P deficient and requiring additional P inputs to build-up soil fertility. 

Soils containing 5.1 – 8 mg Morgan’s P L-1 are classified as P Index 3, i.e. the agronomic target 

range, and maintenance P applications are only recommended for these soils. While soils 

containing > 8 mg Morgan’s P L-1 are classified as P Index 4, and are deemed to be over-

supplied with P, with more than sufficient P reserves to meet grass production requirements 

(Wall et al., 2016). These high P soils do not require any maintenance P applications, as these 

soils have a high risk of P loss potential (S.I. 65 of 2017). A recent analysis of soil fertility 

across dairy farms in Ireland found that 56% of soils were categorised as deficient in soil P 

(Index 1 & 2, STP < 5.1 mg P L-1) (Teagasc, 2018). Buckley et al. (2013) found that on Irish 

dairy farms (n = 195) P balances were relatively low (4.1 kg ha-1) and P efficiencies (83.3%) 

were relatively high when compared to similar farms internationally, with 27% of farms having 

negative P balances indicative of soil P mining. 

The availability of P in soils is governed by complex interactions between soil physical and 

chemical properties, in particular clay minerals, organic matter and soil pH which control the 

availability of aluminium (Al) in soil solution (Daly et al., 2015; Fox et al., in review; Gérard, 

2016). Soil P sorption and desorption can vary widely across agricultural soils in Ireland (Wall 

et al., 2012) and affect the soil P supply, plant P assimilation and the fertiliser P input 

requirements to meet grass production and quality targets. In addition to managing soil and 

crop P needs, farmers must also be conscious that P applications and high soil test P levels can 

drive P loss to the aquatic environment leading to pollution of water bodies (Kurz et al., 2005). 

The primary challenge for farm advisory services is the delivery of optimum P fertiliser 

recommendations for efficient and profitable grass production which maximise the return of 
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fertiliser P inputs whilst minimising incidental (fertiliser P) and chronic (soil) P losses to water 

bodies. 

Soil P availability has been shown to be negatively correlated with decreasing soil pH (Brady 

and Weil, 2008). Soil pH values and soil Al concentrations primarily control the supply of P 

from the soil via the processes of P adsorption and desorption from the soil into soil solution 

for plant root assimilation (Brady and Weil, 2008). Typically, applications of P fertiliser to 

acidic soils result in poor P use efficiency when compared to grassland soils with optimised 

soil pH (Sheil et al., 2016). In Ireland, due to relatively high rainfall levels, (750 – 1200 mm 

yr-1) (Keane, 2004), calcium tends to be washed out of soil solution resulting in increased 

concentrations of hydrogen ions (H+) and decreased soil pH. Under conditions of decreasing 

soil pH, concentrations of aluminium and iron ions increase in soil solution, thereby increasing 

P binding energies in soil and negatively impacting on the ability of soil P to buffer P 

concentrations in soil solution (Daly et al., 2015). 

Ground limestone (CaCO3), a natural and cost effective soil conditioner, is typically applied to 

acidic Irish soils in relatively large quantities in order to neutralise soil acidity and increase soil 

pH to a target of 6.3 (Wall and Plunkett, 2016). While there have been conflicting reports that 

lime applications are associated with an increase in soil P availability (Curtin and Syers, 2001; 

Murphy, 2007; Holland et al., 2018), it has been consistently associated with decreasing the 

toxic effects of Al on plant roots through reducing Al concentrations in soil solution (Adams, 

1984). Lime applications have long lasting benefits for soil nutrient availability and herbage 

DM production levels in grasslands as well as a range of physical and biological improvements 

to soils post application (Curtin and Smillie, 1986; Bailey, 1991; Bunemann et al., 2011; 

Whitehead, 2000). 
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The benefits of lime for the correction of soil pH has been recognised as vital for efficient use 

of limited P resources and more sustainable crop production systems (Onwonga et al., 2008). 

For this reason, pH correction, through lime application, is considered a key first measure for 

correcting low fertility in Irish acidic soils (Wall and Plunkett, 2016). Indeed, soil pH correction 

is mandatory on derogated farms in Ireland (Anon, 2019). Ultimately, optimum P use 

efficiency can only be achieved through correcting soil pH and reducing the suppressive effect 

of Al on plant P uptake whilst optimising the availability of organic and inorganic P fertilisers. 

Understanding the relationship between lime and P fertiliser applications across different soils 

is of critical importance for efficient management of soil P supply in grass-based livestock 

production systems and for achieving the agronomic, environmental and economic goals set 

out for the agricultural industry in Ireland (Anon, 2015). While grassland production responses 

to fertiliser P has been well researched in Ireland (Culleton et al., 2002; Schulte and Herlihy, 

2007; Sheil et al., 2016), less is known about the interactive (longer-term) effects of lime and 

fertiliser P on herbage yield and herbage P concentrations at different ambient soil pH and soil 

test P (STP) levels. 

 

In this experiment, it was hypothesised that soil type would affect soil P availability and the 

herbage P concentration and DMY responses to long term lime and chemical P applications. 

 

Objectives 

The objective of this study was to investigate the effects and interactions of long-term lime and 

P fertiliser applications on soil P availability, grass DM production and herbage P 

concentrations on contrasting soil types under an intensive grassland management regime.  



 

125 
 
 

4.3 Materials and Methods 

4.3.1 Study Sites 

Two grassland trial sites were utilised for this experiment. They were located at Teagasc 

Environmental Research Centre, Johnstown Castle, Co. Wexford and Teagasc Moorepark, 

Fermoy, Co. Cork (see Table 4.1). Trial sites were originally chosen due to the contrasting soil 

characteristics and background historical soil pH status and soil P fertility (see Table 4.2). 

Table 4.1 Johnstown Castle and Moorepark trial site locations, geographical (Geo) 

coordinates, soil types, textures and characteristic classification. 
Location Geo 

reference 

Soil Type Soil Type* Drainage  

Status 

Texture Sand Silt Clay 

      % (Volume) 

Johnstown  

Castle 

52 o 17’N,  

06 o 30’W 

Grey brown 

podzolic 

Gleyic 

luvisol 

Moderately  

drained 

Clay  

loam 

52.29 28.88 18.82 

Moorepark 52o 09’N,  

08 o 15’W 

Acid brown  

earth 

Cambisol Well  

drained 

Sandy  

loam 

48.55 31.57 19.88 

*Identified using the World Reference Base for Soil Resources 

 

4.3.2 Experimental Description and Design 

The original field plot experiment was established in May 2011 and fertiliser P treatments have 

been applied to defined plots at each site, each year since. Both trial sites were reseeded in 

April 2011 with a perennial ryegrass (Lolium perenne) seed mix, 60% tetraploid (Aston 

Energy) and 40% diploid (Tyrella). The original study investigated grass seedling 

establishment and grass DM yield response to P and lime treatment applications post grass 

establishment (2011 to 2013). The original fertiliser treatments between 2011-2013 consisted 

of four rates of P as triple super phosphorus (TSP) (0, 20, 40 and 60 kg ha yr-1) and were applied 

once per year in spring immediately after the first harvest. Lime was also applied once as 

ground limestone (CaCO3) at a rate of 5 t ha-1 at the initiation of the experiment and based on 

soil test recommendations (Table 4.3). The original experimental design was a randomised 

complete block design with 8 replicates of each lime x P fertiliser rate combination on field 
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plots that were 1.5 m wide x 6 m long. The application of these treatments to the field plots up 

to 2013, resulted in gradients in pH and soil test phosphorus (STP) concentrations across the 

lime x P fertiliser treatment combinations at both sites (Table 4.2). 

Table 4.2 Initial mean soil fertility results by site (Johnstown Castle (JC) and Moorepark (MP)) 

and previous P and lime treatments for the experimental period (2011 to 2013). 

 

In 2014 the lime treatments were expanded and a further lime application was applied to half 

of the original lime and non-limed plots making 4 liming treatments as shown in Table 4.3. 

Lime (ground limestone), conforming to Irish fertiliser regulations (Anon, 1978), was applied 

to the lime treatments at a rate of 5 t ha-1. The P fertiliser treatments remained unchanged 

(similar to the 2011-2013 period), however, there were now 4 replicates of each lime x P 

fertiliser rate combination compared to 8 replicates in the original experiment. 

  

Treatments 2011-13  JC  MP 

P Rate Lime 

Rate 

 Soil Pi Soil pHi Soil OMi  Soil Pi Soil pHi Soil OMi 

(kg ha-1) (t ha-1)  (mg kg-1)  %  (mg kg-1)  % 

0 
0  3.24 5.16 8.35  8.46 5.66 8.49 

5  4.43 5.96 7.71  13.30 6.46 8.33 

20 
0  4.16 5.14 8.26  11.86 5.80 8.49 

5  6.47 5.91 7.83  17.05 6.40 8.51 

40 
0  5.38 5.19 8.03  13.32 5.72 8.51 

5  9.49 6.00 7.69  22.44 6.49 8.44 

60 
0  7.36 5.14 8.04  16.64 5.65 8.16 

5  12.68 6.01 8.06  31.68 6.51 8.24 

Subscript I (i) indicates initial soil results in 2013 
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Table 4.3 Previous and current lime and phosphorus (P) treatment applications for the 

Johnstown Castle and Moorpark trial sites. 

 P fertiliser rate 

Lime 

Rate  

(t ha-1)* 

 Lime 

Rate  

(t ha-1) 

P fertiliser  

Rate 

(kg ha-1)** 

2011-13  2014-16 2011-16 

0 

 

 0 

0 
20 

40 

 60 

 0 

5 
20 

40 

 60 

5 

 

 0 

0 
20 

40 

 60 

 0 

5 
20 

40 

 60 
*Lime rate (t ha-1) **P rate (kg ha yr-1) 

 

Blanket dressings of fertiliser N and S were applied as Sulfa-CAN (26.6% N and 5% S), at a 

rate of 300 kg N ha yr-1 and applied to the field plots as per the schedule outlined in Table 4.4. 

Blanket dressings of fertiliser potassium were applied as muriate of potash (50% K) at a rate 

of 250 kg ha yr-1, in two equal splits, one in spring and one in mid-summer of each growing 

season. 
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Table 4.4 Harvest number, harvest date and fertiliser application schedules for nitrogen (N), 

phosphorus (P), potassium(K) and lime between 2014 and 2016 at the Johnstown Castle and 

Moorpark field sites. 

Harvest no. Mean  

harvest date 

Fertiliser 

  N 

 

P 

(kg ha-1) 

K 

 

 Lime 

(t ha-1) 

  1* 26/03/14 0 0 0  0 

2 29/04/14 100 20,40,60 125  5 

3 27/05/14 80 0 0  0 

4 04/07/14 40 0 125  0 

5 05/08/14 30 0 0  0 

6 03/09/14 30 0 0  0 

7 05/10/14 20 0 0  0 

8 03/11/14 0 0 0  0 

1 01/03/15 30 20,40,60 125  0 

2 29/03/15 50 0 0  0 

3 28/04/15 50 0 0  0 

4 01/06/15 50 0 0  0 

5 27/06/15 40 0 125  0 

6 26/07/15 30 0 0  0 

7 24/08/15 30 0 0  0 

8 24/09/15 20 0 0  0 

9 07/11/15 0 0 0  0 

1 15/03/16 30 20,40,60 125  0 

2 16/04/16 50 0 0  0 

3 09/05/16 50 0 0  0 

4 02/06/16 50 0 0  0 

5 06/07/16 40 0 125  0 

6 01/08/16 30 0 0  0 

7 28/08/16 30 0 0  0 

8 03/10/16 20 0 0  0 

9 31/10/16 0 0 0  0 

* No Moorpark harvest in March 2014. 

 

4.3.3 Herbage Sampling and Analysis 

The herbage from each trial plot was harvested monthly between March and November using 

an Etesia ride-on mower and cut to a height of 4 cm. Total herbage fresh weight harvested per 

plot was determined in field using an Ohaus “Defender 2000” (Ohaus Corp., Parsippany, NJ, 

USA) field scales and a representative grab sample (~100 grams) was taken from each trial plot 

and stored in perforated plastic bags for determination of dry matter yield (DMY) and herbage 

nutrient concentrations. 
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The 100 g sub-samples were accurately weighed using a Mettler Toledo MS-S / MS-L 

precision balance (Mettler Toledo, Columbus, Ohio, USA) in the laboratory and were placed 

into a Zhicheng ZXRD forced air drying ovens (Zhicheng, Shanghai, China) and dried at 70oC 

for 72 hours until a constant final weight was achieved. These samples were re-weighed and 

the herbage dry matter (DM) content determined. The total harvested fresh weights per plot 

were then adjusted and reported on a dry matter yield (DMY) (kg DM ha-1) basis. Following 

this all sub-samples were ground to < 2 mm using a Christy and Norris crop grinder with a 2 

mm mesh. Sub-samples of the ground herbage samples were then digested in HNO3, using the 

method outlined in Byrne (1979), and analysed for P, K, Ca, Mg, Mn and S concentration using 

an Agilent 5100 ICP-OES (Agilent, Santa Clara, CA, USA). Crop N concentrations in the sub-

samples were measured by dry combustion using a LECO Truspec CN sample analyser (LECO 

Corp., St Joseph, Michigan, USA). 

4.3.4 Soil Sampling and Analysis 

The field plots at each site were soil sampled twice per year, prior to fertiliser application in 

the spring and after the last harvest in the autumn. Ten soil cores were taken per plot to the 

standard agronomic soil sampling depth in Ireland of 10 cm using a soil corer sampler 

according to the soil sampling method outlined in Wall and Plunkett (2016). Samples were 

dried in a Zhicheng ZXRD/ZXFD forced air drying oven (Zhicheng, Shanghai, China) at 40oC 

for 96 hours, and then ground using a twin roller soil grinder and sieved to 2 mm prior to 

analysis. 

Soils were analysed for a range of elements including P, K, Mg, organic matter, pH and lime 

requirement (LR). Phosphorus, K and Mg were extracted using the Morgan’s extract method 

(Peech and English, 1944). Phosphorus and Mg were analysed colorimetrically using a Lachat 

continuous flow analyser (Loveland, Colorado, USA). Potassium was analysed 
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photometrically using a flame photometer linked to the Lachat. Soil pH was analysed in a 2:1 

soil to water ratio and measured using a Mettler Toledo (Mettler-Toledo, Zurich, Switzerland) 

glass calomel electrode. Lime requirement was determined using the SMP buffer method 

(Shoemaker et al., 1961). Organic matter was determined using the loss on ignition method 

where 4 grams of soil was placed in a muffle furnace and burnt at 500oC for a period of 16 

hours with the remaining ash content measured again post burning as per Storer (1984). 

Aluminium, Ca, Cu and Mg were also extracted using the Mehlich extraction method (Mehlich, 

1984) and analysed in the extracts using Inductively Coupled Plasma (ICP) (Varian, Palo Alto, 

California, USA). 

4.3.5 Statistical Analysis 

All statistical analysis was undertaken using SAS 9.4 (SAS Institute, Inc., Cary, North 

Carolina, USA). Herbage dry matter yield and herbage P data was then subjected to a general 

linear mixed model analysis of variance using the Proc Mixed and Proc Glimmix procedures 

in SAS with site, sample date, initial soil pH, lime rate and P treatment as fixed effects against 

herbage dry matter yield, soil test P and soil pH. Results were tested for normality and the 

validity of the assumptions underlying the analysis was checked by examining the residuals. 

Results for soil test P and soil pH were log transformed to correct non-constant variance in the 

soil results and were subsequently back transformed for graphing purposes. The results 

presented are the soil P, herbage P and DMY results for the three years of the experiment across 

both sites.  
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4.4 Results 

4.4.1 Climatic Measurements 

Weather data for each site were collected at weather stations in close proximity (< 500 m) to 

the grassland trial sites. A range of parameters were measured including daily soil and air 

temperature, rainfall and solar radiation. Annual, total and mean growing degree days (GDDs), 

solar radiation and annual precipitation for each site in each of the three years of the 

experiment, are presented in Table 4.5. On average over the three years of the study, GDDs at 

Johnstown Castle (JC) exceeded that at Moorepark (MP) by 13 days (range 2 – 21 days), and 

solar radiation at JC exceeded that at MP by 83 Jules cm-1 (range 76 – 91 J cm-1). Total annual 

precipitation was higher in MP than in JC in years 2014 and 2015 while both sites had similar 

annual rainfall levels in 2016. 

Table 4.5 Annual, total and mean GDD and solar radiation by site. 

 Growing degree 

days* (days) 

 Solar radiation 

(J/cm2) 

 Total annual 

precipitation (mm) 

Year JC MP  JC MP  JC MP 

2014 308 291  1043 967  1155 1230 

2015 304 302  1029 946  1063 1209 

2016 300 279  991 900  994 987 

Total 912 872  3063 2813  3212 3427 

Mean 304 291  1021 938  1070 1142 

*GDDs: ((max daily air temperature – minimum daily air temperature)/2 – 6oC (baseline 

temperature for grass growth)) 

 

Daily rainfall and air temperature can be seen in Figure 4.1 for JC and Figure 4.2 for the MP 

site while daily soil temperature for both sites can be seen in Figure 4.3.  
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Figure 4.1 Total daily rainfall and mean air temperature for JC for the three year duration of 

the experiment. 

 

 

Figure 4.2 Total daily rainfall and mean air temperature for MP for the three year duration of 

the experiment. 

 



 

133 
 
 

 

Figure 4.3 Daily soil temperature (10 cm depth) for JC and MP for the three-year duration of 

the experiment. 

 

4.4.2 Soil Test Phosphorous 

Effect of lime on soil test phosphorus (STP) 

On average over both sites, in the absence of lime application, soil test phosphorus (STP) 

decreased significantly over the 3 years of the study with mean values about 50% lower than 

those at the start in 2013 (Figure 4.4). In contrast, where lime was applied at 5 t ha-1 (L5), there 

was a significant increase in STP between 2013 and 2014, followed by a decline in STP over 

the following 2 years such that STP at the end of the study was significantly lower than the 

initial STP in 2013 (Figure 4.4). 
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Figure 4.4 Interaction of lime rate across the three study years on mean soil test phosphorus 

(Morgan’s P) across both sites. The dotted red line indicates the initial soil test phosphorus. 

Differing letters signify significant difference between differing values while the error bars 

represent the standard error of differences of the mean for each sampling point. 

 

There was also a significant site x initial soil pH (pHi) x lime rate interaction for STP (Figure 

4.5). Lime treatments significantly increased mean STP levels at both sites, however, the 

increases were greatest when lime was applied to soils at highest pHi (Table 4.6). While the 

trends in STP responses to lime applications were similar, the MP site had significantly higher 

STP levels compared to the JC site across all treatment combinations. 
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Table 4.6 Mean pHi and STPi across both sites prior to treatment addition. 

Site  Lime treatment  pHi  STPi
* 

Johnstown Castle 
 Lime  5.96  8.27 

 No Lime  5.15  5.03 

Moorepark 
 Lime  6.46  21.12 

 No Lime  5.71  12.57 

Lime mean    6.21  14.70 

No Lime mean    5.43  8.80 

* STPi, Initial soil test phosphorus (mg P kg-1) 

 

 
Figure 4.5 The interaction of initial soil pH by lime rate and by site on mean soil test 

phosphorus (Morgan’s P). Different letters denote significant differences between lime 

treatments at both sites and numbers above columns represent the mean STPi. Figures in boxes 

above represent mean initial pH (pHi in 2013) at each site for the low and high legacy pH 

treatments. 
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The effect P rate and lime x P rate on soil test phosphorus (STP) 

At the start of this experimental period (2013) there were significant differences between mean 

initial STP levels for the four P fertiliser treatments due to the repeated fertiliser P inputs 

between 2011 and 2013 (Figure 4.6). However, STP levels had decreased significantly on all 

P fertiliser treatments by the end of the experimental period in December 2016. Overall P 

treatments (including the control), resulted in a mean decrease in STP of -3.53 mg Morgan’s P 

kg-1. On individual P treatments the largest decrease occurred on P20 (-3.94 mg Morgan’s P 

kg-1) and the smallest decrease on P60 (-2.56 mg Morgan’s P kg-1). 

 

 
Figure 4.6 The mean effect of fertiliser P rate (P 0, 20, 40 & 60 kg ha yr-1) by year on soil test 

phosphorus (Morgan’s P) averaged across both experimental sites (JC and MP) and over both 

lime treatments (L0 & L5). Different letters denote significant differences (P <0.0001) between 

treatments across the study years. 
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<0.001) (Table 4.7). Overall there were significant incremental increases in STP with 

increasing P fertiliser rate and as the intensity of lime application and soil pH increased (four 

combinations of pHi x lime). Soils which received further lime application had the highest pHi 

(mean 6.21) and also the highest STP levels (mean 14.07 mg P kg), while soils which received 

no further lime application had the lowest pHi (mean 5.43) and also the lowest STP levels 

(mean 8.8 mg P kg-1) (Table 4.7). Soils that received no P fertiliser (control treatments) from 

the start of the study (2011) had similar STP levels regardless of historical soil pH and lime 

application, the exception being treatment 1, where STP was lower than on the other 3 

treatments. Whereas soils that had received P fertiliser and also lime for pH adjustment, at 

some point between 2011 and 2016, had significantly higher STP levels than those not 

receiving P fertiliser (Table 4.7).  
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Table 4.7 Effect of initial soil pH by lime rate and by P rate on final soil P (P <0.001). 

Trt. Initial 

 soil pH 

Lime  

rate 

P  

rate 

Soil test P 

(mg P kg-1) 

Soil P 

index 

Lower  

back 

Upper  

back 

Sig.* 

1 Low 0 0 3.23 1 2.99 3.49 H 

2 Low 0 20 5.26 3 4.90 5.65 G 

3 Low 0 40 6.69 3 6.24 7.17 F 

4 Low 0 60 10.78 4 10.09 11.51 C 

5 Low 5 0 5.09 3 4.74 5.47 G 

6 Low 5 20 7.24 3 6.76 7.74 F 

7 Low 5 40 10.35 4 9.69 11.05 CD 

8 Low 5 60 13.45 4 12.61 14.34 B 

9 High 0 0 4.77 2 4.43 5.12 G 

10 High 0 20 7.68 3 7.18 8.22 EF 

11 High 0 40 10.50 4 9.83 11.21 CD 

12 High 0 60 14.66 4 13.75 15.63 B 

13 High 5 0 5.41 3 5.04 5.81 G 

14 High 5 20 9.04 4 8.46 9.66 ED 

15 High 5 40 14.43 4 13.54 15.39 B 

16 High 5 60 22.17 4 20.82 23.60 A 

*letters signify significant differences between the soil test P means due to treatment 

applications. 
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4.4.3 Herbage Dry Matter Yield (DMY) 

There was a significant (P <0.0001) interactive effect of lime x site x P (or lime treatment) x 

year on DMY and therefore DMY responses to lime and P were analysed by site and by year. 

Overall, across the study period at both sites, the P40 fertiliser application was sufficient to 

achieve high DMY (JC Figure 4.7C and MP Figure 4.7D) and also to replace P offtake, while 

achieving a more or less P balanced state on these intensively managed grassland sites. 

 

At the JC site there was no significant effect of lime application on DMY in the first year, 2014, 

post application (Figure 4.7A). However, in 2015 and 2016, lime application significantly 

increased DMY by 571 kg DM ha-1 and 432 kg DM ha-1, respectively (Figure 4.7A). As shown 

in Figure 4.7C, compared to the P0 control, P fertiliser application at the P20 rate significantly 

increased DMY in 2014 and 2015, but with no further increases at higher rates (P40 or P60). 

Analysis for the P40 rate in 2016 showed an increased DMY compared to both the P0 and the 

P20 rates (Figure 4.7C). However, on average across all 3 years, the P40 rate significantly 

increased DMY relative to the P0 control.  

 

At the MP site, lime application had no significant effect on DMY throughout this 3 year study 

(Figure 4.7B). As regards DMY responses to P, relative to the P0 control treatment, DMY was 

significantly and incrementally increased up to the P60 rate in 2015 and 2016, but only up to 

the P40 rate in 2015 (Figure 4.7D). On average across all 3 years, relative to the P0 control, 

DMY was significantly increased up to the P40 rate (Figure 4.7D). 
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As regards DMY response, there was a significant pHi x lime x P fertiliser rate interaction 

across the three years of the experiment (Table 4.8). Soils that received no P fertiliser (P0) had 

significantly lower DMY than those that received P fertiliser regardless of initial soil pH, with 

the exception of treatment 5 (low pHi with 5 t ha-1 lime and P0), which did not differ 

significantly to other plots receiving up to P40. There was no significant difference in DMY 

for soil receiving P20, P40 and P60 regardless of initial soil pH and lime application, apart 

from treatment 6 (low pHi with 5 t ha-1 lime and P20), which had significantly lower DMY 

compared to the other P treatments in this low soil pHi category. 
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Figure 4.7 The interactive effect of lime rate (A and B) and P fertiliser rate (C and D) on 

DMY in 2014, 2015 and 2016 and the mean DMY values across all years at the Johnstown 

Castle (JC) site (A and C) and the Moorepark (MP) site (B and D). The letters on the bars 

denote significant differences between treatment rates over the 3 study years. 
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Table 4.8 The effect of initial soil pH, lime rate and P rate on average DMY for three years of 

the study. 

Treatment Initial pH 

Lime  

Rate 

P  

Rate 

Mean 

DMY#*  

  (t ha-1) (kg ha-1) (kg ha-1)  

1 Low 0 0 11536 G 

2 Low 0 20 12495 EBCDF 

3 Low 0 40 12479 ECDF 

4 Low 0 60 12834 ABCD 

5 Low 5 0 12046 EGF 

6 Low 5 20 12446 EDF 

7 Low 5 40 13054 AB 

8 Low 5 60 13235 A 

9 High 0 0 11938 GF 

10 High 0 20 12563 EBCD 

11 High 0 40 13042 ABC 

12 High  0 60 13046 ABC 

13 High 5 0 11871 G 

14 High 5 20 12588 EBCD 

15 High 5 40 12590 EBCD 

16 High 5 60 12789 ABCD 
#significance to P <0.0001 

* Standard deviation - 116.01 (kg ha-1) 

 

4.4.4 Herbage Phosphorus Concentration 

In relation to herbage P concentration, there was a significant (P <0.0001) site x lime 

interaction on herbage P concentration (JC Figure 4.8A and MP Figure 4.8B). Overall, and 

regardless of lime treatment, herbage P concentrations were significantly higher in 2015 and 

2016 than in 2014, except for the L5 treatment at the JC site in 2015 (Figure 4.8A). Alone, i.e., 

in the absence of P application, the application of lime did not achieve the required herbage P 

concentration of 3.5 g kg-1 to meet the dietary needs of grazing cows at either site. At JC, 

herbage P concentrations were significantly greater on zero lime treatments (L0) compared to 

limed treatments (L5) in each year of the study. At MP, herbage P concentrations were also 

significantly greater on zero lime treatments (L0) compared to limed treatments (L5) but only 

in 2014 and 2015. 
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Figure 4.8 The effect of lime rate at (A) Johnstown Castle (JC) site and (B) Moorepark (MP) 

site, on herbage P concentration across year within each site. The letters on the bars denote 

significant differences (P <0.0001) between lime treatment rates over the 3 study years. Dashed 

red line indicates the herbage P concentration meeting grazing dairy cows dietary P 

requirement (3.5 g kg-1). 

 

There was a significant (P <0.0001) site x P fertiliser x year interactive effect on herbage P 

concentrations (JC Figure 4.9A and MP Figure 4.9B). Overall, at the JC site, herbage P 

concentration responded positively and linearly to P fertiliser application in each year of the 

experiment. Mean herbage P concentrations for each treatment in each year show that only the 

highest P rate (P60) in 2016 was sufficient to meet the target herbage P concentration of 3.5 g 

B

A A

C
C

B

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

2014 2015 2016

H
e

rb
ag

e
 P

 c
o

n
ce

n
tr

at
io

n
 (

g 
kg

-1
)

A
Lime Rate - 0 Lime Rate - 5

C

A A

D

B

A

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

2014 2015 2016

H
e

rb
ag

e
 P

 c
o

n
ce

n
tr

at
io

n
 (

g 
kg

-1
)

B



 

143 
 
 

P kg DM-1 needed by grazing animals. Similarly, at MP, herbage P concentration responded 

positively and linearly to P fertiliser application in each year of the experiment (Figure 4.9B). 

However, the target herbage P requirement for grazing animals was only achieved by the 

highest (P60) P fertiliser treatment in 2015, and by the P40 and P60 treatments in 2016. 

 

 

 
Figure 4.9 The effect of P rate at Johnstown Castle (A) and Moorepark (B) on herbage P 

concentration (g P kg DM-1) across years. The letters on the bars denote significant differences 

between P fertiliser treatment rates over the 3 study years. Underlined letters denote significant 

difference between mean values denoted by X symbol. 

Dashed red line is representative of grassland dietary P requirement (3.5 g kg-1) 
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Table 4.9 Annual and cumulative P input, P offtake, P balance, change in soil test P and apparent fertiliser recovery for the P treatments at 

Johnstown Castle (JC) and Moorepark (MP) over the 2014 to 2016 period. 

Site 

Fertiliser 

P 

treatment 

Cumulative 

P 

applied 

Annual 

P 

offtake 

Cumulative 

P 

offtake 

Annual 

P 

balance 

Cumulative 

P 

balance 

 Annual  

change 

STP 

Total  

change  

STP 

 
Apparent Fertiliser 

Recovery 

 kg ha-1  mg l-1  % 

  2014-16 ‘14 ‘15 ‘16 2014-16 ‘14 ‘15 ‘16 2014-16  ‘14 ‘15 ‘16 2014-16  ‘14 ‘15 ‘16 Mean 

(JC) 

P0 0 31.82 35.34 23.47 90.63 -31.82 -35.34 -23.47 -90.63  0.69 -2.00 -0.80 -2.11  0 0 0 0 

P20 60 38.80 44.33 32.22 115.35 -18.80 -24.33 -12.22 -55.35  0.76 -1.12 -1.77 -2.14  34.91 44.96 43.74 41.20 

P40 120 44.14 50.52 38.53 133.19 -4.14 -10.52 1.47 -13.19  1.85 -2.69 -1.99 -2.83  30.79 37.96 37.66 35.47 

P60 180 45.65 55.62 42.99 144.26 14.35 4.38 17.01 35.74  2.66 -2.47 -1.61 -1.42  23.05 33.80 32.53 29.80 

                     

(MP) 

P0 0 42.08 36.61 37.87 116.56 -42.08 -36.61 -37.87 -116.56  -2.20 -1.26 -3.60 -7.06  0 0 0 0 

P20 60 45.58 41.18 44.15 130.91 -25.58 -21.18 -24.15 -70.91  -0.74 -1.78 -4.54 -7.06  17.51 22.83 31.43 23.92 

P40 120 48.60 45.14 49.10 142.84 -8.60 -5.14 -9.10 -22.84  1.73 -1.52 -6.13 -5.91  16.31 21.32 28.07 21.90 

P60 180 52.19 48.45 52.76 153.40 7.81 11.55 7.24 26.60  1.57 0.59 -7.55 -5.39  16.86 19.74 24.82 20.47 

P balance: P input – P offtake = P balance (kg P ha-1), STP – Soil test phosphorus, AFR – Apparent fertiliser recovery ((P off - take treatment – P off 

- take control)/P rate)*100/1). 
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4.4.5 Phosphorus Balance and Fertiliser P Recovery 

Cumulative (soil surface) P balances (P inputs – P offtakes) over the study period were 

calculated for the different P fertiliser treatments on each field site (Table 4.9). Overall P 

balances were lower (more negative) at the MP site than at the JC site. On both sites 

progressively higher levels of P mining (negative P balance) were observed on the P40, P20 

and P0 treatments, whereas on the P60 treatments on both sites small positive P balances were 

observed, i.e., +35.7 kg P ha-1 at JC and +26.6 kg P ha-1 at MP. Over the 3 years of the study, 

the P40 application rate was closest to achieving a zero P balance (P inputs = P offtake), being 

-13.2 kg P ha-1 at JC and -22.6 kg P ha-1 at MP. The P0 and P20 treatments had large negative 

P balances on both sites, which ranged from -55.4 kg P ha-1 to -116.6 kg P ha-1. 

 

For all P treatments, STP declined between 2014 and 2016. The declines on the moderately 

drained soil at JC were smaller (ΔSTP: -1.42 to -2.83 mg l-1) than those on the well-drained 

soil at MP (ΔSTP: -5.39 to -7.06 mg l-1). Across both sites, apparent fertiliser recovery (AFR) 

was relatively low for all P fertiliser treatments in each year (Table 4.8). The results show that 

AFR was lower at MP than at JC and that there was variability in AFR between year’s 

corresponding with the variability in grass DMY. Overall, AFR was relatively low on all P 

fertiliser treatments (< 41.2%) and declined with increasing P fertiliser rate on both sites (Table 

4.9). 
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4.5 Discussion 

4.5.1 The Effects of Lime Applications on Soil Test Phosphorus (STP) 

In this study, lime application alone, as expected, had a significant positive effect on soil pH, 

but also increased the availability of soil P and/or applied fertiliser P, thereby increasing STP 

on both soil types (Figure 4.5). In the first year of this experiment, lime application at 5 t lime 

ha-1 significantly (P <0.0001) increased STP by 2.23 mg Morgan P kg-1. This increase in STP 

in year 1 as a result of lime application (Figure 4.4) is similar to the P sparing effects of lime 

reported in other grassland studies (Bailey and Stephens, 1989; Mansell et al., 1984). Lime-

induced increases in STP are often short-lived (Curtin and Syers, 2001), and in this study the 

increase in STP was only significant in year 1, was not significant in year 2, and was reversed 

in year 3. Notwithstanding this, on average over all 3 years, lime application did significantly 

increase STP. These results support the recommendations that repeat applications of lime are 

needed on a 3 - 4 year rotation to maintain optimum soil pH levels and the availability of native 

soil P reserves regardless of P fertiliser treatment (Figure 4.4). 

On these naturally acidic mineral soils (< pH 7.0), lime application also significantly raised 

STP levels regardless of the initial soil pH (pHi). The findings also indicate short to medium 

term (≤ 3 years) benefits of lime application on plant P uptake and assimilation possibly as a 

result of liming-induced reductions in the concentration of Al in the root rhizosphere (Curtin 

and Smillie, 1986; Fox et al., 2019 under review). While Bailey and Stevens (1989) also found 

that lime increased N availability and alleviated soil Al toxicity, they were not able to assign a 

known mechanism for significant plant responses to lime applications in a number of mineral 

grassland soils. However some of these changes may be related to the increased levels of soil 



 

148 
 
 

microbial levels with increasing soil pH as found by Bardgett and Leemans (1995) leading to 

increased levels of decomposition in limed soils (Holland et al., 2018). 

In this study the effects of soil pH and lime on native soil P availability, when lime applications 

were combined with P fertiliser displayed an incremental increase in STP across both low and 

high pHi soils (Table 4.7). In an extensive review of liming practises, it was found that limited 

research has been undertaken on the longevity and reapplication requirements of lime to 

grassland soils (Holland et al., 2018). Based on the observations in this experiment, historical 

lime applications (i.e. lime treatments applied previously in 2011) appear to have had a 

significant positive effect on STP, demonstrating the need for repeated lime applications in the 

short term to optimise soil P and fertiliser P availability. 

Though there were initial increases in STP in the first year following fertiliser P application, P 

mining by grass crop removal across all P rates, with the exception of the highest P60 rate, 

resulted in decreased STP in years 2 and 3 (Figure 4.6). By the end of the study, STP levels 

had declined even on the highest P60 fertiliser treatment. Soil surface P balances were negative 

up to and inclusive of P40 rates of P application, with herbage uptake and removal of P in 

excess of fertiliser P application (Table 4.9). In addition, this trial was a simulated grazing trial 

where animals were excluded and the nutrient cycle was not completed. In a typical grazing 

scenario, P returns in animal dung and urine to grassland are influenced by a range of factors 

including but not limited to animal type, herbage nutrient content and manure deposition 

(Whitehead, 2000). Large negative cumulative P balances across both sites (Table 4.9) due to 

large herbage P off takes were found with only the P60 rates of application producing positive 

soil surface P balances (P build up). 
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4.5.2 The Effect of Soil pH and Soil P on Herbage P Concentration 

Across the 3 year study period, herbage P concentrations on the moderately-drained JC site 

were significantly lower on treatments where lime was applied compared to those not receiving 

lime (Figure 4.8A). The same was true on the well-drained MP site, at least in the first two 

years after lime application. It seems likely that the increase in grass DM production on the JC 

site, at least, as a result of lime application (Figure 4.7A), had diluted the P concentration within 

herbage DM. However, on the MP site, lime application did not increase herbage DMY, and 

so dilution of P within herbage DM cannot have been responsible for the significant declines 

in herbage P concentration in 2014 and 2015 (Figure 4.8B); some other process must have been 

responsible. One possibility is that because liming raised soil pH on the MP site to 

approximately 6.5 (c.f. just 6.0 on the JC site), the pH in the very top layer of soil (0-2 cm 

layer), may have been raised to levels close to 7.0 in the short-term possibly causing calcium 

phosphate precipitation, which would have reduced the availability of both soil and fertiliser P 

for plant uptake. Care therefore may need to be taken not to over lime grassland sites, i.e. > pH 

6.3 (Wall and Plunkett, 2016). 

Progressively negative P balances over the study period, according to P fertiliser treatment rate 

(P0 > P20 > P40, Table 4.9) at both sites, were mirrored by significantly lower P concentrations 

in the herbage. Grass P concentrations only reached the required 3.5 g P kg DM-1 needed by 

grazing animals (Schulte and Herlihy, 2007) on the JC site with the 60 kg P ha-1 rate of 

application in 2016 (Figure 4.9A), and on the MP site with the 40 and 60 kg P ha-1
 rates of 

application in 2015 and the 60 kg P ha-1 rate of application in 2016 (Figure 4.9B). These results 

suggest that relatively high fertiliser P inputs (e.g. >60 kg P ha yr-1 on the current experimental 

grassland sites - Figure 4.9) may be required to ensure that sufficient herbage P is present to 

meet the dietary needs of grazing animals on intensively managed Irish grassland. One possible 
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explanation for this site difference is the lower initial soil P and pH levels at the JC site 

compared to the MP site (Table 4.2) and the application of the relatively high P fertiliser 

applications occupying Al-P sorption sites in the first year at the MP site and two years at the 

JC site. 

 

4.5.3 Dry Matter Yield 

Lime application significantly increased grass DMY on the moderately drained JC site, at least 

in the 2nd and 3rd years of the study, but failed to do so in any year on the well-drained MP site 

(Figure 4.7A & B). It has been suggested that liming, by increasing soil Ca concentration, may 

lower the internal P requirements of grass plants through increasing the efficiency of absorbed 

P for DM production (Bailey, 1991). Bailey (1991) has suggested that under conditions of 

limited P supply, Ca stabilizes root membranes and thus minimises both the efflux losses of 

nutrients from root tissue and the compensatory flow of photosynthates from shoots to roots. 

In a more recent study, lime additions had been shown to promote root exudation of organic 

acids with anions secreted mobilising otherwise tightly bound P from stable Al-P forms, which 

may go some way to explain the physiological responses of plant roots in lime amended soils 

and there acquisition of soil P (Kostic et al., 2015). Given that STP on the JC site was 

considerably lower than STP on the MP site, it is possible that this type of P-sparing effect by 

lime may have been responsible, at least in part for the lime-driven increases in grass DMY on 

the JC site. 

Overall the increase in soil P produced by lime only applications (L5) did not result in a 

significant increase in grassland DMY in the first year of the study (Figure 4.6, 4.7A & 4.7B), 

but grass DMY was significantly higher on the moderately-drained site (JC) in years 2 and 3. 

On the well-drained site (MP), L5 produced similar grass DMY to L0, however, the pHi at this 
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site was higher (pH 6.09) than that at the JC site (pH 5.56), which may have limited the 

potential for positive lime effects. Variable responses to lime treatments were also found by 

Adams (1984) who reported a negative effect of lime applications on DMY in the year 

following application. Fertiliser P rates of 40 kg ha-1 were sufficient to achieve high grassland 

productivity across both soil types in this study, however, the application of fresh lime to low 

pHi soils in addition to the highest rate of fertiliser P (P60) produced the highest numerical 

DMY (not significantly higher than P40) (Table 4.8). Over the longer term, to maintain 

optimum herbage production, these results suggest that regular lime applications (3 – 4 year 

intervals) in conjunction with moderate to high P fertiliser applications (≥ P40) were needed 

for intensively cut grass swards. In a cut-grassland experiment, Power et al. (2005) also found 

a response to P fertiliser even when STP levels were high, in this case, initial Morgan’s P levels 

at the 3 field study sites were 5.8, 8.8 and 44.6 mg Morgan’s P L-1. 

 

4.5.4 P Balance 

Herlihy et al. (2004) in a large scale 32 site grassland trial across a range of soil test P levels, 

found that in excess of 40 kg P ha-1 was required to balance crop P removal. In the current 

study, 60 kg P ha-1 was required to meet soil P maintenance and P40 was the closest treatment 

to achieving P balance (P inputs = P outputs). These findings are further supported by previous 

studies on Irish grassland soils which have shown that up to 50 kg ha-1 P fertiliser surplus was 

required to increase STP by 1 mg l-1 (Culleton et al., 2002), while work by Sheil et al. (2016) 

found that applications of 40 and 56 kg P ha yr-1 were required to maintain STP levels across 

two field sites under long term (17 year) cut grassland regime. Power et al. (2005) also found 

that even with applications of 50 kg P ha-1 on a 3-cut silage system on a high soil test P soil 

(Morgan’s P = 44 mg kg-1), that STP levels declined significantly (P <0.0001). Contrasting 
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this, Watson and Matthews (2008) found no significant difference in the P balance in a long 

term (10 year) grazed grassland soil receiving annual applications of 8.5 kg P ha-1, signifying 

the high nutrient offtakes in simulated versus grazed grassland trials. 

The apparent P fertiliser recovery as reported, follows the calculation outlined in Syers et al. 

(2008) and used in Sheil et al. (2016) to imply efficiency in applied P fertiliser. In this study 

the apparent P recovery was found to decrease with increasing P fertiliser rate (P0 – P60), 

which is in agreement with results by Sheil et al. (2016). The apparent P recovery was low 

across both sites with a mean P balance of 32.56% (range 0 – 41%) when compared to a long 

term (17 year) grassland trial which reported a mean 52% apparent P recovery for a P fertiliser 

rate of 15 kg ha-1. There was increasing trend in DMY and cumulative P offtake with increasing 

P applications as shown in Figure 4.7C and 4.7D and Table 4.8. 
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4.6 Conclusions 

 

Soil P availability 

 In this experiment lime applications increased soil pH, soil P availability and the 

availability of freshly applied fertiliser P on both moderately and well-drained grassland 

sites. 

 After an initial increase in STP in the first year after lime application, STP levels 

declined over the following two years indicating that repeated lime applications are 

required every three to four years to maintain high soil P availability in acidic soils. 

 Over the study period fertiliser P rates up to 60 kg ha-1 were not sufficient to maintain 

STP, and only where high rates of P (P60) followed long term pH optimisation through 

regular lime applications did SPT levels increase. 

 

Dry Matter Yield 

 Where the initial soil pH was low (mean pHi < 5.8) at the moderately-drained grassland 

site, lime significantly increased herbage DMY. However, lime had no significant 

effect on DMY at the well-drained grassland site, which had higher initial pH (mean 

pHi >5.9) and lower lime requirement. Regardless of initial soil pH and STP levels, 

consistently high herbage DMY production levels were achieved with regular lime 

application coupled with moderate to high P fertiliser applications (≥ P40) compared to 

when soil pH was low and fertiliser P were low (≤ P20). 
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Herbage P Concentration 

 The application of lime consistently resulted in lower crop P concentrations at both 

sites. While lime application resulted in increased STP levels at each site it also led to 

high levels of herbage DMY, significantly higher at the moderately-drained grassland 

site and possibly had the effect of dilution of herbage P concentration levels. 

 

 High P fertiliser applications (≥ P40) were required to achieve sufficient herbage P 

concentrations of 3.5 g kg-1 to meet the dietary requirements of animals on intensively 

grazed soils. 

 

P balance and apparent P fertiliser recovery 

 Overall, balanced soil fertility management with regular lime and P fertiliser 

applications resulted in increased grassland production. However, high levels of P 

fertiliser input (> P40) were required to replace the P removed in grass herbage. The 

apparent P fertiliser recovery was low across the various treatments at both sites with a 

mean AFR between 25 to 32% from the high and low P fertiliser rates respectively. 

 

 The P balance, AFR and STP results indicate that a greater proportion of fertiliser P 

was used by the moderately drained soil for soil P build-up, while at the well-drained 

site soils were using a smaller proportion of applied P fertiliser for soil P build up also. 

 

 This study showed that regular lime applications (3 - 4 year cycle) are required for long 

term soil pH correction under Irish geo-climatic conditions, in conjunction with P 
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fertiliser applications, to maintain STP levels. Regular lime and P fertiliser applications 

need to be incorporated into proactive grassland nutrient management programmes in 

order to successfully maintain and / or build-up soil P fertility levels, to achieve 

necessary herbage P concentrations for grazing animals and to supply high levels of 

grass fodder production, while increasing the overall nutrient use efficiency on 

grassland farms. 
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Chapter 5: 

Conclusions 
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5.1 Overview 

 

This chapter summarises the key findings from the research conducted during the development 

of this thesis (Chapters 1 – 4) and describes how the findings in each chapter builds new 

information around soil P and how this new information is further developed in subsequent 

chapters. In this thesis Chapter 1 provides a review of the current literature and knowledge of 

P use in agriculture while highlighting the importance of this finite resource. Chapter 2 

investigated the fate of chemical and organic P fertiliser applied to soils in a controlled 

incubation environment. Chapter 3 modelled the important soil and fertiliser management 

variables and their interactions which influence soil P availability and grass DMY potential 

using data collected from a semi-natural grassland pot trial, while Chapter 4 validated the 

effects of fertiliser P under a range of pH values in a multi - site grassland response trial. 

 

Here a synopsis of the main research findings and future research avenues arising from this 

study and concluding remarks are provided. The objective of this research thesis was to 

evaluate the soil test and grass yield response of chemical and organic P fertiliser applications 

across a range of Irish mineral grassland soils. This study also set out to investigate soil P 

dynamics post lime application (ground limestone CaCo3) and the role soil physical and 

chemical properties play in the regulation of soil P availability for optimum grassland 

production in Ireland. The results of this study will aid the development of best nutrient 

management strategies on farms to improve grassland production while achieving sufficient 

grass-herbage feed quality and nutrient use efficiency from chemical fertiliser and cattle slurry 

P sources when applied to mineral grassland soils. Finally, the results of this study will feed 

into the generation of new soil-specific fertiliser management guidelines by informing 

appropriate fertiliser P application rates for soil P maintenance or build-up and for in-season 
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grass-herbage yield production. In addition the findings of these studies will help to guide the 

future direction of research on soil and P fertiliser research pertaining to temperate grassland 

production systems. 

 

5.2 Synopsis of the Main Research Findings 

 

The literature review, Chapter 1, discusses the implications of scarce and finite world rock 

phosphate resources on the supply of P fertiliser for future agricultural production systems. The 

consequences of P fertiliser scarcity would be especially felt in the EU due to its reliance on 

imported P fertiliser for the main food production systems. This review of the scientific 

literature also highlighted the complex dynamics of P fertiliser when applied to the soil, and to 

the soil solution, where it can be adsorbed and desorbed continuously by soil mineral matter or 

re-mineralised to bioavailable forms under grassland soils. However, many studies have also 

linked P fertiliser applications and high soil P concentrations with increased P losses from soils 

and the eutrophication of water bodies. While Ireland has committed to improve water quality 

nationally under the Water Framework Directive targets, it has also set ambitious primary 

production targets via the Food Harvest 2020 and Food Wise 2025 plans. These production 

targets require increased P fertiliser applications to improve soil fertility nationally and to meet 

the dietary P requirements in grass-herbage for grazing animals. In general the apparent P 

fertiliser efficiency in grassland has been found to be relatively low compared to other 

important macro nutrients i.e. N and K. In addition lime use since the mid-1980’s has been low 

resulting in a large proportion of grassland soils (>40%) with soil pH levels below the 

agronomic optimum levels of 6.3. This literature review concluded that despite the increasing 

world population demand for food and the increased demand for grassland soils to produce 
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more of this food and the threat of dwindling rock P reserves, that there is an increasing need 

to improve P fertiliser use efficiency in grassland soils and that fundamental knowledge gaps 

still remain on the interaction of P fertiliser sources across different soil and environmental 

conditions. It also highlighted the need to develop soil-specific fertiliser recommendations for 

farms to help better targeting of P fertilisers, organic manures and lime to optimise soil fertility 

and P availability for grassland production. 

 

Chapter 2 set out to investigate the influence of lime along with chemical & organic P 

fertilisers on soil P availability across a range of mineral grassland soils (n = 22) found in 

Ireland and subject to a soil only incubation. The results from this study showed that soil P 

availability was negatively influenced by a number of soil physical properties (clay and organic 

matter) and soil chemical properties (aluminium and calcium). Soil pH, when optimised using 

ground limestone applications, was found to significantly increase soil P availability (M3Pc - 

14.98 mg P kg-1) indicating the importance of soil pH management for increasing the 

availability of freshly applied P fertiliser and stored soil P reserves. Dairy cattle slurry 

significantly increased soil P levels where no lime was applied showing an increase in soil test 

P of 15.84 mg P kg-1 and phosphorus fertiliser replacement value of 124% when directly 

compared to relatively expensive chemical P applications. This indicates that cattle slurry 

applications should be targeted preferentially towards low pH soils before chemical P 

applications, which is an important finding considering the predominantly acidic mineral soils 

found in Ireland and the high proportion of agricultural soils with less than optimal soil pH 

levels of grassland production. 

 

Chapter 3 was established to further evaluate the findings in Chapter 2 under a grass 

production scenario. Chapter 3 set out to identify the important soil and fertiliser management 
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variables and their interactions which influence soil P availability and grass DMY potential 

using a modelling approach across data collected from a semi-natural grassland pot trial. These 

grass vegetated soils (pots) were subject to a silage harvesting regime with high levels of N, P 

and K fertiliser inputs typical of intensive grassland production in Ireland. The results showed 

a wide range in grassland production potential (DMY) (11.5 – 13.2 t ha-1 DMY) across the 

chosen soils and in response to P fertiliser applications. The models predicting the change in 

soil P, and grass DMY potential found that soil pH played a significant role in soil P 

availability, further supporting the findings in Chapter 2, but pH was also found to be the 

single biggest factor affecting the grass DMY potential across these grassland soils. These 

robust soil P availability and grass yield models, had good fit to the data generated (soil P 

model – r2 = 0.76 and grass DMY model r2 = 0.71), can be used to understand how the main 

factors controlling the response to P interact across a wide range of mineral grassland soil types 

based on a small number of standard soil physical and chemical input parameters. 

 

Chapter 4 investigated the long term effects of repeated P fertiliser and lime applications on 

soil P availability and grass DMY response across two contrasting (moderately-drained and 

well-drained) soil types. The results from these field trials support the findings from Chapters 

2 and 3 and show that soil pH management plays a significant role in increasing and 

maintaining soil P availability for optimum grassland production and in meeting herbage P 

concentrations. While average fertiliser P recovery was low (<41.2%) and declined with 

increasing P fertiliser rate, high P fertiliser rates (≥40 kg P ha-1) were required to meet the 

animal herbage P requirements in grazed grass (3.5 g P kg-1). In these trials lime applications 

were found to significantly increase soil P availability and grass DMY however, the 

combination of balanced fertiliser P applications and lime was required to maintain high levels 

of grass DMY in the longer term.  
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5.3 Future Research Requirements 

 

The studies discussed investigated the fate of applied P fertiliser and its effect on soil P 

availability in a short term soil only incubation, in a medium term semi-natural grassland pot 

study and on a long term contrasting field study. The results found important relationships 

between applied P fertilisers and a range of soil physical and chemical parameters. They also 

highlighted the importance of on-farm organic P sources as an effective source of chemical P 

replacement for increasing soil test P and for increasing grassland production, especially on 

low pH soils. 

 

With relatively low grassland P use efficiency and increasing demands for finite rock P reserves 

new knowledge must be developed to increase fertiliser P use efficiency and protect future food 

production systems by extending the life time of these P resources for as long as possible. To 

this end, and to build further on the results from this research, a rigorous examination of short 

and long term grassland responses to a wider range of organic P sources under optimum soil 

pH is required. This knowledge could be used to maximise the recycling of P in organic sources 

and to develop appropriate recommendations for farmers to build confidence when using these 

P sources as substitutes for chemical P fertiliser. 

 

Fertiliser P application rates are typically determined by the crop yield and herbage P 

concentration targets. In this study high fertiliser P applications rates across multiple years were 

required in addition to repeated lime applications to meet herbage P concentration targets for 

livestock production (3.5g kg-1). Further research is needed to investigate interactions between 

lime and P fertiliser in the rhizosphere to build now understanding of the plant root P 

assimilation mechanisms. Developing this new knowledge could further identify targeted P 
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source nutrient practises on grassland farms by increasing the efficiency and plant response to 

soil P inputs. 

 

Considering the findings that clay percentage and soil Al, Fe and Ca had a significant effect on 

soil P availability, there is also a requirement to investigate how these soil parameters affect 

soil P sorption-desorption capacities. While previous research elsewhere has also investigated 

the effects of these soil elements on soil P dynamics there is a need for more integrated 

evaluation of these effects to better understand soil P buffering under field conditions. Further 

research is needed to identify a suitable soil testing method for Ireland, to efficiently capture 

the multiple elements necessary to underpin future advice. This new knowledge could be the 

basis for developing P fertiliser response correction factors for individual soil types and the 

grouping of soils with similar P buffering characteristics for P fertiliser management advice, 

and would also allow the extrapolation of these results across the island of Ireland providing a 

direct avenue to improve fertiliser P use efficiency. 
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5.4 Concluding Remarks 

 

The improved targeting of grassland fertiliser P will help to improve and, or maintain soil 

fertility levels and crop yield potential of agricultural soils. Improved nutrient P management 

across all farming systems, but especially those involved in grass based livestock production, 

will have positive effects for on farm profitability, nutrient P use efficiency, recycling of 

organic manure P sources, water quality and help to prolong the life time supply of rock 

phosphate. The research undertaken for this thesis showed there is a wide range of P availability 

and P supply for grass production across the main soil types used for agricultural production in 

Ireland. This indicates the need for soil-specific fertiliser P recommendations, and possibly the 

same concerning other major nutrients such as potassium and sulphur. The findings presented 

from the soil only incubations, the soil and grass pot study and grassland field trials show that 

lime applications for pH management provide the foundation for improving soil P fertility and 

availability and underpin current lime advice in Ireland. These studies also identified a number 

of other easily determined soil parameters, such as bioavailable Al (M3Al) and Ca (M3Ca) that 

significantly affect soil P availability and could be incorporated into routine soil testing as a 

basis for such new fertiliser advice. Results also demonstrate the importance of soil pH 

management and P inputs to meet the required herbage P concentrations for high yielding dairy 

cows. They also demonstrate the range in soil P balances in an artificial grazed grassland trial 

and the potential scope to improve P balances. This work shows huge opportunities to improve 

soil P availability from lime addition to acidic mineral soils alone, which through increased 

grassland production can have positive financial benefits for grassland farmers and is a 

practical soil fertility management practice that is underutilised on many grassland farms across 

the island of Ireland. 
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