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Summary

The loss o f  phosphorus (P) from agricultural sources is one o f  the main causes o f  

eutrophication  in P limited freshwater ecosystems. High losses have been shown from 

grazed grasslands in particular. The aim o f  this research was to investigate the pools 

and fluxes o f  P in grazed grassland in Ireland. This aim was achieved by laboratory 

characterisation o f  P forms and fractions in grassland soils and fresh cattle dung, 

through field trials set up to examine changes in the P content o f  dung-pats  during 

decom position  and the effects o f  decom posing dung-pats on soil P fractions, and by 

the characterisation o f  P in overland flow' from grazed plots using rainfall simulation. 

Phosphorus-31 nuclear magnetic resonance (^ 'P N M R ) spectroscopy analysis 

revealed the presence o f  inorganic orthophosphate, orthophosphate m onoesters 

(mostly  as w>’o-inositol hexakisphosphate), orthophosphate diesters (as phospholip ids 

and DNA), and pyrophosphates, in a grassland soil. Large variation w as found in the 

P characteristics o f  dung from b ee f  cattle, in particular, the proportions o f  the organic 

and inorganic fractions, explained mostly by the effect o f  fertiliser P application. 

There w as a clear relationship between the P content in the diet o f  the grazing 

anim als and the P content in the dung. ^'P N M R  spectroscopy analysis revealed the 

presence o f  inorganic orthophosphate, orthophosphate monoesters (mostly as myo

inositol hexakisphosphate), orthophosphate diesters and pyrophosphates; the relative 

proportion o f  these forms in the dung was also dependent on fertiliser P application. 

The decom position  o f  dung-pats at different times o f  year was explained by varying 

contributions o f  rainfall, temperature and biological activity, although all dung-pats 

had fully decom posed  within 90 days o f  deposition. Significant P was released from
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the dung-pats  (betw een 19 and 31%) during the first 7 days o f  decom position  due to 

leaching associa ted  with high w ater losses from the dung-pats. Physical incorporation 

o f  the dung-pa t was the principal P release m echanism  later in the trial. The 

decom posing  dung-pats  had highly significant effects on the concentrations o f  all soil 

P fractions (total P, inorganic P, microbial biomass P, and M organ’s P) except for the 

organic P fraction. M o rg an ’s P concentrations increased by between 200 and 450 

percent due to  the presence o f  dung-pats. The presence o f  grazing anim als increased 

the concentrations o f  organic P lost to overland flow. ^'P N M R  spectroscopy analysis 

revealed the presence o f  inorganic orthophosphate, orthophosphate monoesters, 

o rthophosphate diesters, phosphonates, and pyrophosphates in the overland flow from 

grazed plots, while only inorganic orthophosphate, orthophosphate monoesters, and 

pyrophosphates were found in the overland flow from non-grazed plots. These results 

offer insights into the P dynam ics within grazed grassland and the potential P losses 

from grazed grassland.
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1. Chapter 1: G eneral introduction to thesis 

LI. Introduction

Phosphorus (P) is an essential nutrient in terrestrial and aquatic ecosystems, yet it is 

often the element that most limits the biological productivity o f  organisms in these 

ecosystems. The degree to which P cycles o f  terrestrial and aquatic environments are 

linked is very much heightened by the involvement o f  man. There is a tendency for 

the P cycle in natural ecosystems to reach a state o f  equilibrium, inputs and outputs 

small in comparison to the cycling within, often being described as a “tight cycle” 

(Newman, 1995). The influence o f  man and the development o f  agriculture have seen 

many of these natural ecosystems lost to “reclamation” and intensification. Irish 

agriculture is dominated by grasslands, with approximately 16 million animals 

grazing 5.6 million ha, or 93% o f  agricultural land (Jeffrey et a l . , 1995). The 

intensification o f  Irish agriculture resulted in greater inputs o f  P into our grasslands 

during the last century and now the deleterious impacts o f  the associated increase in P 

losses from grasslands are o f  concern. Sustainable grassland management practices 

are a new focus in an ever changing agriculture, motivated by the stricter controls o f  

environmental legislation and wider focussed agri-environment policies.

A combination o f  biological, chemical, physical, and environmental properties and 

processes, together with the history and intensity o f  land use and management 

determine the forms, dynamics and mobility o f  P in the soil-plant-animal-water 

system (Condron, 2002). These processes include precipitation-dissolution and 

adsorption-desorption, which control the abiotic transfer o f  P between the solid phase
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and soil solution, and biological immobilisation-mineralisation processes that control 

transformations o f P between inorganic and organic forms (Frossard et al., 2000) as 

illustrated in Figure 1.1.
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Figure 1.1: Forms and dynamics of P in the soil-plant system (Pierzynski et al., 
2000).

In this study P dynamics in grazed grassland can be conceptualised in a “ black box”  

input-output, event-driven model. The principal inputs are fertiliser P, P in animal 

feeds and deposition o f atmospheric P. The principal outputs are agricultural product, 

i.e. meat, m ilk, and losses to water. Within the “ black box”  there are a number o f sub

models that relate to the biological, chemical, physical and hydrological processes 

that w ill determine P dynamics within, and losses from, grazed grassland.
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1.2. Water quality and eutrophication in Ireland

Eutrophication can be defined as “an increase in the supply o f organic matter to an 

ecosystem” (Jeffrey, 1998). Nitrogen (N) and P are the principal causes of 

eutrophication in Irish waterbodies (McGarrigie et al., 2004), with P the main 

growth-limiting nutrient in freshwaters. Figure 1.2 outlines the principal effects of 

eutrophication on freshwater ecosystems (Correl, 1998).

100
Biodiversity

Dissolved
Oxygen80

60

Prim ary
Production40

20
Phosphorus

Inputs

0
EutrophicMesotrophicOligotrophic

Figure 1.2: Overview o f the changes that occur when fresh waters become 
eutrophic (Adapted from Correll, 1998).

Algal blooms and reduced water transparency are the most noticeable impacts, while 

shifts in algal species composition towards cyanobacterial or blue-green algal 

dominance, are associated with algal toxins, odour and taste problems for water
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treatment. Increasing carbon inputs to lake sediments creates an oxygen demand, 

which, in deeper lakes, will cause deoxygenation o f  the deep-water hypolimnion and 

reduce habitat availability for pollution-intolerant fish and aquatic invertebrates 

(McGarrigle, 1998). Although eutrophication increases total fish production, 

particularly the abundance o f  planktivore fish species at the bottom o f  the food chain, 

species at higher trophic levels may be less favoured. If these species require highly 

oxygenated water, then they can be positively disadvantaged, reducing overall species 

richness (McGarrigle, 1998). Chlorophyll-a concentrations have been found to 

strongly correlate with total P (TP) concentrations in lakes, and the OECD (1982) has 

drawn up TP and chlorophyll-a boundaries to distinguish trophic categories (Table 

I. l ) .  The quality o f  Irish surface waters is reasonably good by European standards, 

with over 69% o f  the 13,200km o f  Irish rivers surveyed being classified as 

“unpolluted” (Clabby et al., 2004).

Table 1.1: OECD defined boundary total phosphorus and chlorophyll a  
concentrations for trophic categories (from OECD, 1982).

Trophic category
Total phosphorus Chlorophyll a

Mg l '

Oligotrophic <10 <2.5

Mesotrophic 10-35 2.5-8

Eutrophic 35-100 9-25

Hypereutrophic >100 >25

However, a long term monitoring sub-set o f  this data (2,900 km) shows a continuing 

decline in the percentage o f  unpolluted river length from in excess o f  80% in the
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early seventies to approximately 50% by the late nineties (McGarrigle et al., 2002; 

Toner et al., 2005) (Figure 1.3). There has been a corresponding general increase in 

the percentage o f river length considered to be slightly or moderately polluted. In 

Ireland, target P concentrations have been set at a maximum of 30 (ig P I"' (Clabby et 

al., 2002).

■  U npollu ted

■  S llgh ly  P ollu ted

□  M oderatley  P ollu ted

□  S e r io u sly  P ollu ted

1971 1981 1986 1990 1994 1997 2000  2003

Year

Figure 1.3: Temporal trends in Irish river water quality (2,900 km) from 1970 to 
1998 (Toner et al., 2005).

Diffuse losses from agriculture are now recognised as the major source o f P affecting 

Irelands surface waters (Figure 1.4) and it is generally acknowledged that tackling 

this on-going intractable issue is a significant challenge not only in Ireland but across 

the developed world (Withers et al., 2001; Smith et al., 2005; Oenema et al., 2005; 

Antikainen et al., 2005). Recent years have seen a considerable reduction in the 

contribution o f urban point sources to eutrophication. However, in many cases this
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has not b rought about the desired w ater  quah ty  im provem ents. The im portance  o f  P 

for op tim um  agricultural production has long been recognised by the agriculture  

industry. As a result linking P use in agriculture to aquatic eu trophication has been 

controversial;  with traditional th inking proposing that P is s trongly fixed to  mineral 

soils and therefore not easily lost from the soil system. However, relative to  the 

quantities o f  P used in agriculture, only  small am ounts  o f  P are required to cause 

eutrophic  conditions, and agronom ically  small differences in TP concentra tions are 

associated with different lake trophic states.

600

Agriculture Municipal Unknown Industry Lake Forestry O ther
effects

Cause

Figure 1.4: The number of EPA surveyed locations polluted (moderate and 
slight) by various suspected sources between 1998 and 2000 (McGarrigle et al., 
2002).
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1.3. Phosphorus and agriculture in Ireland

Phosphorus has long been an essential e lem ent in food production, its use as an 

artificial chem ical fertiliser in post-war Ireland has changed  the face o f  Irish 

p roduction agriculture. Figure 1.5 dem onstrates  the changes in soil test P (STP), 

presented as M o rg an ’s P in Ireland, levels in conjunction with fertiliser use since the 

I9 5 0 ’s. T he  average soil test P concentration  in the I9 5 0 ’s w as approx im ate ly  1 m g !'

Since then the average STP level has risen to approxim ate ly  8 m g I"'. T rends in 

fertiliser P use have coincided with an average use increasing from  16000 in 1951 to 

90000 tonnes per year  (t y r ' ' )  in 1973. A decrease in fertiliser use has occurred  since 

the 1970’s levelling out at 60 ,000 t y r ' '  between 1980 and the mid I 9 9 0 ’s, and 

decreasing  further in recent years (Tunney, 1990), potentially as a result o f  the 

nutrient m anagem en t measures in Irelands agri-environm ental schem e, the REPS.
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Figure 1.5: Fertiliser phosphorus use and soil test phosphorus levels in Ireland 
(updated from Tunney, 2002).
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The national P balance outlined in Table 1.2 is an unpublished update o f that 

calculated by Tunney (1990). It indicates that P inputs (as P fertiliser and feed 

concentrates) to grassland in 2005 were approximately three times higher than P in 

the outputs (as crop and animal production). This P surplus may in part explain the 

maintenance o f STP levels between the mid eighties to the present day.

Table 1.2: Estimated inputs and outputs of P to grassland soils in Ireland for 
2005 (Bourke et al., 2006).

P( ty r " ) P (kg ha y r ') Percentage
Inputs
Chemical Fertiliser 35,000 8.75 64.8
Concentrates fed to cattle and sheep (6.5m LU@400kg@0.6%P) 16,000 4 29.6
Imported manures (pig, poultry, mushroom compost) 3,000 0.75 5.6
Total inputs 54,000 13 5 100.0

Outputs
Cattle and sheep production (1.1m t @8kgP/t) 8,800 2.2 48 9
Milk production (5.2m t @ IkgP/t) 5,200 1.3 28.9
P loss to water (4m ha @ 1kg P/ha) 4,000 1 22.2
Total outputs 18,000 4.5 100.0

Inputs - Outputs 36,000 12

Morgan’s P (Morgan, 1941) is the national soil test P (STP) procedure used to assess 

the fertility  status o f agricultural soils and develop fertiliser recommendations. Table 

1.3 outlines the soil phosphorus index and the Morgan’ s P ranges that define them, 

giving an indication o f the expected growth response o f the plant.
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Table 1.3: The National Phosphorus Index System

Soil P Index
Soil P ranges (mg l ’) 

Mineral soil (plant response) Peat*

1 (low) 0.0-3.0 (definite response) 0-10

2 (medium) 3.1 -6.0 (response to P likely) 11-20

3 (high) 6.1-10.0 (response unlikely) 21-30

4 (very high) >10.0 (none- P levels excessive) >30

*to be defined as a peat, there must be no mineral soil in the upper 100mm 
throughout the sample area.

Approximately 20% o f  the agricultural area in Ireland has soil P levels that would be 

considered excessive for optimum agronomic production (Table 1.4).

Table 1.4: Percentage distribution of grassland soil samples analysed by 
Teagasc, at different soil P levels for each grassland sy stem (Coulter and 
Tunney, 1996).

Soil test P (Morga n’s P) (mg r')
Grassland

svstem
0.0 - 3.0 3.1 -6 .0 6 .1 - 1 0 >10

% distribution of samples

Silage 1 cut 20 35 24 21

Silage 2/3 cuts 13 32 27 29

Hay 26 37 21 17

Pasture 23 36 22 19

All grassland 21 35 23 20

The agronomic P advice given by Teagasc since the 1970s is outlined in Table 1.5.
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Table 1.5: The changes in Teagasc agronomic P advice (kg ' ha ') for grassland 
between 1971 and 2004.

1971
STP (mg 1') <3 >3

Grassland 44 17
1993

P Index 1 2 3 4
STP (m g ! ') 0 - 3 .0 3.1 - 6 .0 6 .1 - 1 0 >10

Grazing 40 30 20 0
First-cut 50 40 35 25

Second-cut 20 15 10 10
2004

P Index 1 2 3 4
STP (mg r') 0 1 o 3.1 - 6 .0 6 . 1 - 1 0 >10

Grazing 20 10 0 0
First-cut 40 30 20 0

Second-cut 10 10 10 0

It is now clear that P fertiliser in excess o f  agronomic requirements was being applied 

to many soils across the country but recent studies are now beginning to recognise the 

need for soil specific advice, aimed at minimising the risk o f  P losses while 

maintaining optimum crop production.

1.4. Context and focus o f  study

In response to the decline in water quality throughout the EU, the Council o f 

European Communities introduced Directive 2000/60/EC, commonly known as the 

Water Framework Directive (WFD) (Council o f  the European Communities, 2000). 

This legislation demands member states to introduce measures to control the impact 

o f  nutrient and bacterial pollution upon rivers, lakes, estuaries and groundwater, with 

the aim o f  restoring or retaining all surface waters at ‘good ecological status' by 

2015, and to prevent a long-term eutrophication problem. The Directive requires that

1 0
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waters be managed under hydrological units and as approximately 50 percent o f  the 

land in Ireland is drained by eight catchment systems (most other drainage regions 

are small coastal catchments) (Clabby et al., 2004), these river basin districts (RBDs) 

have been designated as the units for water resource management. Each RBD is 

responsible for implementing monitoring programmes and management plans 

necessary to achieve the goals o f  the Directive. The main restorative measure for 

surface water quality is the control o f  nutrient losses from point and diffuse sources. 

To satisfy the requirements o f  the WFD relating to diffuse nutrient losses from 

agriculture, a risk assessment and nutrient management plan is required for each 

RBD, with implementation o f  a recommended programme o f  measures to follow. 

Identification o f  areas that contribute P and under what environmental conditions 

they do so is critical to efficient P management and effective pollution control.

This thesis had its origins in a large-scale integrated Environmental Protection 

Agency (EPA) funded research project entitled “ LS-2 Eutrophication o f  Agricultural 

Sources” (LS-2) (Figure 1.6). The main objective o f  LS-2 w'as to supply scientific 

data to underpin appropriate actions or measures that might be used in the 

implementation o f  national and EU policy for reducing P and N losses from 

agricultural sources. The research included desk, laboratory, field plot, farm and 

catchment studies, and was conducted by research teams in Teagasc, the National 

University o f  Ireland at Dublin, Cork and Galway; Trinity College Dublin; University 

o f  Limerick and the University o f  Ulster at Coleraine. A total o f  12 research
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projects, ranging from 6-month desk studies to four year field investigations were 

successfully completed and are outlined in Figure 1.6.

LS-2: Eutrophlcatlon from Agricultural Sources

^LS-2.1: Pathw ays to nutrient loss with em phasis on Phosphorus lo s se s  |

■[lS‘2.1.1a; Three C atchm ents study 

■jLS-2.1.1b: Soil and P

■| LS-2.1.2: Grazed Pastures

^LS'2.1.3/4: Slurry & Fertiliser Spreading

■JlS-2.1.6: Environmental Soil P Test

^LS'2.1.7: Relative eutrophlc effects on w ater bodies ’

^LS-2.2: Modelling j

^LS*2.2.1: Field by Field A sssessm en t 

jLS>2.2.2: Modelling P lo sse s  from soils

4lS-2.3: Effects of agricultural p ractices on nitrate leaching |

-|LS-273.1.1: Farm-Scale 

^LS'2.3.1.2: Soil investigation 

H LS-2.3.1.3: Groundwater

Figure 1.6: Overview o f LS-2 Eutrophication from Agricultural Sources project 
(Carton et al., 2008).

The current study was one of three sub-projects in LS-2.1.2, which had the remit of 

investigating grazed grasslands as a source o f and pathway for P loss to water. A 

previous study (Kurz et al., 2005) demonstrated increased concentrations o f P in 

overland flow shortly after the presence of grazing animals, and identified the need 

for further research to quantify and explain the role of the grazing animal. The 

current study therefore was required to focus on grazed grasslands as a source o f P 

and was given a general aim of looking at the “pools and fluxes” of P within grazed 

grasslands. Unfortunately the three sub-projects o f LS-2 got underway at different 

times, with little opportunity for a strongly integrated approach, i.e. integrated 

experiments designed to examine P sources and loss pathways in grazed grasslands

12
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aimed at explaining P losses at the field scale. Nonetheless, the results o f the current 

study have already made a direct contribution to some of the many outputs o f the LS- 

2 project (Bourke et al., 2006; Doody et a i ,  2006; Bourke et al., 2008a; Carton et al., 

2008; Tunney et al., 2007; Kiely et al., 2007; Bourke et al., 2008b).

7.5. Experimental approach o f  study

All of the experimental work described in this thesis was carried out on the research 

farms at Teagasc Environmental Research Centre, Johnstown Castle, Co. Wexford. 

Samples o f soil, dung, herbage and water were collected during the course of this 

study. These samples were subsequently processed, stored and analysed using the 

fully accredited laboratory facilities at Teagasc, Johnstown Castle and the 

laboratories in the Departments o f Botany and Chemistry, Trinity College, Dublin. 

Figure 1.7 shows the locations o f the grassland plots used in this study and the 

meteorological station within the complex of experimental farms at Teagasc, 

Johnstown Castle.

13
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Experimental Sites
Cowlands 

m i  Redhouse Field 

I f M i  Dairy Farm 

i m i  Met. Station

M
250 500 1.000 Meters

Figure 1.7: Location of experimental sites and meteorological station at Teagasc 
Environmental Research Centre, Johnstown Castle, Co. Wexford.

Most o f the experimental work (Chapters 2, 4 and 5) was carried out at the Red 

House Field site, a typical grassland plot, divided into small plots and used to monitor 

baseline P dynamics as a foundation to the dung-pat experiments. The advantage o f 

this small plot approach is that it allowed one person to take the required samples in 

one day. The experimental work outlined in Chapter 3 used an existing long-term P 

experiment, in place at the Cowlands site for nearly 40 years (Culleton e/ al., 2000), 

taking the opportunity to investigate the recycling o f P through cattle dung. The work 

outlined in Chapter 6 attempted to form a simple link between the current study and a 

P loss study in the “ Grazed Pastures section o f the LS-2 Eutrophication from 

Agricultural Sources”  project (Kurz et al., 2006; Kurz and O ’Reilly, 2006),

14
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employing some of the techniques used in other parts of the current study to analyse 

P in overland flow from grazed grassland.

1.6. Aims and objectives o f study

Reviewing relevant literature at the beginning of this study helped identify many 

fundamental gaps in the knowledge o f  the pools (various P forms and fractions in the 

soil, herbage and dung) and fluxes (changes in the size o f  and movement between 

these P pools) in grazed grasslands. Few studies were found specifically concerned 

with the impact of the grazing animal on P dynamics in Irish grazed grasslands, while 

the international literature did not always fill in the gaps in the knowledge, 

particularly in relation to the characteristics of P in freshly deposited cattle dung and 

its role in the P cycle o f  grazed grasslands. There was a fundamental need to extend 

our understanding o f  the P cycle in grazed grasslands as a source o f  P that could 

potentially be lost to water.

Most recent studies o f  P in Irish grasslands have either focussed on (1) the 

hydrological pathways o f  P loss (overland and subsurface flow) and the 

concentrations of P transferred in these pathways (Kurz et al., 2002; Tunney et al., 

2002; Kurz et al., 2005; Doody et al., 2006; O ’Reilly, 2006) or (2) on soil P 

chemistry and physico-chemical processes such as desorption (Daly et al., 2001; Daly 

et al., 2002). In general therefore the focus to date has been aimed at understanding 

the variation in P chemistry o f  the major soil types in Ireland and the relationships 

between STP and P concentrations in overland and subsurface flow (Jordan et al..
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2005; Styles et a!., 2005) and the development o f  P risk evaluation schemes lor the 

identification o f  critical source areas (Hughes et al., 2005). The effects o f  

management (grazing, fertiliser application) and other aspects o f  the P cycle most 

notably organic P (Po), have often been overlooked.

It is important to note that a review o f  the literature since the experimental work o f  

this study ended has revealed many publications similar to many o f  the subject n a t te r  

o f  the current study, particularly in countries with intensive animal production 

agriculture. These publications recognise that similar gaps in the knowledge were 

identified, i.e. fundamental data were required concerning grazed grassland as a 

potential source o f  P as water quality continues to deteriorate and the need for 

mitigation measures grows.

The objectives o f  this study were:

• to determine the Po composition o f  a grassland soil.

• to characterise P forms and fractions in fresh dung collected from grazing 

cattle.

• to investigate dung-pat decomposition in terms o f  changes in the physical (dry 

matter and water content) and nutrient properties.

• to examine the effects o f  seasonal fluctuations and decomposing dung-pats on 

soil P and associated soil properties.

•  to characterise the Po fractions in overland flow from grazed and non-grazed 

grassland plots.

16
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1.7. Thesis structure and organisation

This thesis is divided into seven chapters. Chapter 1 (current chapter) provides an 

introduction to the thesis. It describes the current state o f  Ireland’s water quality in 

relation to past and current use o f  P in Irish agriculture. This is followed by the 

context and focus o f  the research, leading to the overall aims and objectives o f  this 

study.

The experimental work is outlined in Chapters 2 to 6. This experimental work is 

written up using the standard format o f  scientific papers, including a specific title, 

abstract, introduction (including a literature review and statement o f  the objectives), 

materials and methods, results, discussion, conclusions, and references. Each chapter 

is written to be fully independent o f  the others but nonetheless the strong links are 

obvious. The chapter numbers and associated chapter title are as follows:

• Chapter 2: The organic phosphorus composition o f  an Irish grassland soil.

•  Chapter 3: Characterisation o f  phosphorus in fresh dung from cattle grazing 

grassland with a range o f  phosphorus fertiliser application rates using 

physico-chemical fractionation and ^'P nuclear magnetic resonance 

spectroscopy analysis.

• Chapter 4: Dung-pat decomposition and associated changes in physical and 

nutrient properties.

•  Chapter 5: The effect o f  dung-pats on soil phosphorus fractions and associated 

soil properties.
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•  Chapter 6: Characterisation o f  organic phosphorus in overland flow  from  

grassland plots using ^'P nuclear magnetic resonance spectroscopy analysis.

Chapter 7 w ill aim to bring together the conclusions from Chapters 2 to 6, relating 

them to the objectives set above. The im plications o f  this body o f  research w ill be 

discussed in the wider context o f  P in Ireland’s agri-environment. Future research 

needs w ill then finally be discussed.

An overall summary o f  the thesis w ill appear at the beginning o f  the thesis.
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2. Chapter 2: The organic phosphorus composition of an Irish grassland soil 

2.1. Abstract

An understanding o f  the chemical nature o f  phosphorus (P) in soil is essential to the 

sustainability o f  agriculture in Ireland. This study used phosphorus-31 nuclear 

m agnetic resonance (^'P NM R) spectroscopy and wet chem ical analysis to 

characterise N aO H -ED TA  extractable P in a grassland soil in south east Ireland. Soil 

sam ples to 10 cm depth were collected over five sampling days between Septem ber 

and D ecem ber 2003. Soil total P (Pt) ranged between 723 and 819 mg P kg"' soil, 

while M organ’s P (Pm) ranged between 3.4 and 12.5 mg P 1"' soil. Recovery rates o f 

P extracted in the NaOH-EDTA solution were high, ranging from 75 to 88% o f  soil 

Pt. Four d istinct classes o f P com pound were detected in the ^ 'P  NM R spectra, 

inorganic orthophosphate (5 = 6.72 to 6.85 with a mean o f 6.79 ppm), orthophosphate 

m onoesters (S = 3.83 to 6.11 ppm), orthophosphate diesters (5 = -0.32 to 0.54 ppm), 

and pyrophosphates (8 = -3.44 to -3.13 with a mean o f -3.26 ppm). Distinct signals at 

5.64, 5.39, 5.02 and 4.55 ppm in the spectra showed the dom inance o f  w>^o-inositol 

hexakisphosphate in the orthophosphate m onoester region. Orthophosphate diesters 

were sub-classified as phospholipids (6 = 0 and 1.88ppm) and DNA (5 = 0.09 to -O.IO 

ppm). O ver the three month sam pling period the mean percentage o f  the four main P 

functional classes, inorganic orthophosphate, orthophosphate monoesters, 

orthophosphate diesters and pyrophosphates in the soil sam ples was approxim ately 

52, 42, 3 and 3%, respectively. The ratio o f  orthophosphate monoesters to
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orthophosphate diesters ranged from 10 to 19. The findings o f this study suggest that 

Po in an Irish grassland soil is potentially bioavailable and could play a role in the 

transfer o f P from agricultural soil to our waterbodies.

Keywords: Grassland, soil, environment, organic phosphorus, orthophosphate 

monoesters, orthophosphate diesters, ^'P nuclear magnetic resonance spectroscopy

24



PHOSPHORUS DYNAM ICS OF GRAZED GRASSLAND IN IRELAND

2.2. Introduction

Phosphorus (P) is commonly a limiting nutrient for plant growth in Ireland and 

around the world. However, since the 1950s, large quantities o f  mineral fertiliser P 

have been applied to Irish agricultural soils, significantly increasing total soil P (Pt) 

and Morgan’s soil test phosphorus (STP) concentrations (Tunney, 1990). With large 

P reserves available for uptake by plants in many of our soils, a greater knowledge of 

the form (inorganic or organic) of P within these soils is essential. This would 

provide an improved understanding of the bioavailability o f  P helping to deliver a 

more sustainable use o f  P in agriculture, balancing appropriate P inputs to maintain 

production at economically viable levels while ensuring the protection (and 

improvement) of the water quality in our rivers and lakes (Higgs et al., 2000; 

Sharpley and Tunney, 2000; Sims and Sharpley, 2005).

Many recent studies (e.g. Tunney ef al., 1997; Magette, 1998; Daly et al., 2001; 

2002; Tunney, 2002; Daly and Styles, 2005; Donohue et al., 2005; Hughes et al., 

2005; Jordan et al., 2005; Kurz et al., 2005a; 2005b; Styles et al., 2005; Doody et al., 

2006; O ’Reilly, 2006; Schulte et al., 2006; Styles and Coxon, 2006; Bourke et al., 

2008; Carton et al., 2008; Kiely et al., 2007) express major concern over P losses 

from agriculture to the Irish environment. Agriculture is thought to be responsible for 

up to 50% of the P enrichment in our rivers and lakes (McGarrigle and Clenaghan, 

2004; Toner et al., 2005). The loss of P from agricultural soils to water has been
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shown to lead to eutrophication in freshwater ecosystems where P often limits 

prim ary production (Correll, 1998; Haygarth and Jarvis, 1999; McDowell et al., 

2004; Haygarth et al., 2005).

Soil total P (Pt) concentrations in soils vary widely (100-3000 m g kg'' soil) (Dalai, 

1977; Harrison, 1987; Stewart and Tiessen, 1987). Between 30 and 65% o f  Pt may be 

found in organic forms, although high organic m atter soils m ay contain up to 90%  

organic P (Po) (Harrison, 1987). Organic P is defined as the phosphorus present as a 

constituent o f  organic compounds, i.e. those containing carbon-hydrogen bonds. It 

originates from animal and plant remains, and is also synthesised by soil organisms. 

Based on the nature o f  the P bond, soil Po is classified into phosphate esters, 

phosphonates and phosphoric anhydrides. Phosphate esters are sub-classified 

according to the num ber o f  ester groups linked to each phosphate. Thus, phosphate 

m onoesters have one carbon moiety per phosphorus atom, while phosphate diesters 

have tw o (Condron et al., 2005; Turner et al., 2005). Phosphonates contain carbon- 

phosphorus bonds, m aking them m arkedly different from other soil Po compounds. 

The predom inant phosphonate in nature is 2-am inoethylphosphoric acid, which is 

found in a num ber o f  organism s (Hilderbrand, 1983). Phosphoric anhydrides (organic 

condensed phosphates) are involved in biochemical energy transfer and include 

com pounds such as adenosine 5 ’-triphosphate (Condron et al., 2005; Turner et al., 

2005). They contain phosphate m onoester and anhydride bonds and are rarely 

detected in soils. Condensed inorganic phosphates such as pyrophosphate and
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polyphosphate are common in soil and constitute a potential source of error in soil Po 

analysis (Condron et al., 2005; Turner et ah, 2005).

A combination o f  biological, chemical, physical, and environmental {e.g. 

temperature, moisture) properties and processes, together with the history and 

intensity o f  land use and management determine the forms, dynamics and mobility of 

Po in the soil-plant-animal-water system (Condron et al., 2005) as is demonstrated in 

Figure 2.1. The continuous recycling of Po between the plant, dung/ manure via the 

animal, and soil Po pools of varying lability means that very different processes 

govern the potential bioavailability o f  Po at different time scales. Organic P 

transformations play an important role in determining the overall bioavailability o f  P. 

Inorganic orthophosphate (HPO4'" and H2P04 ') ions in soil solution are the primary 

source o f  P for plants and soil microorganisms. However, the equilibrium 

concentration of orthophosphate in soil solution is low (<5 \\M), and orthophosphate 

removed by plant or microbial uptake must be continually replenished from the solid 

phase to meet their growth requirements (Condron et al., 2005). This involves a 

combination o f  desorption and dissolution o f  Pi and mineralisation of Po (Frossard et 

al., 2000 ).
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Plants

Inositol phosphates 
Orthophosphate diesters 
Labile orthophosphate monoesters 
Organic polyphosphates

The soil system
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Inositol phosphates 
Orthophospt^ate diesters Incidental P 

transfer

Soil organic P

Microbial biomass

Orthophosphate diesters 
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Organic polyphosphates 
Phosphonates

Active soil organic P

Orthophosphate diesters 
Labile orthophosphate monoesters 
Organic polyphosphates
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Higher inositol phosphates 
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Leaching 
of soluble 
organic P

Cell lysis by rapid re-wetting 
and release o f intracellular 
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Phosphatase hydrolysis \

i
Detachment 
of particulate 

organic P

Inorganic orthophosphate

Organic P transfer in overland flow

Figure 2.1: Conceptual model of soil organic P dynamics (adapted from Turner, 
2005).

Many studies have clearly demonstrated that Po in soil makes a significant 

contribution to the P nutrition o f plants (Carroll, 2001; Oehl et al., 2001; Chen et al., 

2002; Richardson et al., 2005). For example, Carroll (2001) showed how inositol 

hexakisphosphate present in a semi-natural grassland soil was an available form o f P 

for uptake by plants even at low concentrations, and particularly in the presence o f 

vesicular arbuscular mycorrhizae. While Oehl et al. (2001) demonstrated that the 

daily Po mineralisation in a Swiss arable soil was equivalent to the equilibrium 

concentration o f orthophosphate in soil solution.
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Organic P has also been shown to contribute significantly to P lost from agricultural 

soils to water courses, making up a large proportion o f total P in soil solution (Shand 

et al., 1994a; 1994b), overland flow (Haygarth et al., 1998) and stream water (Turner 

et al., 2003c). Toor et al. (2003) used physico-chemical fractionation o f P in leachate 

samples from lysimeters in a grassland soil in New Zealand and showed that the 

majority o f the P loss occurred in particulate unreactive {i.e. mostly organic) forms.

3 1P nuclear magnetic resonance (NMR) spectroscopy analysis then revealed that this 

leachate Po was mainly comprised o f orthophosphate monoesters and orthophosphate 

diesters. Organic P has also been shown to be easily hydrolysed by phosphatase 

enzymes (Jansson et al., 1988; Toor et al., 2003; McDowell and Koopmans, 2006) 

Toor et al. (2003) showed the presence o f significant levels of phosphomonoesterase 

and phosphodiesterase activity in their leachate samples, indicating the potential for 

this Po to be hydrolysed into inorganic P (Pi) during its transfer from soil to water. 

However, this enzyme hydrolysis is not always necessary as many species o f 

cyanobacteria grow well on a wide range o f Po compounds including inositol 

hexakisphosphate (Whitton et al., 1991).

Various sequential extraction methods have been used to characterise P pools o f 

different availability in relation to possible plant uptake and the potential for P to be 

lost to water (Chang and Jackson, 1957; Hedley et al., 1982). However, these 

extraction procedures do not give direct information on the structural composition of 

the various compounds o f P in the soil (Turner et a l ,  2003a; 2003b; Condron et al., 

2005).
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Newman and Tate (1980) were the first to use ^'P NMR spectroscopy to examine P in 

soil extracts with many studies since using the techniques to characterise P in soils 

from around the world and under various agricultural systems {e.g. Tate and 

Newman, 1982; Condron et al., 1985; Condron and Goh, 1990; Condron et al., 1996; 

Makarov et al., 2002; Cardosa et al., 2003; Koopmans et al., 2003; Turner et al., 

2003a; 2003b; 2003d; Makarov et al., 2004a; 2004b; Turner et al., 2004; Makarov et 

al., 2005; Turner, et al., 2005; McDowell and Koopmans, 2006; McDowell and 

Stewart. 2006; Turner, 2006). Different solutions have been used to extract P from 

soil for ^'P NMR analysis (Condron et al., 1985; Bowman and Moir, 1993; Cade- 

Menun and Preston, 1996) with the technique receiving much refinement in recent 

years (Turner et al., 2003a; 2003b). Most studies currently use 0.25 M NaOH-0.05 M  

EDTA, which extracts more P from the soil sample with minimal alkaline hydrolysis 

o f Po to Pi (Koopmans et al., 2003; Turner et al., 2003a; 2003b; Turner et al., 2004; 

Turner, et al., 2005; McDowell and Koopmans, 2006; McDowell and Stewart, 2006; 

Turner, 2006). The NaOH-EDTA solubilises Po associated with soil organic matter, 

while EDTA chelates metal cations to increase the efficiency o f the organic matter 

extraction (Bowman and Moir, 1993).

Characterisation o f P in soil extracts with ^'P NMR has been used to identify the 

presence o f Pi compounds such as inorganic orthophosphate, pyrophosphate 

(adenosine di- or triphosphate a-phosphate) and polyphosphate (adenosine 

triphosphate (3-phosphate). Its most important use is to identify Po compounds such 

as phosphonates (e.g. phosphonolipids, aromatic diesters, aminoethyl phosphonates).
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orthophosphate monoesters (e.g. inositol hexakisphosphates, glucose 6-phosphate, 

mononucleotides, ethanolamine phosphate, choline phosphate, polynucleotides), and 

orthophosphate diesters (e.g. phospholipids, nucleic acids, teichoic acids, 

phosphatidyl ethanolamine, phosphatidyl serine) (Makarov et al., 2002; Turner et al., 

2003a; Cade-Menun, 2005).

Little information exists on the Po species found in Irish grassland soils. Power et al. 

(1995) identified orthophosphate monoesters and orthophosphate diesters in a 

grassland soil extracted with 0.1 M N aO H , which had received no fertiliser P inputs 

for over 20 years. The presence o f  amino-ethyl phosphonates and teichoic acid was 

also suggested by the author. Carroll (2001) used a 0.5 M N aO H  and 0.1 M ED T A  

solution to extract the P from a semi-natural grassland soil identifying orthophosphate 

monoesters, orthophosphate diesters and teichoic acids. This study also demonstrated 

that orthophosphates and pyrophosphates were consistently depleted in the soil 

following plant growth, most likely due to plant uptake o f these labile P compounds. 

Both o f these studies showed orthophosphate monoesters to dominate the Po in soil 

samples in the only ^'P NMR studies carried out to date in Ireland.

Turner et al. (2003b) used solution ^'P NMR spectroscopy to characterise NaOH- 

EDTA extractable P in 29 permanent grassland soils in England and Wales with a soil 

Pt ranging from 376 to 1981 mg P kg'' soil, o f which between 45 and 88% was 

extracted with NaOH-EDTA. These extracts were found to be dominated by 

orthophosphate monoesters (29-60%) and inorganic orthophosphate (21-55%) with
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sm aller concentrations o f  orthophosphate diesters (2-10%), pyrophosphates (1-7%), 

phosphonates (0-3%) and traces o f  polyphosphates identified in the extracted P. 

O rthophosphate diesters were further subclassified into phospholipids (1-7% ) and 

DNA (1-6% ) o f  the extracted P.

M cDowell and Stewart (2006) used sequential fractionation and solution ^ 'P  NM R 

spectroscopy to com pare the P com position o f soils under grassland, native and forest 

m anagem ent. They again showed the dom inance o f orthophosphate m onoesters and 

inorganic orthophosphate in all three soils and highlighted the greater importance o f  

orthophosphate diesters in the native soil, declining as a proportion o f  Pt in the 

grassland and forest soils. They also found that higher concentrations o f  

orthophosphate m onoesters were found in the grassland soils com pared to the native 

and forest soils and attributed this to the input o f  inositol hexakisphosphates from 

plant debris, while orthophosphate m onoesters tended to be m ineralised in forest 

soils. M cDowell and Stewart (2006) showed how the distribution o f organic and 

inorganic P am ong sequentially extracted pools o f  varying bioavailability was 

influenced by both soil type and land use. In general they showed how the inputs o f  P 

into pasture soils increased the inorganic to organic P ratio relative to native New 

Zealand soils.

M cDowell and Koopmans (2006) characterised dissolved organic P (OOP) in water 

and NaOH-ED TA extracts o f  grassland and cultivated soils used in a lysimeter 

experiment. They also examined the D OP in drainage water (leachate) from the same
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lysimeters. They showed that 70-90%  o f  total dissolved P (TDP) in the w ater extracts 

was m ade up o f DOP, o f  which 40%  was hydrolysable by phosphatase enzym es. A 

little less hydrolysable DOP as a proportion o f  TDP (35% ) was found in the drainage 

waters and was explained by enhanced dissolved reactive P (DRP) concentrations via 

dung P inputs. They found that the large DOP fraction present in w ater extracts o f  

lysim eter soils and in drainage w aters from the lysim eters was paralleled by a 

decrease in soil orthophosphate diesters, due to m ineralisation by cultivation and 

plant roots and loss in leachate. They concluded that in soils with a dynam ic soil Po

pool, the concentration o f  readily bioavailable P in soil solution and drainage waters

and the potential to im pair surface w ater quality cannot be determ ined from DRP 

concentration alone.

The main objective o f  this paper was to determine the Po com position o f  an Irish soil 

m easured on five sam pling dates between Septem ber and Decem ber 2003 using a 

standardised N aO H -ED TA  extraction and solution ^'P N M R spectroscopy procedure. 

These results are discussed in term s o f  the potential bioavailability o f  the Po and the 

potential for the transfer o f  Po from this grassland soil to water. Few results are 

reported in the literature on the Po com position o f  soils in Ireland and how this may 

change over time, thus providing baseline data for future studies on the role that Po

plays in agriculture and the environm ent in Ireland.
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2.3. Materials and methods 

2.3.1. Site description

The 0.5 hectare study site, the Red House Field, was located at Teagasc 

Environmental Research Centre, Johnstown Castle, Wexford, Ireland 

(302404/116584 UTM) at an altitude of 60-70 m above sea level. Annual rainfall 

during the experimental period was 1032 mm with a mean annual temperature o f 10.6 

°C as measured at the meteorological station within the research centre. The soil has a 

sandy loam topsoil overlying a loam with a sandy loam lens imbedded in the loam 

and is locally classified as a gley (Kurz et al„ 2002). The FAO (Food and Agriculture 

Organisation o f the UN) classify the soil as a humic gleysol (FAO-UNESCO, 1974). 

The grassland was dominated by a mixture of Loliuni perenne L., Agrostis spp. and 

Poa trivialis L. with other species found in lower abundance. The study site was 

subdivided into 302 plots, each 1.5 m^ in area. The site had received light fertiliser 

(N, P and K) dressings in the past with occasional light grazing (used as relief ground 

for a 30 year beef grazing experiment (further details in Culleton et al., 2000)). The 

site had been reseeded in 1999 receiving N, P and K at the time, but received no 

fertiliser or grazing two years prior to and during the course of the reported 

experiments below. During the course o f the experiments the site was managed by 

regular mowing (Haldrup® mini harvester and a lawn mower) to simulate grazing, 

with removal o f the cut grass from the site. No grazing animals were allowed on site 

during the course o f the experiments.
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2.3.2. Soil sampling, storage and preparation

Soil sam ples collected on five sampling days in 2003 (Septem ber 23' ‘̂*, Septem ber 

30*’’, O ctober 20'*’, N ovem ber 17* and Decem ber 13*), were used in this study to 

determ ine various soil properties and to characterise soil P, in particular the organic 

fraction.

On each sam pling day, the same 20 plots were sampled using the standard Teagasc

bucket sam pler to a depth o f  10 cm. Approxim ately 10 cores per plot were taken,

with the cores from paired plots bulked to provide a single com posite sam ple which 

was then used to determ ine the soil properties outlined below. Sub-sam ples from each 

o f the 10 sam ple pairs were bulked to provide a com posite sam ple representative o f 

each sam pling day to carry out the ^'P N M R analysis.

All soils w ere sieved using a <2 mm mesh before analysis. Dried soils (oven dried at 

40 “C or air dried in the laboratory) were stored in cardboard boxes at room 

tem perature prior to analysis. Field m oist soils were stored at 4 “C in a cold room 

until analysis.

2.3.3. Determination of soil properties

Organic m atter was m easured by loss on ignition o f  an oven dried sample and the 

results were expressed as a percentage w eight loss after soils were ignited. Five g o f  

soil was placed in m uffle furnace for four hours at 500 “C and reweighed on cooling. 

Percentage organic carbon (C) and percentage total nitrogen (N) were measured on
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oven dried soils using a LECO CN-2000 Dry Combustion Analyzer according to the 

method o f  Wright and Bailey (2001). Cation-exchange capacity was measured on 

oven dried soil by ammonium saturation as described by Chapman (1965). Soil 

moisture content was determined by weighing 20 g o f  field fresh soil into a beaker, 

drying it at 105 °C overnight and re-weighing to calculate percentage soil moisture 

content. The pH estimation o f  the soil samples was determined using 10 ml o f  oven 

dried soil was suspended in 20 ml distilled water and allowed to stand for 10 minutes. 

The pH o f the paste was measured using a digital pH meter with glass and calomel 

electrodes. Particle size analysis was done using a procedure adapted from the 

methods o f  Tanner and Jackson (1947), Culleton (1972), Buurman el at. (1996) and 

MAFF (1986). The method consists o f  four stages -  pre-treatment, disaggregation, 

sieving and sedimentation. Once the mass values per 20 g soil were converted to 

percentage values, the soil textural classification triangle as used in the National soil 

survey o f  Ireland by Gardiner and Radford (1980) was then used to class each soil 

according to basic soil texture.

Soil Pt was measured using inductively coupled plasma optical-emission  

spectroscopy (ICP-OES) on oven dried soil samples after digestion in a mixture o f  

concentrate H2SO4, H2O2 and selenium (catalyst) at 370 °C for 90 minutes. Soil Pt 

was read on a Vista-MPX ICP-OES. Water extractable P was determined using the 

method o f  Van der Paauw et al., (1971). One g o f air dried soil was added to plastic 

tubes and shaken with 40 ml o f  distilled water on an end-over-end shaker for 1 hour. 

The solutions were centrifuged and filtered before P concentration in solution was
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determined using colorimetric analysis. The procedure is based on the fact that 

compounds released after chloroform fumigation from lysed cells absorb in the near 

UV region. Morgan’s P (soil test P) was measured using 6.5 ml of oven dried soil 

using a buffered (pH 4.8) acetate-acetic acid reagent in a 1:5 soil-to-solution ratio 

extracting for 30 minutes (Morgan, 1941; Peech and English, 1944; Byrne, 1979). 

This Morgan’s solution was also used for extracting and measuring soil available K 

(K) and available Mg (Mg).

2.3.4. ^'P NMR spectroscopic analysis of NaOH-EDTA extracts

The soil samples were extracted with NaOH-EDTA and subjected to analysis using

31
traditional wet chemistry and P NMR spectroscopic procedures according to the 

now standardised method described by Turner et al. (2003a). Soils were extracted by 

shaking 5 g soil with 100 mi o f  a solution containing 0.25 M  NaOH and 0.05 M  

EDTA for 16 hours at 20 “C. The extracts were then centrifuged, filtered (due to 

viscous nature o f soil solution mixture after extraction period) and freeze-dried over 

an 8-day period.

Inorganic orthophosphate was determined in diluted extracts (1:100) by molybdate 

colorimetry and flow injection analysis. Extracts were diluted to avoid interference 

from EDTA during colorimetric analysis. Total P was measured by digesting and 

analysing according to an autoclave method described by Ebina et al. (1983). An 

automated version o f the ascorbic method described by Murphy and Riley (1962) was
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used to measure reactive P levels. Unreactive (organic) P was calculated as the 

difference between total and reactive P.

Freeze-dried NaOH-EDTA extracts were re-dissolved in 1 ml o f  I A/NaO H  and 0.1 

ml D2O (for signal lock) and transferred to 5 mm NMR tubes. The addition o f  NaOH 

ensures optimum spectral resolution and consistent chemical shifts due to 

deprotonation o f compounds at a solution o f  pH > 12. Solution ^'P NMR spectra were 

obtained using a Bruker Avance DPX 400 NMR spectrometer operating at 161.97 

MHz with a 5 mm QNP probe with z gradients. The integration process using the

31WIN NMR 5.0 software was used to determine the areas o f the individual P NMR  

spectra. A 90*’ pulse width was used, with a total acquisition time o f  1.8 s (pulse delay 

1.0 s, acquisition time 0.65 s) and broadband proton decoupling. Temperatures were 

regulated at 25 °C. Between 32,000 and 240,000 scans were collected depending on 

the concentration o f  the freeze dried extract. Chemical shifts were measured relative 

to an external standard o f  85% orthophosphoric acid after Lorentzian convolution 

with a width o f  10 Hz. Spectra were plotted using a line broadening o f  5 Hz. General 

functional classes o f  phosphorus compounds were as follows: phosphonates (5 = 18- 

22 ppm), inorganic orthophosphate (5 = 5.7-7.1 ppm), orthophosphate monoesters (5 

= 3-6 ppm), phospholipids (6 =  0.6-2 ppm), DNA (approximately 5 = -0.3 ppm), 

pyrophosphate (approximately 5 = -4.4 ppm) and inorganic polyphosphate (5 = -4, - 

18 and -21 ppm) (Turner et at., 2003a).
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2.3.5. Statistical analysis

Statistical analysis was carried out using MS Excel and SPSS (vl2). Summary 

statistics for all data were calculated including means, standard error o f the mean and 

the range. Simple correlation coefficients (Pearson product-moment) between soil 

properties and soil P functional classes were calculated for the soil samples collected 

over the five sampling days. The significance of r values is denoted by the symbols *, 

** and *** for significance levelsp< 0 .05,p< 0.01 and p< 0.001, respectively. Due to 

the expense and time for analysis (one sample takes up to 24 hours) by ^'P NMR it 

was not possible to analyse replicates for the soil sample collected on each sampling 

day (Koopmans et al., 2003; Turner et al., 2003b; McDowell and Stewart, 2006).

2.4. Results

2.4.1. Soil properties

Table 2.1 presents some chemical and physical properties o f this acid sandy loam 

grassland soil. Soil organic carbon (C) ranged between 2.5 and 4%, organic matter 

(OM) between 6 and 10.9% and total nitrogen (N) between 0.21 and 0.32%, with 

means o f 3.2, 8.22 and 0.26%, respectively. The ratio o f C to N ranged between 11.2 

and 13.8 with a mean o f 12.4 over the three month period. Available K and Mg 

ranged between 58 to 126 and 112 to 165 mg f ' soil, with means over the three 

months o f 82 and 137 mg f '  soil, respectively. Significant temporal variation was 

recorded in all soil properties measured.
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Table 2.1: M ean, m inimum and maximum values for chem ical and physical 
properties o f a grassland soil determ ined on five sam pling dates between  
Septem ber 23'^ '^ and D ecem ber IS**" 2003 at the Red House Field site.

Soil Properties Mean^'’ M inimum M aximum

Organic carbon (C) (%) 3.2 (0.04) 2.5 4.0

Organic m atter (OM ) (%) 8.22 (0.14) 6.0 10.9

Total nitrogen (N) (%) 0.26 (0.003) 0.21 0.31

C:N 12.4 (0.08) 11.2 13.8

Available potassium  (K) (mg P') 82(1 .8 ) 58 126

Available m agnesium  (M g) (mg P ') 137(1.5) 112 165

Soil m oisture content (SM C) (%) 25.8 (1.24)

pH 6.1
Cation exchange capacity (CEC)

15.64(m eq/m l)
Clay content (%) 13

Sand content (%) 59

Silt content (%) 27

Standard errors o f  the mean are show n in parenthesis 
‘’ n = 59

2.4.2. Total and available phosphorus fractions

Soil total P (Pt) as m easured with ICP-OES ranged between 723 and 819 mg P kg ' 

soil with a mean concentration o f  774 mg P kg ' soil (Table 2.2). Two indicators o f 

available P w ere m easured over the three month sam pling period, w ater extractable P 

(Pw) and M organ’s P (Pm). W ater extractable P ranged between 3.28 and 15.6 m g P 

kg'* soil with a mean o f  6.8 mg P kg"' soil (Table 2.2). M organ’s P ranged between 

3.4 and 12.5 m g P I'' soil with a m ean o f  6.54 mg P I"' soil over the three months 

(Table 2.2). The Pm concentration over the three month period indicates the soil falls 

between Index 4 and Index 3 in term s o f  its P fertility status (Coulter, 2004). This 

would suggest that the soil was not P deficient in term s o f  the plant P requirem ents
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and would require only maintenance P fertiliser applications to maintain optimum 

grassland production levels.

2.4.3. NaOH-EDTA extractable phosphorus

In order to determine the various forms o f P, the soil was extracted with NaOH- 

EDTA and characterised using ^'P NMR spectroscopy. Recovery rates o f P extracted 

in the NaOH-EDTA solution were high, ranging from 75 to 88% of Pt measured 

using ICP analysis (Table 2.2). NaOH-EDTA Pt ranged between 559 and 666 mg P 

kg ' soil. A high percentage o f this was found in the organic fraction with NaOH- 

EDTA Po ranging between 356 and 416 mg P kg"' soil (61 to 66%) (Table 2.2).

2.4.4. ^'P NMR spectroscopic analysis of NaOH-EDTA extracts

Figure 2.2 (a-e) shows the ^'P NMR spectra o f the NaOH-EDTA extracts from the

soils collected from September to December 2003. Four distinct classes o f P 

compounds were detected, inorganic orthophosphate (5 = 6.72 to 6.85 ppm) with a 

mean o f 6.79 ppm, orthophosphate monoesters (5 = 3.83 to 6.11 ppm), 

orthophosphate diesters (5 = -0.32 to 0.54 ppm), and pyrophosphates (5 = -3.44 to - 

3.13 ppm) with a mean of -3.26. The spectral assignments were based on a number of 

key studies, which compared spectra o f model P compounds with spectra o f  soils 

extracted with NaOH-EDTA. (Newman and Tate, 1980; Makarov, 2002; Turner et 

al., 2003a; 2003b; Cade-Menun, 2005). Phosphonates (occurring at 8 = 20 ppm 

normally) were not detected in the soil samples analysed.
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Figure 2.2: Phosphorus-31 nuclear magnetic resonance spectra of grassland soil 
samples collected at the Red House Field on September 23'̂ '̂ (a), September 30'** 
(b), October 20*'' (c), November 17**' and December 13**', 2003. Inset (b) shows 
close-up of orthophosphate diester peaks.

The quality o f the ^'P NMR spectra was good, using the Bruker Avance DPX 400 

NMR spectrometer. Most studies in recent times are using more powerful NMR 

spectrometers obtaining better separation of the orthophosphate monoester and 

diester peaks (e.g. Koopmans et a i ,  2003; Turner et al., 2003a; 2003b; McDowell 

and Stewart, 2006; Turner, 2006). Nonetheless, it was possible to sub-classify the 

orthophosphate monoester and orthophosphate diester regions o f the spectra.
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Distinct signals at 5.64, 5.39, 5.02 and 4.55 ppm in the extracts o f the soils on all 

sampling days indicated large concentrations o f /wyo-inositol hexakisphosphate. A 

signal at 4.89 in the September 30'*̂  sample may indicate the presence o f (i- 

glycerophosphate in low concentrations. Turner et al. (2003a) suggested that this 

compound appears during the degradation o f phosphatidyl choline in NaOH-EDTA, 

and so may be an artefact o f the analytical procedure.

Signals between 0 and 1.88 ppm were assigned to phospholipids, in particular 

phosphatidyl ethanolamine (5 = 1.88ppm) with the possibility o f phosphatidyl serine 

and phosphatidyl choline (5 = 1.50 and 0.90 ppm, respectively) present in some of the 

soil samples analysed. Signals in the range o f 0.09 to -0.10 ppm were assigned to 

DNA with strong signals found at 0.09, -0.04 and -0.10 ppm in most o f the samples 

analysed.

Table 2.3 shows the percentage o f functional classes o f P in the samples collected 

over the three month sampling period. Mean percentages o f inorganic 

orthophosphate, orthophosphate monoesters, orthophosphate diesters and 

pyrophosphates were approximately 52, 42, 3 and 3%, respectively. The ratio o f 

orthophosphate monoesters to orthophosphate diesters ranged from approximately 10 

to 19 with a mean ratio o f 14.4 during that period, with lowest ratio observed on 

October 20* sampling day, i.e. the proportion o f total Po made up of orthophosphate 

diesters at that time was at its highest.
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Table 2.2: Concentrations of total, available and NaOH-EDTA extractable soil P of a grassland soil determined on five 
sampling dates between September 23'̂ '* and December 15**' 2003 at the Red House Field site.

Date

Total F 
(IGF)

Water
extractable

F"

Soil test F 
(Morgan’s

F)a

NaOH-EDTA

Ft/F t'’Ft Fi Fo Fo/Ft

mg kg"' mg r ‘ mg kg"' %

23-Sep-03 759 13.37(1.1) 10.4 (0.38) 666 251 416 62 88

30-Sep-03 819 11.72 (0.08) 5.4 (0.31) 615 238 377 61 75

20-0ct-03 803 3.55 (0.15) 6.6 (0.30) 606 231 375 62 75

17-NOV-03 764 3.49 (0.07) 6.4 (0.39) 582 200 381 66 76

13-Dec-03 723 3.53 (0.07) 5.0 (0.40) 559 203 356 64 77

“ standard errors o f the mean are shown in parenthesis 
percentage Ft (NaOH-EDTA) o f Pt (IGF)



Table 2.3: Percentage o f functional P classes in NaOH-EDTA extracts of a grassland soil determined on five sampling dates 
between September 23'̂ '* and December IS"* 2003 at the Red House Field site as determined by ^'P NMR spectroscopy.

31

Date Inorganic
orthophosphate

P NMR (%)

Orthophosphate
monoesters

Orthophosphate
diesters Pyrophosphates, etc

Monoester-to- 
diester ratio

23-Sep-03 56.18 39.33 2.25 2.25 17.48

30-Sep-03 52.63 42.63 3.16 1.58 13.49

20-0ct-03 48.78 43.41 4.39 3.41 9.89

17-NOV-03 54.35 41.30 2.17 2.17 19.03

13-Dec-03 50.51 42.42 3.54 3.54 11.98
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2.4.5. Temporal changes in phosphorus

The available P fractions (Pw and Pm) followed very similar trends during the three 

month sampling period, with significant decreases during September and into 

October, remaining stable thereafter up to December 13* (Table 2.2). An overall 

decrease in absolute soil Pt and Pt in the N aOH-ED TA extracts was observed over 

the three month period (Table 2.2). The absolute Pt changes during that time, ranging 

from 723 to 819 mg P kg ' soil, can in part be accounted for in natural variation in 

sampling the soil environment. A decrease o f  16% in the Pt extracted with NaOH- 

EDTA solution was much larger and may be explained by a shift in the fractions 

where the P was found, i.e. a significant proportion o f  the soil P may be moving into 

less labile P fractions, which were not extractable using the NaOH-ED TA solution. 

This was also reflected by changes in the Pi and Po as extracted using the NaOH- 

EDTA solution, with a general decreasing trend over time observed for both o f  these 

P fractions. The overall proportion o f  Po in the NaOH-EDTA extracts was seen to be 

increasing during this period though (Table 2.2). This again is reflected in the ^'P 

NM R results, with a decreasing proportion o f  inorganic orthophosphate over the three 

months, while the proportion o f  orthophosphate monoesters, diesters and 

pyrophosphate were generally observed to be increasing during this time (Table 2.3).
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2.5. Discussion

Grassland soils, as also demonstrated in the current study, have been widely shown to 

contain large quantities o f Po {e.g. Dalai, 1977; Tate and Newman, 1982; Harrison, 

1987; Stewart and Tiessen, 1987; Condron et al., 1996; Turner et al., 2003b; 

McDowell and Stewart, 2006), with many o f these studies showing the importance o f 

Po in grasslands around the world, agronomically, environmentally and ecologically. 

Yet despite this importance, the chemical nature and dynamics o f Po in grassland 

ecosystems remain poorly understood.

2.5.1. Recovery of Po and methodology

Soil Po must be extracted from soils before it can be identified and quantified. In the 

current study the recovery rates o f the NaOH-EDTA extracting solution used were 

high (75 to 88%) and compared favourably with those reported in the literature. 

Turner et al. (2003b) recovered on average 73% of the Pt in 29 pasture soils in 

England and Wales using the same NaOH-EDTA solution as this study. Koopmans et 

al. (2003) also recovered high percentages o f the Pt in the NaOH-EDTA extracts on 

sandy soils which had been amended with fertiliser and animal manures, ranging 

from 70 to 78%, while McDowell and Stewart (2006) extracted on average 69% of 

the Pt in pasture, native and forest soils using the same extracting solution. McDowell 

and Stewart (2006) noted that where the NaOH-EDTA solution was inefficient at 

extracting P, this was probably due to a large acid soluble P fraction in the soil, which 

they suggested was insoluble in NaOH solutions. Dai et al., (1996) suggested that
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some of the P remaining in the soil after the extraction process with NaOH-EDTA 

may represent some insoluble inorganic P compounds. Turner et al. (2003d) also 

showed the extractant to be inefficient in calcareous soils from the Western Unites 

States.

It is evident from the data presented in Tables 2.2 and 2.3 that there are differences in 

the proportion o f Pt in the NaOH-EDTA extracts comprised o f Po depending on 

whether it was measured using wet chemistry or ^'P NMR spectroscopy analysis. 

Koopmans et al. (2003) showed good agreement between the %Po in the NaOH- 

EDTA extracts measured by wet chemical and ^'P NMR spectroscopy. But in the 

current study mean values for %Po in the NaOH-EDTA extracts were approximately 

63 and 45% as analysed using wet chemistry and ^'P NMR spectroscopy, 

respectively. The mean difference in %Po between the methods was approximately 

29%, with significantly (p<0.000l) lower values for ^'P NMR analysed extracts. As 

with all extraction and analysis procedures, soil P compounds can be altered by 

hydrolysis o f Po in alkaline extracts (Agbenin et a!., 1999; Koopmans et al., 2003; 

Turner et al., 2005). Analysis o f soil extracts by molybdate colorimetry is a potential 

source o f error in these procedures also, as Po is often overestimated in the presence 

o f inorganic polyphosphates or complexes between inorganic phosphate and humic 

substances (Turner et al., 2005). This may help explain why in the current study the 

NaOH-EDTA Po percentage as estimated using a wet chemical procedure was 

significantly higher than the Po percentage as quantified using the integration o f the 

^'P NMR spectra. Hydrolysis of the Po when the freeze-dried NaOH-EDTA extracts
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were re-dissolved in 1ml o f  1 M NaOH and 0.1ml D 2O prior to analysis in the NMR 

spectrometer may also account for the decreased %Po.

It is however difficult to overcome these analytical shortcomings as no direct 

methods o f  identifying and quantifying Po are available, with extraction procedures 

required for all soil samples. Solid-state ^'P NMR spectroscopy has the potential to 

overcome this analytical limitation in the future, as the intact soil sample can be used 

for analysis; however, at the moment poor sensitivity and the abundance o f  

paramagnetic ions in soils prevents accurate detection o f  the Po (Turner et al., 2005). 

On the other hand, M cDowell and Stewart (2006) demonstrated a strong relationship 

between the sum o f  labile P fractions and NaOH-EDTA extractable P (y = 0.68x + 

126; r' = 0.95**), with the NaOH solution intended to remove most o f  the soil Po. It 

can be concluded therefore that any differences in the Po forms and fractions between 

soil and landuse type or changes over time will be clearly evident in the ^'P NMR  

spectra o f  NaOH-EDTA extracts.

2.5.2. Organic P composition

The Po composition o f  this Irish grassland soil is very similar to the composition o f  

other grassland soils reported in the literature from around the world (Tate and 

Newman, 1982; Condron et al., 1996; Koopmans et al., 2003; Turner et al., 2003b; 

McDowell and Koopmans, 2006; M cDowell and Stewart, 2006). The samples were 

typically dominated by orthophosphate monoesters, specifically wj^o-inositol
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hexakisphosphate, with smaller amounts o f  orthophosphate diesters (phospholipids 

and DNA) making up the remaining Po.

The high affinity o f  orthophosphate monoesters for iron and aluminium oxide 

surfaces and clays, their ability to form insoluble complexes with polyvalent cations, 

and their interactions with organic matter, account for high accumulation o f  organic P 

in this grassland soil (Celi et al., 2005). These recalcitrant characteristics help protect 

the orthophosphate monoesters from mineralisation, thereby accounting for them 

being the major component o f  the stabilised Po fraction (Stewart and Tiessen, 1987). 

Anderson et al. (1974) even showed how w?yo-inositol hexakisphosphate was capable 

o f  displacing orthophosphate from its binding sites.

Not only can Po be hydrolysed into Pi but concentrations o f  orthophosphate 

monoesters in studies which use alkaline extractants can be overestimated as 

orthophosphate diesters such as RNA and phosphatidyl choline can be degraded 

during extraction and ^'P NM R analysis (Makarov et al., 2002; Turner et ah, 2003a). 

This is a possibility in this study as relatively high concentrations o f  microbial 

biomass P were recorded during this three month project (data not presented), making 

up a high percentage o f  soil Pt. Other studies have shown strong correlations between 

microbial biomass, orthophosphate diesters (DNA and phospholipids) and 

pyrophosphate (Turner et al., 2003a; 2003b). These relationships can be explained as 

DNA and phospholipids make up the major class o f  P in microorganisms while the 

presence o f  pyrophosphates has also been strongly linked with microbial activity in
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the soil (Makarov et al., 2005). Orthophosphate diesters, such as phospholipids, RNA 

and DNA, have a low charge density, are less likely to be retained in the soil, and are 

less resistant to microbial degradation compared to orthophosphate monoesters 

(Condron et al., 2005). For example it is possible for phosphatase enzymes to degrade 

most {e.g. microbial, plant, extracellular) orthophosphate diesters upon release to the 

soil (Dick and Tabatabai, 1978) but it is also possible for DNA to persist when bound 

to clays, sands and humic acids (Makarov et al., 2002; 2004a; 2004b; Condron et al., 

2005). This may help explain the dominance (and constant presence) o f DNA in the 

orthophosphate diester region o f the NMR spectra in the current study. If a greater 

number o f samples had been available for examining the relationships between the 

soil properties and the functional classes of P, stronger relationships, for example, 

between MBP, orthophosphate diesters and pyrophosphates would be expected. 

Many studies have concluded that orthophosphate diesters are strongly linked to 

biological nutrient turnover in the soil, representing an active and labile pool o f soil 

Po (Makarov et al., 2002; Toor et al., 2003; Turner et al., 2003b; Turner et al., 2004; 

Condron et al., 2005; Makarov et al., 2005; Turner et al., 2005; McDowell and 

Koopmans, 2006).

Neither polyphosphates nor phosphonates were detected in the current study on any 

o f the soil sampling days. An early study found that phosphonates were only detected 

in soils with a cool climate, a low pH, and lacking adequate numbers o f 

phosphonatase-containing bacteria (Tate and Newman, 1982).
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Few studies have used ^'P NM R spectroscopy to examine the temporal changes in 

soil Po composition. Daly (1999) working on the same soil as the current study, 

found the Po (measured by the ignition method using extraction with \ M  H2 SO4 ) 

tended towards maximum concentrations and proportions o f  Pt in winter. Declines in 

Po in spring after winter maximums in grassland soils have also been recorded in 

other studies (Dormaar, 1972; Sharpley, 1985; Magid and Nielsen, 1992) providing 

some evidence that significant mineralisation occurs at this time, while 

immobilisation may be the dominant process leading into winter. The increasing 

proportion o f  orthophosphate monoesters observed in the soil o f  the current study 

may be explained by the input o f  orthophosphate monoester (alkyl-C) by senescing 

grassland plants and the incorporation o f  above- and below-ground plant biomass into 

the soil organic matter Although, Makarov et al. (2005) warn that while ^'P NMR 

spectroscopy gives useful information about the chemical nature o f  soil Po, more care 

is needed when interpreting results and the possible origins o f  soil Po, whether it 

comes from plants, bacteria or fungi.

2.5.3. B ioavailability and potential for transfer to water

Characterisation o f  soil P in NaOH-EDTA extracts alone gives limited information

on the availability o f  P and the potential for P to be lost from that soil to water. To 

achieve this, the soil samples should have been extracted with water or 0.01 M CaCh, 

analysing the extracts with wet chemical and ^'P NM R spectroscopy procedures as 

described in this paper. This information would give a better indication o f  the 

potential bioavailability, solubility and mobility o f  the P in Irish agricultural and
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environmental systems. The latter is important as Po transferred from soil to water 

bodies has been shown to contribute to the nutrition o f aquatic organisms, including 

toxic-bloom producing cyanobacteria (Whitton et al., 1991).

Koopmans et al. (2003) used this approach to examine Po in the soil by extracting 

with NaOH-EDTA and then related this to the Po contents o f water extracts. Water 

extracted 1.5 to 3.7% o f soil Pt with 67% o f this belonging to the organic fraction in 

the unamended soil. The ^'P NMR spectra o f  the water extract revealed only 

inorganic orthophosphate and orthophosphate monoester peaks in the unamended 

soil. They suggested that since orthophosphate monoesters are strongly retained in the 

soil, they must have been mobilised to water with the erosion o f colloidal particles. 

Koopmans et al. (2003) also found that the proportion o f water extractable Po 

measured by ^'P NMR was less than the wet chemical analysis, a similar finding to 

the current study.

In ^'P NMR studies the proportion o f diester P or the ratio o f monoester P to diester P 

is used to characterise the relative lability of soil Po or the rate o f Po turnover 

(Makarov et al., 2005). Toor et al. (2003) found that 55 to 76% of P in leachate from 

a grassland soil was in the unreactive particulate fraction and, using ^'P NMR 

spectroscopy indicated that this was mainly comprised o f orthophosphate monoesters 

and orthophosphate diesters. They also concluded that because o f the presence of 

phosphate enzymes in the leachate, some of these Po compounds could be hydrolysed 

into Pi during P transfer to waterbodies. Phosphatase hydrolysis is also a useful
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technique to provide information on the composition of extractable Po by separating 

it into functional classes based on susceptibility to enzymatic cleavage (Toor et al., 

2003; Turner et al., 2003c; Turner et al., 2005). Toor et al. (2003) used enzyme 

hydrolysis to show that 23% o f total unreactive P in leachate samples from a 

grassland soil was present as labile orthophosphate monoesters, followed by 20% as 

inositol hexakisphosphate and 14% as orthophosphate diesters, therefore potentially 

playing a significant role in P loss from soil to water. In Ireland Morgan’s P (a 

reliable soil fertility and environmental P loss potential indicator) accounts for only a 

small percentage o f total soil P, with both Morgan’s and water extractable P 

accounting for less than 1% of Pt in the current study. The role o f labile (active) Po 

fractions such as orthophosphate diesters (accounting for over 4% o f NaOH-EDTA Pt 

in the soils sampled on October 20* )̂ may be more important agronomically and 

environmentally than is currently known.

2.6. Conclusions

The characterisation o f Po using NaOH-EDTA extraction and ^'P NMR spectroscopy 

analysis in the top 10 cm of this grassland soil revealed the potential importance of 

the organic fraction in Irish soils. Organic P was found to be dominated by 

orthophosphate monoesters, mostly in the form of inositol hexakisphosphate, with 

smaller concentrations o f orthophosphate diesters, dominated by DNA and 

phospholipids. Overall this soil was dominated by inorganic orthophosphate with 

pyrophosphate the only other inorganic P compound identified in much smaller

56



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

concentrations. ^ 'P  N M R  spectroscopy  as a continually  im prov ing  techn ique  to study 

Po offers  the potential to  gain much know ledge on the ac tive  parts o f  the soil Po 

cycle.

T he  processes  that govern  the transfer o f  Po from agricultural system s to water, as 

illustrated in Figure 2.1, com bined  with the results o f  this study help elucidate  the 

role that Po may play  in the Irish environm ent. O rganic  P is potentia lly  m obile  within 

o u r  soil system s w hen  com bined  with appropriate  pathw ay and it can be assum ed  that 

it will be b ioavailable  to algae w hen  it reaches w ater  bodies.

Further w ork  is required  to characterise Po in o ther soil, m anagem en t and landuse 

types in Ireland. It will be important to understand its role both agronom ically  as a 

potential source o f  P for sustainable grassland and tillage system s and, 

env ironm enta l ly  in te rm s  o f  its ability to m ove from soil to water, and its impact 

w hen  it reaches our waterbodies .
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3. Chapter 3: Characterisation of phosphorus in fresh dung from cattle grazing 
grassland with a range of phosphorus fertiliser application rates using 
physico-chemical fractionation and ^'P nuclear magnetic resonance 
spectroscopy analysis.

3.1. Abstract

A high proportion o f  phosphorus (P) cycling in the grazed grassland ecosystem  is 

linked to the return o f  dung to the soil by the grazing animal. Knowledge o f  the P 

forms and fractions in fresh dung is important for soil fertility and the potential for P 

loss to surface waters and understanding its contribution to eutrophication. Physico

chemical fractionation and phosphorus-31 nuclear magnetic resonance (^'P  NM R) 

spectroscopy were used to determ ine the P forms and fractions in fresh dung collected 

from six herds o f  beef cattle grazing grasslands receiving a range o f  P fertiliser 

application rates. There was a clear relationship between the P content in the herbage 

and that being excreted in the dung. Dung total P (Pt) had a mean o f  7789 mg kg '' dry 

weight, ranging from 2349 to 12647 mg kg '' across all P fertiliser treatm ents. Dung 

organic P (Po) on average accounted for 46%  o f  dung Pt, ranging from 15 to 79%, 

while the water extractable P fraction on average accounted for 22%  o f  Pt, ranging 

from 9 to 45% , across all P fertiliser treatments. The relative proportion o f  inorganic 

and organic fractions in the dung was related to the P fertiliser application rate and 

history. Those grassland plots that had not received any P fertiliser in the past thirty 

eight and six years, had the highest proportions o f  Po in the dung, 61 and 72%, 

respectively. Those plots that had been receiving large quantities o f P over the last 38 

years had the highest proportion o f  Pi (mean o f  64%), including the grassland plot 

that had received no P fertiliser until recently, dem onstrating how quickly the input o f
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P fertiliser can change the P dynamics in grassland. The proportions of P fractions in 

the water extractable P followed a similar trend. Dried dung was extracted in NaOH- 

EDTA and analysed using ^'P NMR spectroscopy, with a mean recovery rate o f 75% 

o f Pt in the NaOH-EDTA extracts achieved. Four distinct P compounds were 

detected, inorganic orthophosphate (8 = 6.64 to 6.69 ppm) with a mean of 6.68 ppm, 

orthophosphate monoesters (5 = 5.26 ppm), orthophosphate diesters (5 = -0.85 to 2.33 

ppm), and pyrophosphates (5 = -3.65 to -3.29 ppm) with a mean of -3.52 ppm. 

Phosphonates were not detected in the dung samples analysed. Orthophosphate 

monoesters, pyrophosphate and orthophosphate diesters were present, in decreasing 

order o f concentration. Higher proportions of orthophosphate monoesters, 

orthophosphate diesters and pyrophosphates were found in the dung from the plots 

receiving no P fertiliser (mean = 36%) compared with dung in the plots receiving P 

fertiliser (mean = 21%). These results provide insight into the potential wide ranging 

characteristics o f P in dung and particularly the effect that fertiliser P can have on 

these dung P characteristics and the implications for the whole P cycle. Knowledge o f 

these dung P forms and fractions will help understand their potential role in soil 

fertility and P losses to water.

Keywords: cattle dung, phosphorus characterisation, inorganic phosphorus, organic 

phosphorus, phosphorus fertiliser, ^'P nuclear magnetic resonance spectroscopy
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3.2. Introduction

Knowledge o f  phosphorus (P) forms and fractions in fresh dung is im portant for our 

understanding o f  soil fertility in grazed grasslands and the potential for P loss to 

surface waters and its contribution to eutrophication. The chemical com position o f  

dung P is a key factor in determ ining its potential bioavailability to grassland plants, 

soil microbial populations and its susceptibility to being lost to water.

A high proportion o f  P cycling in a grazed grassland ecosystem  is linked to the return 

o f  dung to the soil by the grazing animal (Parfitt, 1980; W illiams and Haynes, 1992; 

Haynes and W illiam s, 1993; Chaneton et a!., 1996; Haygarth et al., 1998; Jarvis, 

2000; Powell et al., 2002) W ith the intensive use o f imported artificial fertilisers and 

feedstuffs, much o f  this P will end up as dung and manures, over tim e leading to an 

accum ulation o f  P in our soils (W illiam s and Haynes, 1992; Sharpley, 1995; 

Haygarth et al., 1998; Aarts et al., 2000). N utrient m anagem ent planning is an 

im portant tool in the environm ental m anagem ent “arm oury” and requires a thorough 

understanding o f  the pools and fluxes o f  nutrients through our agro-ecosystem s with a 

recent focus o f  research placed on dung and m anures (see references in Table 3.1).
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Table 3.1: A summary of studies carried out on dung and manures' and the P fractions and forms characterised.

Characterisation/ analysis

Reference Substrate Substrate
origins

- P N M Rspectroscopy^  spectroscopy (solution ; . . .  ^
 ̂  ̂ , (solid state) state)

Water 
soluble P

Total, 
inorganic 

and/or 
organic P

Other
p methods (e.g.

,  .. .. X A NES\ fractionation enzyme
hydrolysable)

Study
location

Barnett
(1994a) Fresh dung

Dairy and beef 
cattle, pigs and 

poultry
\ V Canada

Barnett
(1994b) Fresh dung Dairy and beef 

cattle V V Canada

Hunger et al. 
(2005)

Litter/
manure

Poultry, alum 
amended, 

unamended
\ V V V U.S.A.

Toor et al. 
(2005b)

Litter/
manure

Poultry, 
modified diets

\ \ V \ U.S.A

Grain fed pigs.
pasture fed

Turner and Fresh dung/ beef cattle.
Leytem litter/ poultry litter \ V V V U.S.A
(2004) manure (includes

sawdust
bedding^)

He et at. 
(2004) Manure Range of dairy 

farm systems
V V V \ U.S.A

Maguire et al. Litter/ Poultry, \ U.S.A
(2005) manure modified diet

Hainze et al. 
(2004) Dung Horse, 

modified diets
V V V U.S.A

Angel et al. Manure Poultry, pigs. V V U.S.A



C harac te r isa t io n /  analysis

Reference Substrate Substrate
origins

- P N M R
spectroscopy
' , spectroscopy  (solution ; . . .  ^

'  ̂  ̂ (solid state) 
state)

W ater 
soluble P

Total, 
inorganic 

and/or 
organic P

o th e r
methods (e.g.

.  .  XANES^  fractionation
enzym e

hydrolysable)

study
location

(2005) modified diets

Toor et al. 
(2005c)

Dung Dairy cows N IJ.S.A

Leytem et al., 
(2004)

Dung
Pigs, modified 

diets
\ \ U.S.A

Hansen el al., 
(2004) M anure

Dairy and 
liquid lagoon 

manure
\ \' U.S.A

Grain fed pigs.

Fresh dung/
pasture fed 
beef cattle.

V VTurner (2004) litter/
manure

poultry litter 
(includes 
sawdust 
bedding)

V V U.S.A

McDowell 
and Stewart 

(2005)
Fresh dung

Dairy cattle, 
deer, sheep 

grazing 
grassland

;\ V V V N ew  Zealand

Toor el al., 
(2005a)

Fresh dung 
and manure

Dairy cows 
dung and 
manure

\ \ U.S.A

A jiboye el al.. 
(2004)

Biosolids,
manures

B eef and dairj' 
cattle, pigs

% \ V Canada

V denotes the use o f  this technique with results in the referenced study
' many difficulties arise with the use o f  the terms manures and dung, which have been sim ply defined in the introduction. 
 ̂x-ray absorption near edge structure (X A N E S) spectroscopy
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3.2.1. Phosphorus fractionation and ^'P NMR spectroscopy

Table 3.1 provides an overview of recent studies that have characterised P in dung

and manures. It gives details o f the methods employed in each o f the studies and 

sample preparation details. At the time of designing the present study, a large gap in 

the knowledge had been identified with only a few papers with useful information 

available. Since that time a sizeable number of papers have been published with 

similar objectives to the present study, trying to understand P forms and fractions in 

dung and manure samples with an overall aim of promoting efficient P use and 

environmental protection (Table 3.1). Total P (Pt), total inorganic P (Pi) and total 

organic P (Po) concentrations and bioavailable P, usually measured as P soluble in 

water, were the most common measurements in these studies. Modified soil 

sequential fractionation procedures were frequently used to separate the dung/manure 

P into fractions with various physico-chemical reactivity and related plant availability 

(Barnett, 1994a; 1994b; Turner and Leytem, 2004; McDowell and Stewart, 2005). 

The increased use o f  ̂ 'P nuclear magnetic resonance (NMR) spectroscopy reported in 

the literature has helped increase the knowledge o f Po forms in dung and manures, 

with studies mostly focusing on fundamental characterisation o f Po forms in these 

substrates (Hansen et al., 2004; Turner and Leytem, 2004; McDowell and Stewart, 

2005) combined with more applied studies such as detailed examinations o f myo- 

inositol hexakisphosphate and the use o f phytase in diet manipulation experiments 

(Leytem et al., 2004; Turner, 2004). A number of studies have also attempted to

31improve P NMR spectroscopy as a method for examining Po in dung and manure 

(Crouse et al., 2000; Turner, 2004).

72



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

3.2.2. Phosphorus forms and fractions in dung and manures

It is important to define what is meant by the terms “dung” and “manure” when

examining the P contents o f  these substrates in the literature. Toor et al. (2005a) tried 

to establish a link between P forms in dairy diets, dung and manure, and the 

importance of defining what is meant as dung and manure was highlighted in their 

results. In the current study, dung has been defined as the fresh excreta (faeces) 

recently voided by the grazing animal unaltered in its composition by materials such 

as straw bedding, urine, soil or water. The principal difference therefore between 

dung and manure is the presence of low-P materials such as urine, straw bedding, soil 

and water in the manure which result in significantly diluted P concentrations in the 

manure. Lower concentrations of photic acid, phospholipids, and DNA measured in 

manures relative to the dung showed that these compounds had been degraded during 

the manure storage process, resulting in enrichment of the manure with inorganic 

orthophosphate (Toor et al., 2005a).

The number of studies examining P forms and fractions in dung specifically, and the 

quantities of these forms and fractions, are outlined in Table 3.2. Most of the analyses 

were carried out on dried dung samples with only one study examining fresh dung as 

collected in the field. Table 3.3 summarises the information collected in these studies 

giving means, standard error, range and the number of results upon which these 

statistics were calculated.
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Table 3.2: Results published in studies examining phosphorus forms and fractions in fresh and dry dung samples described 
in Table 1 which summarises relevant literature.

McDowell McDowell Barnett Barnett Barnett Turner Toor et at. Toor et aL Turner Toor et at.
and and (1994a) (1994a) (1994a) and (2005c) (2005c) (2004) (2005a)

Stewart Stewart Leytem
(2005) (2005) (2004)

Animal type
Dairy
cows

Dairy
cows

Dairy
cows

Beef cattle 
(feeder)

Beef cattle 
(finisher)

Beef cattle 
(pasture 

fed)

Dairy 
cows (low 

P diet)

Dairy 
cov\s 

(high P 
diet)

Beef cattle 
(pasture 

fed)

Dairy
cows

Dung preparation fresh Dry dry Dry DO' dry dry dry dry dry

Pt 5500 5500 9300 6700 6700 15953 7600 10600 4940 7800
mg kg'' Total Pi

Po
5878
3422

3156
3544

3236
3464

Water Pt 2010 1030 537 478 487
mg kg extract

able
Pi
Po

1692
318

666
364

NaOH-
EDTA

Pt 3151 2615 1620 3952 7644
mg kg ' Pi

Po
2237
914

2098
517

Pi 2307 2187 620 2730 4739
3 l p Monoester P 599 319 648 640 2041

mg kg '
NMR Diester P 157 188 440 703

Pyrophospahte
Pojyjihosghate

71
17

108 165 160
230

107
76

NaHC
O 3

Pt 1982 1245 2116
mg kg ' Pi 1817 1113

Po 165 132
Pt 954 883 952 1581

mg kg ’ NaOH Pi
Po

612
342

643
240

mg kg ' HCI 208 654 311 3112
mg kg ' Residual P 431 1682 2576 2479 2734
mg kg ' Acid-soluble Po 725 931 596
mg kg ' Lipid P 130 141 127



Table 3.3: Sum m ary statistics o f results in studies exam ining fresh and dry dung sam ples described in Tables 3.1 and 3.2 
which sum m arise the relevant literature.

Mean
Standard

error
Median Range M inimum M aximum n

Pt 8059 1039 7150 11013 4940 15953 10
mg k g ' Total Pi 4090 894 3236 2722 3156 5878 3

Po 3477 36 3464 122 3422 3544 3
Pt 908 294 537 1532 478 2010 5

mg kg'' W ater
extractable

Pi 1 179 513 1 179 1026 666 1692 2
Po 341 23 341 46 318 364 2
Pt 3796 1034 3151 6024 1620 7644 5

mg kg"' NaO H -
Pi 2168 70 2168 139 2098 2237 2

t L L f  1 A
Po 716 199 716 397 517 914 2
Pi 2517 661 2307 4119 620 4739 5

M onoester P 849 304 640 1722 319 2041 5
mg kg"' ^'P-NMR Diester P 372 127 314 546 157 703 4

Pyrophosphate 122 18 108 94 71 165 5
Polyphosphate 108 63 76 213 17 230 3

Pt 1781 271 1982 871 1245 2116 3
mg k g ' NaH CO j Pi 1465 352 1465 704 1113 1817 2

Po 149 17 149 33 132 165 2
Pt 1092 164 953 698 883 1581 4

mg kg"' NaOH Pi 628 16 628 31 612 643 2
Po 291 51 291 102 240 342 2

mg k g ' HCl 1071 687 483 2904 208 3112 4
mg k g ' Residual P 1980 428 2479 2303 431 2734 5
mg kg'' Acid-soluble Po 751 98 725 335 596 931 3
mg kg"' Lipid P 133 4 130 13 127 141 3
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Table 3.3 shows that total P contents in dung tend to range from approxim ately 5000 

to 16000 mg k g ''. The inorganic P forms are very important in dung samples, 

dom inating total, water soluble, NaOH-EDTA, NaHCOs and NaOH extracted 

fractions (Table 3.3). Inorganic forms in dung and manures identified include 

hydroxylapatite, octacalcium  phosphates, dicalcium  phosphate (Gunary, 1968; 

W hitehead, 2000; Frossard et al., 2002; Toor et al., 2005b). The organic fractions in 

som e dung sam ples accounted for up to 45%  o f Ft in the sam ples (Tables 2 and 3), 

dom inated by orthophosphate m onoesters with mean m onoester to diester P ratio o f  6 

o f  1. Barrow and Lam bourne (1962) proposed a simple model to describe the changes 

in the proportions o f  Pi to Po depending on the concentration o f  P in the diet (Figure 

3.1).

0.45
 Total P in dung

-  -  Organic P In dung
0.4

0.35

0.3

0.25

0.2

Q .

0.05

0 0.05 0.1 0.25 0.3 0.35 0.40.15 0.2
Phosphorus in feed (%)

Figure 3.1: Model relationship between phosphorus in the diet (pasture) and the 
excreta o f the grazing animal (redrawn from Barrow and Lambourne, 1962).
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They showed that the Po content o f the dung was found to average about 0.06 g per 

100 g o f feed eaten. For a feed concentration higher than this, the excess would be 

excreted as Pi, mainly dicalcium phosphate (Barrow, 1975). Thus, for a feed with 

0.24% P, 75% o f  the P in the dung would be in inorganic from. Overall, the higher 

the P concentration the higher the proportion Pi in the dung (Bromfield, 1960).

A number o f studies describe differences in the quantities o f P forms and fractions 

measured depending on how the sample was prepared for analysis, field fresh or 

drying (air, oven, or freeze drying). Ajiboye et al. (2004) showed that water soluble 

Po was transformed into water soluble Pi after oven-drying (105 °C) the pig manure 

samples, indicating that the Po fractions had been hydrolysed into Pi fractions, 

facilitated by the high water content of the manure. While transformations in their pig 

manure were restricted to just water soluble fractions, in the dairy cow manure 

samples, oven-drying transformed the NaHCOs extractable P into water soluble Pi. In 

a study in New Zealand, air-drying the dung samples at 25 “C resulted in the P 

concentration in the more recalcitrant HCl and residual P fractions increasing 

(McDowell and Stewart, 2005). Unlike the study by Ajiboye et al. (2004), no 

significant effect was found in the Po fractions, except in the NaOH extractable Po, 

which decreased. This difference between the two studies was accounted for by the 

differences in temperature at which the samples were dried.

Leytem et al. (2004) provided evidence for transformations o f dietary P via 

hydrolysis, occurring in the animal. Their study showed that a diet for pigs high in
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/wjo-inositol hexakisphosphate (55%) resulted in manures with only trace amounts of 

w>'o-inositol hexakisphosphate identified in NaOH-EDTA extracts. They concluded 

that w>^o-inositol hexakisphosphate is hydrolysed in the pigs’ hind gut by intestinal 

microflora before being excreted in faeces, even though the animals had little phytase 

activity in the gut and derive little nutritional value from phytate P. Similar microbial 

processes may operate in the digestive systems of grazing animals, accounting for the 

high Pi content o f dung which results from high Po diets.

3.2.3. Chemical forms of P in herbage (the diet)

The diet o f the grazing animal is often dominated by herbage for most of the year in 

Ireland. Most o f the P in herbage is present in organic compounds, although a little 

occurs in inorganic phosphate ions (Whitehead, 2000). The organic compounds 

consist o f phosphate esters including ADP and ATP, nucleic acids and phospholipids. 

A small proportion appears to be bound to cell-wall material (Whitehead et al., 1985). 

In seeds o f grassland species (and not in vegetative herbage), an appreciable 

proportion o f the total P is present as phytic acid or its Ca or Mg salts (Whitehead, 

2000). Usually, 70-90% of the P in herbage o f grasses and legumes is soluble in water 

(Whitehead et al., 1985; Ignjatovic et al., 2004), with the proportion increasing within 

this range as the total P concentration increases (Gillingham et al., 1980).

3.2.4. Diet manipulation

A strong link between dietary P, P excreted in the dung and its subsequent storage as 

manures has been well established (Leytem et al., 2004, Toor et al., 2005a), with
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many strategies being developed to reduce P in animal diets. Such strategies include 

reducing the amount of mineral P supplemented or using forages, grains, and by

products with lower P concentrations, or the addition o f phytase to more efficiently 

use organic P forms often dominating seeds and grains (Valk et al., 2000; Hainze et 

al., 2004; Leytem et al., 2004; Angel et al., 2005; Maguire et al., 2005; Toor et al., 

2005b; Toor et al., 2005c).

For example, one strategy aims to reduce wyo-inositol hexakisphosphate in animal 

feedstuffs. The environmental benefits o f these strategies are less conclusive as they 

assume that a reduction in total dung or manure P leads to a reduction in P that may 

be lost to water, but changes in the P composition o f the manure may induce the 

opposite effect. In particular, the strong fixation o f w>^o-inositol hexakisphosphate in 

soil prevents it being leached in soluble form, so it would be expected that P in dung 

and manures containing large quantities o f wjo-inositol hexakisphosphate would be 

relatively immobile compared with those containing mainly phosphate. This means 

that land application o f manures containing phytase or mutant grain varieties could 

increase P mobility in the soil and facilitate its transfer to waterbodies (Leytem et al., 

2004; Turner, 2004; Turner, 2005).

An alternative hypothesis is that wjo-inositol hexakisphosphate can displace 

phosphate from binding sites and reduce the potential for further additions o f P to be 

sorbed in the soil. Therefore, a reduction in /w>’o-inositol hexakisphosphate in dung
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and manures could reduce P solubility by minimising the occupation o f binding sites 

(Turner, 2005).

In a study by Leytem et al. (2004) examining manures from pigs fed both normal and 

low-phytate grains, they concluded that the P in the manures was composed primarily 

o f Pi, but there was less excreted from animals fed a diet containing low-phytate 

grains and therefore less risk o f P losses from these manures. They suggested that 

dietary manipulation did not influence the P composition o f their manure samples, 

only giving the benefits o f a reduction in Pt as a result of feeding low-phytate grains, 

which is unlikely to be compromised by greater solubility in the manure.

3.2.5. Linking diets and dung (manures) to water quality

Recently, many studies and reviews have highlighted strong relationships between

dietary P, P excretion and P loss to water (Withers and Jarvis, 1998; Valk et al., 2000; 

Ebeling et a l ,  2002; Smith et al., 2004; Toor et al., 2005c), with reductions in dietary 

P of the animals suggested as a possible mitigation option for diffuse P loss to water. 

Smith et al. (2004) examined the effects o f dietary modification (phytase inclusion) 

and aluminium chloride (AICI3 ) manure amendments on reducing P in swine manure 

and subsequently in runoff. Phytase inclusion and AICI3 reduced manure soluble 

reactive P (SRP) by 17 and 73%, respectively. The use o f both treatments together 

reduced manure SRP from 178 to 28 mg P f ' .  Phosphorus losses in runoff in the plots 

with AICI3 amended manure decreased by 53% (from 5.7 to 2.6 mg P I''). The use of 

both treatments together resulted in larger reduction in P lost to water than if either
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treatment was used without the benefit o f the other. Ebeling et al. (2002) concluded 

that P concentrations in dairy diets influenced the forms and amounts o f P in manure. 

They showed that when manures from dairy cows fed different dietary P levels were 

land-applied, a high P diet manure contributes more P to runoff than a low P diet 

manure (dissolved reactive P (DRP) concentration was ten times higher at the same 

manure rate), in both simulated and natural runoff. This effect was seen even when 

the manures were applied at the same P rate for both high and low diets, with DRP 

losses four times higher from the high P diet. Although dietary manipulation might be 

a useful option to mitigate against P losses to water, whole farm system studies have 

illustrated the potential environmental benefits o f more closely monitored imports of 

purchased feeds and fertilisers onto the farm (Withers and Jarvis, 1998; Valk et a l ,  

2000; Toor et al., 2005c).

3.2.6. Fertiliser phosphorus and the phosphorus cycle

It was hypothesised that the amount o f fertiliser P applied to the soil will influence 

the amounts and forms o f P moving through the soil-plant-animal system, specifically 

in the dung deposited by the grazing animal. Rowarth et al. (1988) carried out a study 

in the hill country o f New Zealand, looking at the effect o f season and fertiliser rate 

on the P concentrations in grassland herbage and sheep dung. They showed that 

fertiliser rate (10, 20, 30, 50, 100 kg superphosphate ha''), had a significantly positive 

effect on herbage and dung P concentrations. A linear relationship (similar to Barrow 

and Lambourne, 1962) o f y = 3.19x -  0.09 (r = 0.94; P< 0.01), where y = dung P 

concentration and x = mean herbage P concentration, was described. The link
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between P fertiliser applications and concentrations o f  P in soils, herbage and dung is 

clear, but the effect on the P forms and fractions still rem ains uncertain.

3.2.7. Objectives of this study

In C hapter 2 the P forms and fractions in a grassland soil were identified and 

quantified, the largest pool o f  P in the grazed grassland system. The results presented 

in the current chapter will build on this information, and aim to identify and quantify 

the P forms and fractions in the dynamic P pool o f  dung. Dung plays an important 

role returning much o f  the nutrients back to the soil via the grassland vegetation and 

the grazing animal.

At the time o f  designing this experim ent, little inform ation was available in the 

literature on P forms and fractions in fresh dung. Only one o f the many studies 

published since then have characterised fresh dung collected from cattle feeding on a 

grassland herbage dom inated diet. No studies to date have exam ined the effect o f  P 

fertiliser application rates on P forms and fractions in fresh cattle dung. The 

objectives o f  this study were:

• to characterise P forms and fractions in fresh dung collected from grazing 

cattle.

• to exam ine differences in these P forms and fractions in dung from cattle 

grazing grasslands with different P fertiliser application treatm ents.
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3.3. Materials and methods

3.3.1. Experimental site and management

The study site, the Cowlands, was located at Teagasc Environmental Research 

Centre, Johnstown Castle, Wexford, Ireland (302404/116584 UTM) at an altitude of 

60-70 m above sea level. Annual rainfall during the 2004 was 884 mm with a mean 

daily temperature o f 11.1 “C (mean maximum and mean minimum o f 13.8 and 8.5 “C, 

respectively) as measured at the meteorological station at Rosslare as the dataset 

collected at the Johnstown Castle meteorological station was incomplete. The 

Rosslare station is approximately 8 km from Johnstown Castle and has a stronger 

maritime influence. The soil has a sandy loam texture and is classified as a gley 

(Kurz, 2002). The FAO (Food and Agriculture Organisation o f the DIM) classify the 

soil as a humic gleysol. Soil test P (Morgan’s P) concentrations ranged from 3.2 to 

17.6 mg l ' and herbage P concentrations ranged from 0.29 to 0.46 %. A mean soil pH 

level o f 6.2 was measured. The grassland botanical composition consisted o f a 

mixture o f Lolium perenne  L., Agrostis spp. L. and Poa trivialis L. with other species 

found in lower abundance. Botanical composition was shown to be strongly 

influenced by P management. The site is described in more detail by Culleton el al. 

(2000). Details o f  fertiliser applications for 2004 are provided in Table 3.4.
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Table 3.4: Site management details for the Cowlands including nitrogen and 
potassium fertiliser applications, and phosphorus specific fertiliser applications 
during the grazing season of 2004. Turnout of cattle happened on the 8*’’ o f April 
in 2004.

Dates
Fertiliser information

Type Rates (kg element ha ')

16-Feb-04 Urea 28

1-M ar-04 K 62

20-Feb-04 P According to treatm ents 1 to 
6 described in Table 3.5

2-Apr-04 Urea 57

6-M ay-04 CAN 50

28-M ay-04 CAN 50

22-Jun-04 CAN 33

16-Jul-04 CAN 33

19-Aug-04 CAN 33

The Cow lands was managed in rotational beef grazing systems at estim ated stocking

rates o f  2 LU ha ''. This means that the fields were grazed at intervals o f

approxim ately three to four weeks from April to October/Novem ber.

3.3.2. Experimental design

The P com position o f  fresh dung sam ples was characterised using ^ 'P  nuclear 

m agnetic resonance (NM R) spectroscopy and traditional wet chem istry methods. 

Fresh dung sam ples were collected from beef cattle grazing grassland plots receiving 

P fertiliser applied at a range o f rates at the Cowlands site in July 2004. A long-term  

grazing (b eef production) and P cycling experim ent was initiated in the Cow lands in 

1968, initially applying P fertiliser to thirty six 0.5 hectare grassland plots at three
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treatment rates {i.e. 12 plots per treatment), 0, 15 and 30 kg ha'' yr'' (Culleton et al., 

2000). The annual application was made in the spring and was spread on top o f the 

soil. The grazing animals in each treatment were rotationally grazed around six 

paddocks, with 18-24 day rest intervals. These beef cattle were all approximately the 

same age and breed. Stocking rates were progressively reduced as grass growth 

declined as the year progressed. During the lifetime o f this long-term experiment live- 

weight gain (beef production), herbage P, soil P, P loss to water, P chemistry and 

botanical composition, have been measured as part a large P research programme 

(Culleton et al., 2000; Kurz et al., 2005; Doody et al., 2006; Daly et al., 2001).

In 1998, changes were made to half o f the plots in each o f the original three 

treatments. Table 3.5 describes the six P fertiliser treatments in place at the time of 

the current study in the Cowlands, (1) to 30, (2) 30 to 0, (3) 15 to 15, (4) 15 to 5, 

(5) 0 to 0, and (6) 0 to 30, with the first value of each treatment representing the 

amount o f P in the fertiliser (kg ha'' y r '')  applied between 1968 and 1998, and the 

second value representing the amount o f P in the fertiliser (kg ha"' yr ') applied 

between 1998 and 2004.
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T able 3.5: A description o f the phosphorus fertiliser treatm ents in the Cowlands 
experim ent.

Treatm ent
No.

Treatm ent (abbreviation in parenthesis)

1 Zero P since 1968 (0 to 0)

2 15 kg P ha'' yr ' since 1968 (15 to 15)

3 30 kg P h a '‘ yr ' since 1968 (30 to 30)

4 Zero P between 1968-1998; 30 kg P ha'' y r '' since 1998 (0 to 30)

5 15 kg P ha ' y r '' between 1968-1998; 5 kg P ha '' y r '' since 1998 (15 to 5)

6 30 kg P ha'' y r '' between 1968-1998; Zero P since 1998 (30 to 0)

The total P (Pt), inorganic P (Pi), organic P (Po) and water extractable P (Pw) 

fractions o f  the dung were measured. The Pw fractions included total dissolved P 

(TDP) and dissolved reactive P (DRP) with dissolved unreactive P (DUP) calculated 

as the difference between the first two fractions (TD P-D RP=DU P). NaO H-ED TA 

extractable P was also measured, Pt, Pi and Po in NaO H -ED TA  extracts. The N aO H- 

EDTA extracts were also used to characterise the Po forms using solution state ^'P  

NM R spectroscopy. O ther dung properties and nutrients measured included organic 

m atter (OM ), m oisture content, dry m atter content, organic carbon (C), total nitrogen 

(N), total magnesium  (M g), and total potassium (K).

3.3.3. Sam pling, storage and preparation

Five fresh dung sam ples were collected from the grazing cattle associated with each 

o f  the six P fertiliser treatm ents o f  the Cowlands experim ent in July 2004. The 30 

dung sam ples were then returned to the lab, where they were either stored at 4 °C  or 

air dried at room tem perature until required for analysis. Herbage sam ples (one
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sample in each o f  the 6 replicate plots per treatm ent) were collected using a battery 

operated hand cutters (Accu 6), using a stratified random  system  o f  sampling, 

walking from com er to corner across the plots taking a grab sam ple every 10 metres. 

The sam ples were stored in a cold room at 4 “C until dried in an oven at 40 “C. The 

dried sam ples w ere then m illed and stored in plastic contained until nutrient analysis. 

Soils were sam pled from the grassland plots containing the six P fertiliser treatments 

and analysed according to the protocols outlined in Chapters 2 and 5.

3.3.4. Dung analyses

The nutrients in the dung-pat, Pt, N, Mg, and K were m easured on hom ogenised wet 

dung sam ples after digestion in a mixture o f concentrate H2SO4, H2O2 and selenium 

(catalyst) at 370 °C for 90 minutes in Gerhardt block digester according to the method 

o f  Pinevich (1959). Total P and N in the dung were read colorim etrically on a 

Burhard Series 2000 Autoanalyser. Total Mg and K in the dung were read in an 

atomic absorption spectrom eter, SpectrAA-400. Dung dry m atter and moisture 

content w ere determ ined by weighing 20 g o f  field fresh soil into a beaker, drying it 

at 105 “C overnight and re-weighing to calculate percentage dry m atter and soil 

moisture content. An in-house control slurry sample (renewed annually) and a 

certified BCR reference Rye Grass No. 281 sample were used as part o f the analysis 

quality control. Dung Pi was measured using a m odified total inorganic P method for 

soils, using 0.5 M H2SO4 as the extracting solution as described by W alker and 

Adams (1958). A CH EM -LA B  flow analyser was used to measure the Pi in the 

solution. Dung Po was calculated as the difference between Pt and Pi as described.
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Water extractable P (Pw) fractions (TDP, DRP, DUP) were measured according to 

the method described by Pierzynski (2000). This procedure for determining water 

extractable P in dung is a modification o f a method used to determine water 

extractable P in soils (Pierzynski, 2000). Twenty g o f fresh manure was placed into a 

250 ml centrifuge tube with 200 ml o f distilled water. A large sample was 

homogenised to obtain a good representation o f the dung sample. The sample was 

then put on an end-over-end shaker for two hours. On removal the sample was 

centrifuged for 20 minutes. The solution was filtered first through a glass fibre filter 

paper and then through a 0.45 jxm membrane filter due to extreme difficulty in 

filtering the thick extracts. The filtered solution was then acidified to a pH of 2.0 with 

HCl to prevent precipitation o f phosphate compounds. The samples were analyzed 

immediately. The samples were divided in half and measured for TDP and DRP, with 

the difference DUP. Total dissolved P was measured by digesting and analysing 

according to an autoclave method described by Ebina et al. (1983). An automated 

version o f the ascorbic method described by Murphy and Riley (1962) was used to 

measure DRP levels. Organic matter was measured by loss on ignition o f an oven- 

dried dung sample. Dung C and N were measured using a LECO CN-2000 Dry 

Combustion Analyzer according to the method of Wright and Bailey (2001). Wet

31
chemistry on NaOH-EDTA and P NMR on NaOH-EDTA extracts was carried out 

according to the method described by Turner et al. (2003a). The P was extracted from 

dung in 0.25 M NaOH and 0.05 M EDTA solution for 16 hours at 20‘’C. The extracts 

were then filtered and freeze-dried over an 8-day period. Inorganic orthophosphate 

was determined in diluted extracts (1:100) by molybdate colorimetry and flow
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injection analysis. Extracts were diluted to avoid interference from EDTA during 

colorimetric analysis. Total P was measured by digesting and analysing according to 

an autoclave method described by Ebina et al. (1983). An automated version o f  the 

ascorbic method described by Murphy and Riley (1962) was used to measure reactive 

P levels. Unreactive (organic) P was calculated as the difference between total and 

reactive P. Freeze-dried NaOH-EDTA extracts were re-dissolved in 1ml o f  1 M 

NaOH and 0. imi D2O (for signal lock) and transferred to 7 mm NMR tubes. Solution 

^'P NMR spectra were obtained using Bruker Avance DPX 400 NMR and analysed 

using WIN NMR 5.0.

The nutrients in the herbage, total P, N, Mg, K, Ca, Mn and Na were measured on 

0.54 g o f  the oven dried and milled herbage sample after digestion in a mixture o f  

concentrated H2SO4, H2O2 and selenium (catalyst) at 370 “C for 90 minutes in a 

Gerhardt block digester according to the method o f  Pinevich (1959). Total P and N in 

the herbage were read colorimetricaliy on a Burhard Series 2000 Autoanalyser. Total 

Mg, K, Ca, Mn and Na in the herbage were read in an atomic absorption 

spectrometer, SpectrAA-400. Soil analyses (Morgan’s P, available K, available Mg) 

were measured according to those outlined in Chapters 2 and 5.

3.3.5. Statistical analyses

Statistical analysis was carried out using MS Excel and SPSS (v 12.0.1). Summary 

statistics for all data were calculated including means, standard error o f  the mean and 

the range. All data are presented as means and associated standard errors. One-way
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analysis o f  variance (ANOVA) was used to test for differences in the sample means 

o f  the dung properties in the six P fertiliser treatments. Data were continuous, 

approxim ately norm ally distributed and the variances o f each trial were hom ogenous. 

The null hypothesis being tested was that each P fertiliser treatm ent had the same 

m ean, i.e. the variation within the treatm ents was the same as the variation between 

the treatm ents. Two post hoc tests, the least significant difference (LSD) test and the 

Student-N ew m an-K euls (SNK) test, were used to further investigate the differences 

between individual treatments. The Student-Newm an-Keuls test was used to identify 

hom ogeneous subsets. Simple correlation coefficients (Pearson product-m om ent) 

were used to investigate the relationships between dung properties. The significance 

associated with all tests are denoted by the sym bols *, ** and *** for significance 

levels P  < 0.05, P< 0.01 and P< 0.001, respectively.

3.4. Results

3.4.1. Soil and herbage nutrient concentrations

Mean soil available nutrient concentrations from the grassland plots in each o f  the six 

P fertiliser treatm ents are displayed in Table 3.6. M organ’s P concentrations ranged 

from 2.7 m g f '  in one o f  the replicate 0 to 0 plots to 24.2 mg l '  in one o f  the replicate 

30 to 30 plots, reflecting the P inputs since 1968. A significant P fertiliser treatm ent 

effect w as shown in Pm concentrations (P<0.001) (Table 3.6).
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Table 3.6; Mean soil nutrient concentrations for the plots within the six 
phosphorus fertiliser treatments in the Cowlands collected in November 2004. 
(Standard errors in parenthesis, n = 6).

Treatment (P M organ’s P ’ Available K * Available Mg '
fertiliser) mg r'

0 to 0 3.2 (0.25)" 169.2(12.16)" 196.5 (16.69)"
0 to 30 5.3 (0.44) 190.8(25.15)" 249.8 (14.78)^
15 to 15 5.8(0.54) 165.3 (15.22)" 338.7 (14.35)"
15 to 5 6.4 (0.56)*’ 179.8(13.01)" 329.5 (13.31)"

30 to 30 17.6(1.51)*^ 173.5 (14.41)" 353.8(17.44)"
30 to 0 11.5 (0 .91)‘̂ 155.5 (33.45)" 377.67 (9.25)"

Significance 
“ 1"“;— ~T"— -T - r r —

* * * n.s.^ * * *

' phosphorus fertiliser treatments within columns with different superscripts (a, b, c, 
d) for each soil nutrient are significantly different aiP < 0.05.
 ̂significance levels o f differences found between the six P fertiliser treatments using

One-Way ANOVA: * = P<  0.05, ** = />< 0.01, ***=  P  < 0.001.
 ̂n.s. = no statistically significant differences.

These differences were shown between the 0 to 0, 30 to 30 and 30 to 0 plots. For 

example, a significant decrease in Pm concentration (c. 35%) in the 30-0 plots had 

occurred since the change in P fertiliser treatment in 1998. No P fertiliser treatment 

effect was found for the available K in the soil. A significant treatment effect was 

found for soil available magnesium (/’<0.001), with significant differences shown 

between the 0 to 0, 0 to 30 and 30 to 0 plots. Concentrations ranged from 77 to 300 

mg r ' and 147 to 410 mg f '  for K and Mg, respectively. The lowest concentrations 

were found in the 0 to 0 plots in each case, reflecting the overall lower productivity in 

these plots.

The nutrient concentration o f the herbage was very important as the herbage formed 

the sole content o f the animals’ diet in this experiment. No significant treatment 

effects were found for the N, K, Mg, Na, Ca, and Mn contents o f the herbage
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samples. Equal am ounts N and K (artificial fertilisers) were applied to all plots during 

2004 (Table 3.7).

Table 3.7: M ean herbage nutrient concentrations (% ) from the plots within the 
six phosphorus fertiliser treatm ents in the Cowlands collected in July 2004. 
(Standard errors in parenthesis, n = 7).

Treatm ent 
(P fertiliser)

N' P' K' Mg' Na' Ca' M n'

% mg kg '
0 to 0 3.8 0.29 3.88 0.38 0.19 0.79 219.8

(0.08)" (0.04)" (0.68)" (0.08)" (0.06)" (0.22)" (40.7)"

0 to 30 4.0 0.33 3.66 0.42 0.26 0.78 185.4
(0.07)" (0.04)"*’ (0.21)" (0.03)" (0.04)" (0.07)" (20.2)"

15 to 15 3.9 0.43 3.82 0.47 0.32 0.80 168.3
(0.01)" (0.02)^’ (0.3)" (0.03)" (0.02)" (0.06)" (22.7)"

15 to 5 4.1 0.39 3.85 0.42 0.20 0.75 173.9
(0.18)" (0.03)"'’ (0.23)" (0.03)" (0.04)" (0.05)" (26.8)"

30 to 30 3.9 0.46 3.56 0.48 0.31 0.91 158.1
(0.18)" (0.03)” (0.56)" (0.06)" (0.04)" (0.08)" (18.1)"

30 to 0 4.4 0.44 3.50 0.40 0.22 0.78 145.4
(0.12)" (0.01)” (0.2)" (0.02)" (0.03)" (0.05)" (21.7)"

Significance^ 
“ 1"“ ;------ ;--------

n.s.^ n.s. n.s. n.s. n.s. n.s.

d) for each herbage nutrient are significantly different at f  < 0.05.
 ̂significance levels o f  differences found between the six P fertiliser treatm ents using 

One-W ay ANOVA: * = P <  0.05, ** = p  = P < 0.001.
^n.s. = no statistically significant differences.

This is consistent with other studies which showed that P fertiliser had no influence 

on herbage K, Na, Ca and Mg concentrations (W hitehead, 2000). On the other hand, 

the P herbage concentrations demonstrated significant differences between the six P 

fertiliser treatm ents ( /’< 0 .0 I). For example, the P concentrations o f  the herbage in the 

30 to 30, 30 to 0 and the 15 to 15 plots were all significantly higher (between 33 and 

35%  higher) than the P concentrations o f  the herbage in 0 to 0 plots (Table 3.7). The
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0 to 30 and 15 to 5 plots were not significantly different from the other four plots 

(Table 3.7).

3.4.2. Dung properties

Table 3.8 outlines the summary statistics o f all dung properties measured in the 

current study based on all the dung samples collected from the six P fertiliser 

treatments. A more detailed examination of the non P dung properties follows in 

Table 3.9, with the specific details of the P forms and fractions in the dung to follow.

Table 3.9 shows the mean values for N, Mg and K, OM, C and DM of the dung 

samples for each P fertiliser treatment. Significant treatment effects were found in the 

one-way ANOVAs o f  the N, C and K concentrations (P<0.001) and the OM 

concentrations (/’<0.05) from the six P fertiliser treatments, while no effects were 

found between the treatments for the dry matter and Mg concentrations. The 

relationships between the six P fertiliser treatments and differences in the dung 

properties in Table 3.9 were not consistent, i.e. the differences observed were not 

found for the same treatments in the various dung properties. This suggests that the 

different rates o f P fertiliser affect the non P properties in different ways and that 

more than just the P fertiliser treatments were affecting the differences observed. In 

particular, the 15 to 5 treatment showed low concentrations for N, C and OM, but 

high values for K concentration, compared to the other treatments.
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Table 3.8: Summary statistics for all dung samples taken from the six 
phosphorus fertiliser treatments in the Cowlands in July 2004.

Dung property' Mean Standard
Error Median Min Max N

Pt (mg kg'' wet weight) 968 71 920 296 1730 30
Pt (mg kg'' dry weight) 7789 512 7987 2349 12647 30
Pi (mg kg ') 4089 349 4208 1004 7961 30
Po (mg kg ') 3701 431 3274 790 10028 30
% Po 46.40 3.64 44.87 15.3 79.29 30
Pt(lCP) (mg kg ') 7467 971 7827 3912 9978 6
Pw^ (TDP^)(mg kg ') 1485 115 1309 574 2828 30
Pw (DRP^) (mg kg'') 1270 101 1173 437 2440 30
Pw (DUP^) (mg k g ') 215 25 147 50 520 30
% DUP 14.80 1.36 13.94 3.83 30.85 30
% Pw (TDP) of Pt^ 22.12 1.74 19.70 8.84 45.24 30
% DRP of TDP 85.20 1.36 86.06 69.15 96.17 30
NaOH-EDTA^ Pt (mg kg ') 5397 694 5937 2642 6989 6
NaOH-EDTA Pi (mg k g ') 3600 659 4149 1042 4992 6
NaOH-EDTA Po (mg kg ') 1797 i l l 181 1 1402 2137 6
% NaOH-EDTA Po 36.6 5.6 33.7 21.9 60.6 6
% Recovery* 74.9 8.7 72.2 41.6 98.9 6
TN (%) 2.44 0.05 2.41 1.94 3.10 30
OC (%) 39.07 0.49 39.24 31.54 42.82 30
OM (%) 81.49 0.80 81.61 72.28 92.88 30
K (mg kg'' wet weight) 1931 86 1856 1170 2667 30
Mg (mg kg'' wet weight) 921 48 914 387 1531 30
DM (%)

-T T ,— “TT— ---- r—T-r.——;
12.37 0.39 

■ n ---------;— ;
12.15 8.90 17.90 30

all results with units indicated as mg kg' are calculated based on the dung dry 
weight except where otherwise indicated.
 ̂Pw = water extractable P 
 ̂TDP = total dissolved phosphorus 

'*DRP = dissolved reactive phosphorus (inorganic)
^DUP = dissolved unreactive phosphorus (organic)
^Pt = total phosphorus in dung sample 
’NaOH-EDTA = NaOH-EDTA extractable P 
*% Recovery by NaOH-EDTA extraction of Pt
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Table 3.9: Mean concentrations of non phosphorus nutrients (N, K, M g) and 
properties (C, O M , D M ) of the dung samples from the six phosphorus fertiliser 
treatments in the Cowlands (Standard errors in parenthesis, n = 5).

Treatment 
(P fertiliser)

N' c ' o m ' d m ' K ' M g'

% mg kg ' (wet weight)
0 to 0 2.46 41.23 84.4 11.76 1564 762

(0.12)"- ’̂ (0.65)” (1.1)" (0.71)" (111)" (113)"
0 to 30 2.26 39.19 79.6 12.90 2267 976

(0.06)" (0.72)” (0.9)" (0.86)" (123)”‘= (105)"
15 to 15 2.66 40.79 84.9 12.62 1815 816

(0.12)” (1.19)” (2.9)" (1.24)" ( 117)3,” (123)"
15 to 5 2.31 35.20 77.5 10.78 2373 950

(0.10)" (1.24)" (2.1)" (0.64)" (96)'= (188)"
30 to 30 2.77 39.47 81.1 11.94 1391 1027

(0.07)*’ (0.66)” (1.0)" (0.51)" (110)" (77)"
30 to 0 2.20 38.52 81.4 14.24 2175 996 (66)"

(0.02)" (0.58)” (1-5)" (1.13)" (242)”-"
Significance 

1 —,------ ;-------- ;
* * * * ♦ * * n.s. n.s.'^

d) for each dung phosphorus fraction are significantly different aX P < 0.05. 
^significance levels o f differences found between the six P fertiliser treatments using

* * *  —One-Way ANOV A'. * = P < 0.05, * *  = P  < 0.01, * * *  = p < 0.001. 
 ̂n.s. = no statistically significant differences.

3.4.3. Phosphorus fractions (total, inorganic and organic) in dung

Significant differences were found in Pt concentrations measured in the dung samples

collected from the six P fertiliser treatments (P <0.001) (Table 3.10). In particular 

there were notable differences between the 0 to 0 treatment and all other treatments 

which have received P fertiliser at some time in the recent past. The Pt ranged from 

0.23 to 1.26% (expressed as a % o f dry weight) with a mean value o f 0.78% o f the 

dung sample for all P fertiliser treatments (Table 3.8). The Pt concentration expressed 

as wet weight ranged from 293 to 1730 mg kg'' for all P fertiliser treatments (Table 

3.8). Figure 3.2 shows the significant positive linear relationship between the P 

concentration o f the diet (grassland herbage) o f the grazing animal and the total
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am ount o f P excreted in the dung. The plots receiving the most fertiliser P, had the 

highest soil P concentrations, had the highest P concentrations in the herbage (diet) 

which resulted in the highest P concentrations in the excreted dung.

c. ■'■05
?  0.95
 ̂ 0.85

o
■g 0.75 
£c 0.65

 ̂ 0.55
o 0,45 

£
« 0.35o
a  0.25

0.25 0.30 0.35 0.40 0.45 0.50
Phosphorus content of herbage (%)

Figure 3.2: Relationship between phosphorus in the grassland herbage diet of 
the cattle and the phosphorus content of the freshly deposited dung based on the 
data from the six phosphorus fertiliser treatments in the Cowlands.

Significant differences in Pi and Po fractions were also found between the six P 

fertiliser treatm ents also (P <0.001) (Table 3.10). The 0 to 0 and 30 to 0 plots (no P 

fertiliser) had a mean o f  67%  o f  Pt found in the Po fraction (Table 3.10). The 

opposite trend was shown for all other plots, receiving P fertiliser, with m ost o f  the Pt 

found in the inorganic fraction (mean o f  64%). These results are m ostly consistent 

with the results o f  Barrow and Lam boum e (1962) who proposed a sim ple model to 

describe the changes in the proportions o f  Pi to Po depending on the concentration o f  

P in the diet (Figure 3.1). In the current study the lowest dung Pt results corresponded 

with the lowest herbage P concentrations (r = 0.83) (Figure 3.2). The higher the Pt
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concentration measured, the higher the proportion o f Pi present in the dung. This 

trend is seen very clearly in the six P fertiliser treatments examined. The major 

difference between the data in the current study and that presented by Barrow and 

Lambourne (1962) was to be found in the dung o f those plots that were not receving 

P fertiliser. The herbage in the plots receiving fertiliser P had significantly higher P 

concentrations and this resulted in most o f the P being excreted in the dung in an 

inorganic form. Those animals grazing unfertilised grassland (plots 0 to 0 and 30 to 0) 

excreted dung dominated by Po (72 and 61%, respectively).

Table 3.10: Mean concentrations of phosphorus fractions (total, total inorganic, 
total organic and percentage organic) in dung samples from the six phosphorus 
fertiliser treatments in the Cowlands (Standard errors in parenthesis, n = 5).

Pt' Pt' Pi' Po'
Treatment

(P fertiliser) mg kg ' (wet 
weight) mg kg ' (dry weight)

% Po'

0 to 0 465(89)" 3912 1384 2528 61 (6)"
(607)" (150)" (616)"

0 to 30 825 (27) 6533 4142 2391 35 (6)”
(556)^ (195)*’" (529)"

15 to 15 918 (179) 7070 5190 1880 29 (8)*’
(1011)“’ (1083)" (515)"

15 to 5 1035 (75) 9626 5577 4049 41 (7)^
(528)*’ (529)" (817)"

30 to 30 1156(172) 9617 5526 4091 39 (6)”
(1302)^ (320)" (1011)"

30 to 0 1410(122)" 9978 2712 7266 72 (2)"
(764)*’ (116)"'’ ( 7 7 7 ) b

Significance
I f  ■  ̂ .-I

* * * * * * *  * * * * *

phosphorus fertiliser treatments within columns with different superscripts (a, b, c, 
d) for each dung phosphorus fraction are significantly different a i P < 0.05. 
^significance levels o f differences found between the six P fertiliser treatments using
One-Way ANOVA: * = P <  0 .05, ** = />< 0 .01 , *** = />< 0 .001 .
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These results importantly show how quickly the P cycle changes as with changes in 

fertiliser management, with the fertiliser applications changing in half the grassland 

plots in the Cowlands in 1998, The 0 to 30 plots also demonstrate this change in P 

fractions as these dung samples are dominated by Pi (65%), having only received 

fertiliser P since 1998 after 30 years without.

3.4.4. Water soluble phosphorus fractions in dung

Two P fractions o f the dung samples extracted in water were measured, total 

dissolved P (TDP) and dissolved reactive P (DRP), and the difference between them 

is dissolved unreactive P (DUP). DRP is predominantly made up o f inorganic 

orthophosphate while DUP is mostly composed of organic fractions but may also 

contain condensed P forms (Shand et al., 1994) and is treated as such in this study.

Table 3.11 shows that there was a significant difference in the Pw fractions between 

the P fertiliser treatments with the 0 to 0 and 30 to 0 treatments having the lowest 

TDP values and the fertilised plots all having significantly higher values {P <0.001). 

A mean value for all treatments o f 1485 mg kg'' was found ranging between 574 and 

2828 mg kg'' (Table 3.8). The percentage o f Pt made up o f TDP ranged between 9 

and 45%, with the highest percentages (c. 30% each) found in the 0 to 0 and 0 to 30 

treatments, the plots which had received least P fertiliser over the previous 36 years. 

Most of the water soluble P was contained within the reactive fraction (77 to 92%) 

(Table 3.11). DUP appeared to have a very similar concentration regardless o f TDP 

concentration (Table 3 .11). This agrees with the model proposed in Figure 3.1. The
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%DUP concentrations appeared to follow similar trends to the Pi and Po relationships 

described in the previous section with increasing DRP concentrations with increasing 

TDP concentrations (Table 3.11).

Table 3.11: Mean concentrations o f water extractable phosphorus fractions 
(TDP, DRP, DUP, %DUP and %TDP o f Pt) in dung samples from the six 
phosphorus fertiliser treatments in the Cowlands (Standard errors in 
parenthesis, n = 5).

Water extractable phosphorus'
Treatment 

(P fertiliser) TDP DRP DUP DUP^
TDP of

Pt3

mg kg ' (dry weight) %
0 to 0 1079(173)'’ 821 (128)" 258 (57)"-'’ 23 (3)" 29 (5)'’

0 to 30 1667 (182)" 1402
(152)"-‘’-"

266 (52)" '’ 16(2)"’'’ 30 (4)'’

15to 15 1248 (175)" 1120 
(180)"'’

128 (23)" 11 (3)" 18(1)"'’

15 to 5 2153 (434)" 1933 (507)" 220 (73)"-^ 11 (6)" 22 (2)"’*’

30 to 30 1986 (389)" 1657
(326)*’’"

328 (74)'’ 17 (2)"’'’ 22 (5)"-'’

30 to 0 1179 (SO)*’ 1083 (83)"'^ 96(14)" 8(1)" 12(1)"

Significance"* * ** * ***

d) for each dung phosphorus fraction are significantly different a i P < 0.05.
^the percentage o f TDP made up o f DUP.
 ̂the percentage o f Pt (total P in the dung) made up o f TDP.
significance levels o f differences found between the six P fertiliser treatments using 

One-Way ANOVA: * = P  < 0.05, ** = P  < 0.01, *** = P  < 0.001.
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3.4.5. NaOH-EDTA extractable P in dung

The mean percent recovery o f dung Pt by NaOH-EDTA extraction in the dung 

samples from the six P fertiliser treatments was 75% (Table 3.12). This is comparable 

with recovery rates o f 78 and 59% found in other manures extracted (Hansen et al., 

2004). Concentrations o f NaOH-EDTA Pt in the dung ranged from 2642 to 6989 mg 

kg'' The percentage Po o f Pt in the NaOH-EDTA extracts followed similar patterns 

to those described in Tables 3.10 and 3 .11, with the highest proportions found in the 

unfertilised plots, in treatments 0 to 0 and 30 to 0, 42 and 61%, respectively. These 

results again followed the model described in Figure 3.1. When a certain 

concentration o f Po was reached, any excess P in the dung was composed o f an 

inorganic P form or fraction. The percentage recovery of Pt made up o f NaOH-EDTA 

extracted Pt was notably lower (42%) in the dung samples from the 30 to 0 plot 

compared to the other treatments (mean of 82%) (Table 3.12).
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Table 3.12: Mean concentrations of NaOH-EDTA extractable Pt, Pi and Po, and 
percentage Po, and percentage recovery (Pt) by NaOH-EDTA extraction of Pt 
(ICP) in the dung samples from the six phosphorus fertiliser treatments in the 
Cowlands (n =1).

Treatment

NaOH-EDTA
rt (IC r)

Pt Pi Po
■ % Po'

%
recovery^

mg kg I

0 to 0 3912 2642 1042 1600 61 68

0 to 30 5643 5479 3456 2023 37 97

15 to 15 7070 6989 4852 2137 31 99

15 to 5 8585 6394 4992 1402 22 74

30 to 30 9617 6725 4842 1883 28 70

30 to 0 9978 4152 2414 1738 42 42

percentage o f Pt (extracted with NaOH-EDTA) made up o f Po (extracted with
NaOH-EDTA)
 ̂percentage o f Pt (measured using ICP) made up of (recovered by) Pt (extracted with 

NaOH-EDTA).

3.4.6. Phosphorus-31 nuclear magnetic resonance spectroscopy

Distribution o f P forms in NaOH-EDTA extracts were calculated from the ^'P NMR

spectra by integration o f the peaks (Figures 3 to 8). Four distinct P compounds were 

detected, inorganic orthophosphate (5 = 6.64 to 6.69 ppm) with a mean of 6.68 ppm, 

orthophosphate monoesters (5 = 5.26 ppm), orthophosphate diesters (5 = -0.85 to 2.33 

ppm), and pyrophosphates (5 = -3.65 to -3.29 ppm) with a mean o f -3.52 ppm. The 

spectral assignments were based on a number o f key studies, which compared spectra 

of model P compounds with spectra o f soils extracted with NaOH-EDTA (Cade- 

Menun, 2005; Makarov, 2002; Newman and Tate, 1980; Turner et al., 2003a; 2003b). 

Phosphonates (normally occurring at 8 = 20 ppm normally) were not detected in the 

dung samples analysed. For all treatments the principal form of extracted P was

1 0 1
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orthophosphate (Table 3.12). Orthophosphate monoesters, pyrophosphate and 

orthophosphate diesters were also present, in decreasing order o f concentration (Table 

3.13). Higher proportions o f orthophosphate monoesters, orthophosphate diesters and 

pyrophosphates were found in the 0 to 0 and 30 to 0 plots as compared with Po 

measured in other treatments (Table 3.13). In these no fertiliser treatments 36% of the 

P as quantified using NMR spectroscopy was organic. No obvious trends were 

revealed in the ratios between orthophosphate monoesters and orthophosphate 

diesters (Table 3.13). The quality of the ^'P NMR spectra was good using the Bruker 

Avance DPX 400 NMR spectrometer. Most studies in recent times use more powerful 

NMR spectrometers obtaining better separation of the orthophosphate monoester and 

diester peaks (e.g. Koopmans el al., 2003; McDowell and Stewart, 2005; Turner, 

2006; Turner et al., 2003a; 2003b). It proved difficult to sub-classify the 

orthophosphate monoester and orthophosphate diester regions o f the spectra for these 

dung samples. The signals obtained for the soil and water samples in Chapters 2 and 

6, respectively, were clearer and more consistent between samples, compared to the 

signals in the spectra in the current chapter.
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Figure 3.3: Phosphorus-31 nuclear magnetic resonance spectra of fresh dung 
collected from grazed plots with the 15 to 5 fertiliser treatment in the Cowlands. 
Inset shows close-up of orthophosphate diester peaks.

(ppm)

Figure 3.4: Phosphorus-31 nuclear magnetic resonance spectra of fresh dung 
collected from grazed plots with the 15 to 15 fertiliser treatment in the 
Cowlands. Inset shows close-up of orthophosphate diester peaks.
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Figure 3.5: Phosphorus-31 nuclear magnetic resonance spectra of fresh dung 
collected from grazed plots with the 30 to 0 fertiliser treatment in the Cowlands. 
Inset shows close-up of orthophosphate diester peaks.

(ppm)

24 22 20 16 16 12 10 8 6 2 0 -2 -6 -8 -10 -1214 4 -4 •14

Figure 3.6: Phosphorus-31 nuclear magnetic resonance spectra of fresh dung 
collected from grazed plots with the 30 to 30 fertiliser treatment in the 
Cowlands. Inset shows close-up of orthophosphate diester peaks.
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Figure 3.7: Phosphorus-31 nuclear magnetic resonance spectra of fresh dung collected 
from grazed plots with the 0 to 30 fertiliser treatment in the Cowlands. Inset shows 
close-up of orthophosphate diester peaks.

(ppm)

(ppm)

Figure 3.8: Phosphorus-31 nuclear magnetic resonance spectra of fresh dung collected 
from grazed plots with the 0 to 0 fertiliser treatment in the Cowlands. Inset shows close- 
up of orthophosphate diester peaks.
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Relationships between phosphorus forms and fractions in soil, herbage and dung

•} I

A comparison of the P NMR results (Table 3.13) with the physico-chemical results in

Tables 3.10 to 3.12 demonstrates the proportion of inorganic and organic P forms was less

•> 1

when quantified using P NMR spectroscopy (Figure 3.9 and Table 3.14). The overall trends 

were very similar but the quantities less. This indicates the hydrolysis of organic forms 

somewhere in the analysis process between traditional physico-chemical analysis of the 

NaOH-EDTA extracts and the ^'P NMR spectroscopy analysed samples.

Table 3.13: Functional classes (spectral assignment in brackets) of P determined in 
NaOH-EDTA extracts of the dung samples from the six phosphorus fertiliser 
treatments in the Cowlands by solution nuclear magnetic resonance spectroscopy (n 
= 1).

^'PNMR

Treatment Pi
{6.64 to 6.69}

P monoester 
{3 to 6}

P diester 
{2 to -2}

P other 
{-3 to -6, 20} M:D'

% of total P extracted with NaOH-EDTA

0 to 0 54.1 35.7 5.4 4.9 6.6

0 to 30 77.5 18.6 1.6 2.3 12.0

15 to 15 74.6 18.7 3.0 3.7 6.3

15 to 5 77.5 17.1 2.3 3.1 7.3

30 to 30 74.6 17.9 3.7 3.7 4.8

30 to 0
1 _

62.9 26.4 4.4 6.3 6.0

1 0 6
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Figure 3.9: Comparison of the concentrations of total inorganic and organic 
phosphorus fractions in whole P extracts (a), NaO H-EDTA extracts (b), and in 
water extracts (c), from the six phosphorus fertiliser treatments in the Cowland.
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Table 3.14: Comparison of Po extracted (total, NaOH-EDTA, ^'P NMR and 
water soluble) from the dung samples from the six phosphorus fertiliser 
treatments in the Cowlands.

Organic phosphorus

Treatment Total NaOH-EDTA ^'P NMR Water soluble

% of total phosphorus extracted

0 to 0 61 61 41 23

0 t o 3 0 35 37 20 16

15 to 15 29 31 22 11

15 to 5 41 22 19 11

30 to 30 39 28 22 17

30 toO 72 42 31 8

Mean* 46 37 26 14

*mean value o f  the mean for the six P fertiliser treatments for each extractant.

The relationships between P fertiliser inputs into the grassland plots, Pm and the total 

P content o f  the herbage are shown in Figures 3.10 to 3.11. It is clear that the total 

quantity o f  P fertiliser (ranging from 0 to 1110 kg ha ')  applied to the grassland plots 

in the Cowlands had a strong positive relationship with the concentration o f  available 

P (Pm) in the soil and the concentration o f  total P in the herbage on these plots. 

However, beyond a certain Pm concentration (c. 7 mg I' ') the rate at which the 

herbage P concentration increases slows down (Figure 3 .1 1).

1 0 8
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Figure 3.10: Relationship between total fertiliser phosphorus inputs into the 
Cowlands grassland plots between 1968 and 2004 and the soil M organ’s 
phosphorus concentration in 2004.
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the total phosphorus content of the herbage in 2004.

Figure 3.13 shows the relationship between total fertiliser P inputs into the Cowlands 

plots since 1968 and the P fractions found in the dung. Total P concentration in the 

dung was found to increase with increasing P fertiliser inputs. However, the 

proportion o f Pt made up o f Po in the dung depended on whether or not the plots had 

been receiving fertiliser P in the last 6 years (Figure 3.14). Much the same trends 

were shown for the relationship between herbage P concentration and the P fractions 

found in the dung (Figure 3.15), with differences in the ratios o f Pi to Po explained by 

whether or not the plots had been receiving fertiliser (Figure 3.16). It might be 

suggested that the P in the diets o f those plots receiving fertiliser was more digestible, 

thereby allowing the Po (orthophosphate monoesters in particular) to be hydrolysed 

more easily (Toor et a l ,  2005a). This may reflect the botanical composition o f the

110



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

herbage in the diet. This also corresponds with the higher percentages o f 

orthophosphate m onoesters found in the dung collected from those plots not receiving 

P fertiliser (Table 3.13). The addition o f Pi and Po to the data shown in Figure 3.2 

dem onstrates that the sim ple model proposed by Barrow and Lam bourne (1962) 

breaks down when P fertiliser is removed from the system, allow ing Po to dominate 

regardless o f  the Pt concentration.
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Figure 3.13: Relationship between total fertiliser phosphorus inputs into the 
Cowlands grassland plots between 1968 and 2004 and the phosphorus fractions 
content o f the dung in 2004.
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3.5. Discussion

3.5.1. Phosphorus cycling

The application  o f  P fertiliser at different rates m ust affect the cycling  o f  P w ith in  the 

grassland system, i f  nothing m ore than by increasing the am oun t o f  P in the system  

from that point in time. In the short term the P fertiliser will typically  en ter  the  soil 

co m ponen t o f  the grassland system, and/ or be taken up by the plant, and/ or  be lost 

from the system  in overland flow. O ver the m edium  term, the applied P will find 

itse lf  being incorporated into the P cycle o f  the grassland system , perhaps m oving  

betw een d ifferent form s in the soil, perhaps being taken up by the plant and being 

incorporated back into the  soil w hen the plant litter senesces and decom poses ,  and 

perhaps it is im m obilised  by the soil microbial populations or in o ther soil biota. O ver 

the long term  in natural o r  semi-natural grasslands {i.e. those not receiving fertilisers 

or  intensive m anagem ent)  the P cycle and its dynam ics will reach a state o f  

equilibrium , with P m ov ing  between the various com ponen ts  o f  the  cycle, depend ing  

on time o f  year  and chang ing  environm ental conditions for exam ple . Inputs and 

losses from  the grassland system  will be minimal, m ain ta in ing  an overall balance. In 

agriculturally  m anaged  grasslands, P fertiliser inputs will m ean  a m ore  dynam ic  and 

therefore less stable P cycle. High inputs into the system potentia lly  m ean  high losses 

from the system. O n -g o in g  changes in the m anagem ent o f  the g rasslands (grazing 

practices, fertiliser types and rates o f  fertiliser application) result in an increasingly  

dynam ic P cycle  over  the short term. The ability to predict P losses to  w a te r  from 

intensive grassland sys tem s becom es ever m ore com plicated , given the  potential 

impact o f  m anagem en t practices on P dynam ics and the  overall interaction with
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environmental conditions such as rainfall and soil moisture, changing on a daily and 

seasonal basis. In the current study, the six P fertiliser treatments had a strong effect 

on the dung P forms and fractions characterised. The application o f different rates o f 

P fertiliser resulted in widely varying soil and herbage P concentrations and this 

resulted in a strong relationships between the P concentrations in the diet and that o f 

the dung excreted by the grazing animals. The effect o f P fertiliser inputs on the 

whole P cycle in these grassland plots was evident and forms the basis for this 

discussion.

3.5.2. Phosphorus fractionation

As was shown in Table 3.1 most o f the recent studies on P in dung and manures have 

involved animals being fed mixed diets, often dominated by feedstuffs (grains and 

cereals), with high and low P concentrations, and often modified using enzymes such 

as phytase. The current study examined fresh dung from grazing beef cattle, with a 

diet consisting only o f grassland herbage. Only one other study in recent times 

(McDowell and Stewart, 2005) have characterised P in fresh dung from cattle on a 

grassland based diet. No other studies were found that characterised dung P from 

different P fertiliser regimes.

The relationship between the P concentration o f the diet and the Pt concentration in 

the dung found in the current study was similar to the results of many others (Barrow 

and Lambourne, 1962; Barrow, 1975; Rowarth et al., 1988; Toor et al., 2005a; Toor 

et al., 2005c). The fertiliser P treatments were clearly affecting the Morgan’s P

1 1 5



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

concentrations in the soil (Table 3.6) and were also shown to affect Pt concentrations 

in a previous study (Culleton et al. 2000). The level o f available P in the soil was also 

reflected by the herbage P concentrations (Tables 3.6 and 3.7) which in turn resulted 

in a positive linear relationship with dung Pt (Figure 3.2). It is evident therefore that 

the application o f P fertiliser increases the concentration o f P in the most dynamic 

components o f the P cycle o f a grazed grassland ecosystem.

The literature reports a range o f Pt values in dung from approximately 5000 to 16000 

mg kg'' (Tables 3.2 and 3.3). The results o f the current study show a maximum value 

consistent with this range (c. 12650 mg kg '') but the minimum Pt value o f the current 

study is a little lower (c. 2349 mg kg'') than previously found in the literature (Table 

3.2 and 3.3). When the dung-pats from all P fertiliser treatments were analysed as a 

single group o f samples, the mean Pi and Po concentrations were approximately 4100 

and 3700 mg kg'', respectively, meaning that just over 45% of Pt was found in the 

organic fractions. However, the large variation due to fertiliser P treatment was 

obvious when the range (c. 15 to 79%) o f Pt found in the organic fraction was 

considered. McDowell and Stewart (2005) showed that a maximum o f 15% o f Pt in 

their dung (both dry and fresh) was found in the organic fraction; while other studies 

have shown much higher proportions o f Po {e.g. 59 and 35% in Zhang et al., 1994; 

Ajiboye et al., 2004; respectively). McDowell and Stewart (2005) concluded that this 

was possibly due to the diet o f the grazing animals, grassland herbage (rye grass 

mostly) in their study compared with grain and mineral supplemented diets in the 

other studies. This conclusion contrasts with the results o f the current study which
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clearly relates the proportion o f  Po in dung to the fertiliser P applications. It is clear 

from the current study that fertiliser P applications rates not only dictate the 

concentrations o f  Pt found in the herbage, dung and soil, but also how much o f  the Pt 

is found in the organic and inorganic fractions.

Although there w as a direct and obvious response in Pt concentrations in the dung, 

the same cannot be said for the forms (inorganic v organic) o f  P found in dung 

samples from the six P fertiliser treatments. There appears to be a "\switch” in P cycle 

dynam ics for these grazed grassland systems determ ined by the rates o f  fertiliser P 

application since 1968. In 1998, changes were made to half the 0 to 0, 15 to 15 and 

30 to 30 plots. Since then, h a lf the 0 to 0 plots have received 30 kg P h a '' y r '',  ha lf the 

15 to 15 plots have only received a 5 kg P ha '' y r'' m aintenance dressing, while half 

the 30 to 30 plots have not received any P fertiliser {i.e. they are now unfertilised). 

Soil and herbage P concentrations have been gradually responding in the intermediate 

years, but more significant changes have occurred in the P forms in the dung 

com ponent o f the P cycle due to the different treatments, in particular, dung from the 

0 to 0 plots was dom inated by Po forms (61%) while dung from the 30 to 30 plots 

was dom inated by Pi (61% ). Dung from the 0 to 30 plots is now dom inated by Pi 

(65% ) after receiving 30 kg P ha '' y r '' since 1998. Dung from 30 to 0 is now 

behaving more like the 0 to 0 plots, dominated by Po forms (72% ), while dung from 

the 0 to 30 plots is now behaving like the 30 to 30 plots (Table 3.10).
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Differences in the botanical composition and age o f the diet could be partly 

responsible for the differences in the P forms. The supply o f P has been identified as 

the predominant mineral nutrient limiting production in grasslands (Jeffrey, 2003). 

Many studies have shown the important role that soil P plays in the ecology of 

species diverse grasslands with lower concentrations required for higher diversity 

(Critchley, 2002; Jeffrey, 2003). The changing nutrient status was reflected in 

changing patterns o f botanical composition in the plots o f the six P fertiliser 

treatments (Culleton ei al. 2000; unpublished data o f King-Salter, 2006). These 

changes in grassland community structure had begun after just six years, when 

Morgan’s P concentrations are still far from the low concentrations on the 0 to 0 

plots, unfertilised with P since 1968. The 30 to 0 plots had not received fertiliser P in 

six years, apparently sufficient time for less competitive species (e.g. Agrostis tenuis 

L., Poa annua L.) to begin to move into the Lolium perenne (L.) dominated swards. 

This compares well with the results o f McDowell and Stewart (2005) which show 

lower proportions o f Po making up Pt in the dung in Lolium perenne  (L.) dominated 

grasslands. These changes in botanical composition and dung P forms may also 

reflect changes in soil P fractions and related soil processes governing P availability 

(to plants and soil microorganisms) within the six P fertiliser treatments. Soil samples 

analysed for Pt, Pi and Po in 1998 from the three original P fertiliser treatments 

revealed that organic forms and fractions dominated the soil in the unfertilised plots 

(0 to 0) (Culleton et al., 2000). Perhaps detailed analysis o f the major P fractions in 

the soil in 2004 would have revealed that the changes in P fertiliser treatment have 

resulted in changes in soil P forms and fractions. It is hypothesised that the soil in the
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30 to 0 treatment would now have a greater proportion o f Pt made up o f Po, similar to 

the 0 to 0 treatment. This would lead to suggestions that the role o f the biological P 

cycle has greater importance in plots receiving low levels or no fertiliser P (Dalai, 

1977; McGill and Cole, 1981; Harrison, 1985; Harrison, 1987) with potentially a 

greater role o f the Po fraction in the supply o f available P (Sharpley, 1985; Magid and 

Nielsen, 1992; Frossard et al., 2000).

Detailed P fractionation studies using similar extractants to the current study, and 

other extractants not used in this study, show the importance o f understanding the 

availability o f P forms in dung samples. Water extractable P as a percentage o f  dung 

Pt ranged from 12 to 30% across the six P fertiliser treatment in the current study, 

which corresponds to values proposed by Ajiboye e! al. (2004) and He et al. (2004). 

However, no significant differences in the TDP concentration were found between 

the six P fertiliser treatments, mostly because o f the higher variability in this fraction 

compared to the total P fractions. The unfertilised plots had the highest water 

extractable P (TDP) as a percentage o f dung Pt o f the six P fertiliser treatments. The 

water extractable Po fraction (DUP) appears to follow the model proposed by Barrow 

and Lambourne (1962), as when Po reaches a certain concentration, any excess P was 

to be found in the Pi fraction (DRP). This led to a higher percentage Po fraction 

(%DUP) in the unfertilised plots, with lower overall soil and herbage P 

concentrations.
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The water extractable P fractions in the current study do not appear to follow the 

same trends as the total Pi and total Po fractions. The same ""switch’" in the inorganic 

and organic fractions caused by the P fertiliser treatment changes was not as evident 

in the water extractable fraction. Dou et al. (2000) defined water extractable, 

NaHCOs and NaOH extractable P as the labile pools o f P in manure, while the HCl 

and residual P were the most recalcitrant pools of P in manure. NaHCOs and NaOH 

extractable P were thought to be associated with Al and Fe, while HCl extractable P 

was assigned as P associated with Ca. it has also been suggested that as Ca is 

commonly the dominant cation in manure and that Ca-P forms would control 

solubility o f  P in the dung samples (Dou et at., 2000; Sharpley and Moyer, 2000), 

although no relationship was found between Ca content o f the diet (herbage) and the 

relative solubility of the P fractions in the treatments in the present study.

3.5.3. NaOH-EDTA extractable P and ^'P NMR

The samples used to measure Pt, Pi, Po and the water soluble P fractions (TDP, DRP 

and DUP) were fresh and not dried before extraction. Five replicate samples from 

each treatment were composited and air dried (25 °C) for extraction with NaOH- 

EDTA to perform subsequent P analyses. McDowell and Stewart (2005) showed that 

air drying their dung samples resulted in the P concentration in the more recalcitrant 

HCl and residual pools increasing. This would suggest that a certain proportion o f the 

more labile fractions in the samples in the present study were lost to more resistant 

fractions upon drying. This possibly affected the NaOH-EDTA extractable P, 

accounting for some o f the P not extracted (25 % not recovered, mean of six P
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fertiliser treatments) by the extracting solution. Most o f this P extracted with NaOH- 

EDTA is therefore likely to be labile, demonstrating some potential for transfer from 

grassland systems to connected waterbodies (McDowell and Stewart, 2005). The 

lower percentage recovery o f Pt as NaOH-EDTA Ft in the 30 to 0 treatment may 

reflect the availability o f the P forms from these samples, caused by the changes in 

fertiliser P application to these plots. These plots have not received P fertiliser 

applications for six years. The total Po fraction accounts for 72% of the dung, 

suggesting the relatively recalcitrant Po forms may dominate the samples.

Most studies have shown that inorganic orthophosphate dominates dung and manure 

samples, with orthophosphate monoesters the next most abundant P compound 

(Barnett, 1994a; 1994b; Hansen et al., 2004; Leytem et al., 2004; Turner, 2004; 

McDowell and Stewart. 2005; Toor et al., 2005a; 2005b; and 2005c). Many o f the 

dung and manure samples examined originate from diets high in P rich concentrates, 

including phytic acid high grains and cereals. This may explain the high 

orthophosphate monoester content of these samples. Peparzak et al. (1959) had 

suggested that the phytic acid concentration o f herbage was poor, which would 

suggest that the orthophosphate monoester content o f the dung in the present study 

should also have been low. The present study showed that 18 to 36% o f  NaOH- 

EDTA extractable P was composed o f orthophosphate monoesters, significantly 

higher than results o f a similar study which showed that approximately 12% o f the air 

dried cattle dung was composed o f orthophosphate monoesters (McDowell and 

Stewart, 2005). There was some difficulty in identifying individual orthophosphate
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monoesters due to overlapping peaks, although more than likely phytic acid {myo- 

inositol hexakisphosphate) was thought to dominate this section o f the spectra 

(Barnett, 1994a; 1994b; Leinweber et al., 1997; Hansen et al., 2004; Leytem et al., 

2004; Turner, 2004; McDowell and Stewart, 2005; and Toor et al., 2005b). These 

orthophosphate monoesters may include glucose phosphates, mononucleotides, 

phospholipid breakdown products, and lower inositol phosphate compounds or 

isomers (Turner et al., 2003a; 2003b; and Hansen et al., 2004). The concentrations of 

orthophosphate monoesters are, however likely to be overestimated in studies 

involving alkaline extraction, due to the degradation o f some orthophosphate diesters, 

specifically RNA and phosphatidyl choline, during extraction and analysis (Turner et 

a l ,  2002b).

The highest orthophosphate monoester and orthophosphate diester percentages were 

found in the dung samples from the unfertilised plots. This follows the increasing Po 

trends in the fractionation data for these samples. Hansen et al. (2004) had suggested 

that the higher percentage o f P as monoesters, diesters (such as teichoic acid, DNA 

and RNA) and pyrophosphate in their manure samples was related to more microbial 

activity as these forms are commonly associated with microbes (Turner et al., 2003b). 

Toor et al., (2005a) accounted for the presence o f phospholipids, and in particular 

DNA in dung, to microbial debris that is excreted by the grazing animal. They also 

showed the presence o f phosphonates in the dung o f dairy cows which had not 

appeared in their diet on analysis. They suggested that there is clear evidence that the 

phosphonates excreted in the faeces were of microbial origin because the
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phosphonate forms detected in their study were known to occur in the cilia o f rumen 

protozoa such as Tetrehymena spp., where they are thought to protect protozoa from 

hydrolytic enzymes. They state that these transformations reflect microbial 

mineralization o f phytic acid and the subsequent immobilisation o f some o f the 

released P into microbial biomass, because proteolytic activity in the rumen is due to 

bacteria, while fungi produce cellulases and hemicellulases to degrade fiber and 

protozoa ingest bacterial cells and particulate matter, excreting simpler forms o f C, N 

and P. McDowell and Stewart (2005) also noted the loss o f orthophosphate diesters 

from their dried samples, which had been treated exactly the same as the samples in 

the current study, i.e. dried at 25 ”C, with orthophosphate diesters accounting for over 

5% of some o f the samples o f the current study. These compounds are known to be 

more labile in soil extracts than orthophosphate monoesters or inorganic species such 

as pyrophosphate (Condron et al., 1990).

3.5.4. Availability o f Po to aquatic organisms

The bioavailability o f P in aquatic systems is an important issue for water quality. A 

clear link between orthophosphate (from many sources including soils, fertilisers and 

dung/manures) and its availability to aquatic algae and cyanobacteria has been made 

in many studies to date (Haygarth et al., 20005). However, the evidence for organic P 

forms and their availability in aquatic systems is contradictory (Turner et al., 2002). 

Their accumulation in sediments suggests that they are relatively intractable and 

therefore biologically unavailable (Turner et al., 2002). However, Whitton et al., 

(1991) provided evidence that 35 cyanobacterial strains (blue-green algae) can use
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inositol hexakisphosphate as their sole P source, although not as effectively as 

orthophosphate or other organic P compounds (e.g. labile orthophosphate diesters). 

The higher proportion of orthophosphate monoester and diesters found in the dung in 

the current study would suggest that if an appropriate hydrological pathway was 

connected to this source o f P, the water quality of receiving waterbodies could be 

compromised. An example would be the areas where grazing animals congregate, 

whether for water, feed or shelter, would tend to have a disproportionate amount of 

dung deposited, creating areas o f high P concentration and risk for P loss. Up to 30% 

o f the Pt in dung in the current study also warns o f the high risk o f this source o f P if 

not managed appropriately. Recently many studies have found strong relationships 

between dietary P, P excretion and P loss to water (Ebling et al., 2002; Smith et al., 

2004; Valk et al., 2000; Withers and Jarvis, 1998), with manipulations and reductions 

in dietary P o f  the animals suggested as a possible mitigation option for diffuse P loss 

to water.

3.6. Conclusions

The results o f this study show the potential wide range in the characteristics o f P in 

cattle dung. It can be concluded that the principal determinant o f dung Pt was the 

concentration o f P in the herbage. It was also shown that not only was P fertiliser 

related to herbage P concentrations but that it also dictated the relative proportion of 

organic and inorganic P fractions found in the dung. The ^'P NM R results 

corresponded well with the trends o f the physico-chemical fractionation results, but 

showed a dominance o f inorganic orthophosphate in all samples, suggesting a 

degradation o f labile Po forms at some stage in the analysis procedure.
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Orthophosphate m onoesters, pyrophosphate and orthophosphate diesters were also 

identified, in decreasing order o f  concentration. Higher proportions o f  orthophosphate 

m onoesters, orthophosphate diesters and pyrophosphates were found in the dung 

from the plots receiving no P fertiliser (mean = 36% ) compared with dung in the plots 

receiving P fertiliser (m ean =  21%). K now ledge o f  these dung P forms and fractions 

w ill help understand their potential role in soil fertility and P losses to water. 

H owever, future work is required to relate these characteristics to potential actual 

field scale P losses and their potential contribution to eutrophication.
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4. Chapter 4: Dung-pat decomposition and associated changes in physical and 
nutrient properties

4.1. Abstract

The cycling o f  phosphorus (P) and other nutrients in grazed grassland ecosystems is 

largely dependent on the rate o f movement o f nutrients into the soil from 

decomposing dung-pats and the nutrient content o f those dung-pats. There has been 

recent interest in P losses from grazed grasslands and further knowledge on these 

systems as a source o f P is required. The aim o f this study was to determine the 

physical and chemical properties o f freshly deposited cow dung and quantify the rates 

o f decomposition o f dung-pats in terms o f these properties. Field trials were set up 

using artificially created dung-pats placed on mesh bases, in October 2002 and in 

March, August and September 2003. Dung samples were taken initially on day 1 and 

subsequently on days 7, 14, 28, and 60 with the trials ending on day 90. The dung-pat 

wet weight was determined in the field, while the water and dry matter contents and 

P, nitrogen (N), magnesium (Mg) and potassium (K) concentrations were analysed in 

the laboratory after each sampling day. The results showed a significant seasonal 

effect in the initial properties o f the dung collected for each trial, explained mostly by 

the diet and physiology o f the dairy cows. Almost 100% of the total mass o f the 

dung-pats had disappeared after 90 days o f decomposition in the four trials, despite 

the large range in rainfall, temperature and biological activity experienced by the 

dung-pats in the four trials. Over the first 60 days o f decomposition significant 

differences were found in the rates o f decomposition o f the physical and chemical
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properties of the dung-pats over time and between the trials. These differences were 

attributed to the varying contributions of decomposition processes as governed by 

rainfall, temperature and biological activity rather than the differences in the initial 

properties of the dung. The impact of a heavy and sustained period of rainfall in the 

October trial led to significantly higher decomposition rates of all dung-pat physical 

and nutrient properties than determined in the other three trials. Possible mechanisms 

of nutrient release are proposed but it is likely that the relative contribution of these 

mechanisms varied with trial, changing environmental conditions, and the activity 

and size of the decomposer community. In all trials the leaching of water soluble 

nutrients through the initial loss of water during the first seven days from the dung- 

pats was observed. In general leaching was the principal release mechanism for K, 

while physical breakdown and incorporation into the soil was the likely release 

mechanism for P and Mg. The release of N was more complicated with volatilisation 

of ammonia, leaching and physical breakdown and incorporation into the soil all 

likely mechanisms. The quantity of nutrients excreted by grazing animals is large. 

This is particularly important for the P cycle in grazed grassland as a potential source 

of P to be lost to water.

Keywords: dung-pat, decomposition, dry matter content, water content, phosphorus, 

nitrogen, magnesium, potassium, abiotic and biotic factors, mechanisms of nutrient 

release
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4.2. Introduction

The cycling o f phosphorus and other nutrients in grazed grassland ecosystems is 

dependent on the rate o f  movement o f nutrients into the soil from decomposing dung- 

pats and the nutrient content o f those dung-pats (Haynes and Williams, 1993; Aarons 

et ah, 2004b). Most nutrients ingested by animals are returned to grasslands in the 

form o f dung and urine with only a small proportion utilised by the animal (Barrow, 

1987; Haynes and Williams, 1993). In particular, more than 90% o f the P in the diets 

o f grazing animals is returned in the dung, with little found in urine (Barrow, 1987; 

Gillingham, 1987; Haynes and Williams, 1993).

4.2.1. The process of decomposition in grassland ecosystems

The functioning o f grassland ecosystems can be recognised as occurring within three

distinct subsystems; the plant subsystem, the grazing animal subsystem and the 

decomposition subsystem (Figure 4.1). The integrity o f  the ecosystem is maintained 

by the transfer o f matter {e.g. carbon and nutrients) and energy between these three 

components. Resources entering the decomposition subsystem directly from primary 

production are defined as primary resources {i.e. plant detritus) and those fonned by 

secondary production {i.e. corpses o f microbes and animals) are defined as secondary 

resources. Other major categories of resource are faeces {e.g. cow dung), which is a 

mixture of microbial cells and comminuted primary resource materials, and humus.
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newly synthesised extracellular organic matter. The secondary resources and faeces 

together constitute cellular organic matter (Swift et al., 1979).

Grazing animal subsystem
CO

Grazing animal

Detritus (dung and plant litter)

Plant
subsystem Decomposition

subsystem
Decomposers

Inorganic nutrients

Figure 4.1: A general model of the grazed grassland ecosystem. The three 
subsystems (grazing animal, plant and decomposition) are outlined with their 
main components. The major pathways of transfer of matter (nutrients) within 
the ecosystem are shown by black arrows. Organic and inorganic matter pools 
are shown as rectangles and broken circles, respectively. (Modified from Swift et 
ah, 1979).

Decomposition essentially results in a change o f state o f a resource {e.g. dung) under 

the influence o f a number o f biological and abiotic factors (Figure 4.2). Regulation o f 

these decomposition processes is controlled by three driving variables {i.e. those 

factors which influence the rate o f change o f state); the physico-chemical 

environment, the resource quality and the number and activity o f decomposer
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organisms (Figure 4.2). What is described as decomposition in the current study is 

referred to as “disappearance” in other dung-pat decomposition studies {e.g. Lovell 

and Jarvis, 1996; Svendsen et al., 2003), and it has been assumed to mean the same 

thing in this review.

i i

Figure 4.2: A description o f the basic decomposition conceptual model, 
demonstrating the progress o f decomposition between ti and tz resulting in the 
change of a substrate (dung) from state Ri to R2. The rate of change (indicated 
by the arrow) is subject to regulation (indicated by the valve symbol) by 
biological and abiotic factors. Regulation o f these decomposition processes is 
controlled by three driving variables, the physico-chemical environment (P), the 
substrate (e.g. dung) quality (Q) and the decomposer organisms (O). (Taken 
from Swift et al., 1979).

The simplest expression of the state change is a decrease in mass of the resource. 

More detailed analysis shows that this includes a loss of matter from the substrate and 

a change in the chemical composition of the remainder, which may or may not be
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accompanied by a process of fragmentation, i.e. a reduction in the particle size of the 

substrate. These are the physical and chemical changes which are recognise as 

decomposition. These processes may be attributed to three principal processes, 

leaching (and erosion), catabolism and comminution (Swift et al., 1979).

Leaching (in terms of decomposition) is defined as the abiotic process whereby 

soluble matter is removed from the substrate by the action of water. Leaching 

consequently causes weight loss and a change in chemical composition. It should be 

noted that the outcome is the transfer of soluble resource material away from the 

substrate {e.g. down the vertical profile of the soil from the dung-pat), where it may 

subsequently be acted upon by further decomposition processes (Swift et a l, 1979). 

Similarly, the abiotic process of erosion, also dictated by the action of water, may 

result in the removal of both soluble and particulate matter, transferring resource 

material laterally away from its origin.

Catabolism is the biochemical term which describes energy-yielding enzymatic 

reactions, or chains of reactions, usually involving the transformation of complex 

organic compounds to smaller and simpler molecules. Over a given time period the 

catabolism of a given resource or mixture of substrates may be incomplete. Some 

products will be inorganic {e.g. CO2, NH4, PO4); other intermediates will have 

entered the metabolic pool of the decomposer organisms and been re-synthesised into 

polysaccharides and proteins of the decomposer biomass; others may have been 

incorporated in non-cellular organic matter such as humus. Matter is lost from the 

original resource by catabolic formation of volatile or soluble inorganic forms or by

136



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

creation o f soluble organic intermediates which are subsequently leached out, or 

transported out as components of the decomposer tissues. The chemical composition 

is altered as a result of the production of intermediates and the synthesis of 

decomposer biomass and humus in situ (Swift et al, 1979).

Comminution is a reduction in particle size of the organic resource. Comminution 

differs from catabolism in being a physical rather than a chemical process and is 

largely brought about by the feeding activity, both ingestion and digestion, of 

decomposer animals. During passage through the digestive system comminution is 

accompanied by catabolic changes; the residue from comminutive and catabolic 

activities is excreted as faeces characteristically of smaller particle size and different 

chemical composition to the ingested food material. Some organic matter may be 

comminuted without ingestion and is reduced in size without change in chemical 

composition (Swift et al., 1979). The process of comminution through the digestive 

systems of earthworms may also indirectly result in the physical transfer of the 

resource. For example, in grazed grasslands the dung-pat may be incorporated into 

the soil beneath and around the dung-pat, via the excreta of the earthworm casts. The 

associated catabolic changes have also been demonstrated by earthworms with the 

mineralisation of organic P evident from a study of earthworm casts by Sharpley and 

Syers (1976; 1977). A similar effect occurs when comminution is brought about by 

abiotic factors such as freezing and thawing or wetting and drying cycles. The impact 

of raindrops and treading by the grazing animal also play a large role in breaking 

down resources such as dung-pats (Swift et a l, 1979; Haynes and Williams, 1993).
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Dung beetles are also known to break the dung-pat into smaller pieces and mix these 

with the soil directly beneath the dung-pat (Hughes, 1975; Yokoyama et al., 1991; 

Gittings et al., 1994). For example, the tunnelling dung beetle Geotrupes spiniger is 

known to play such a role in the decomposition of dung-pats in south-west Ireland 

(Gittings e/a/., 1994).

In practice, the three processes (leaching, catabolism and comminution) act 

simultaneously on the same resource and it is difficult to distinguish the effects of one 

process from the other. The organic products of decomposition processes will 

themselves at some stage re-enter the detritus pool. For example, after the death of 

the decomposers their corpses become detrital substrates available to other 

decomposers. As described earlier (Figure 4.2) the processes principally responsible 

for decomposition are controlled by three main variables, the physico-chemical 

environment, the resource or substrate (dung) quality and the decomposer organisms.

The physico-chemical environment influences all three of these decomposition 

processes, with the organisms and processes responding to the interactive affects of a 

wide range of factors at different times and circumstances. The physico-chemical 

environment can be divided into climatic (rainfall, moisture availability and 

temperature) and edaphic (composition of soil gaseous atmosphere, pH, and physical 

properties of soil) variables. Physical factors may directly intervene in decomposition 

as well as regulating biological activity. For example, leaching is directly related to 

the extent and intensity of rainfall coupled with the physical properties o f the soil.
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Comminutive action may be brought about by freezing and thawing and wetting and 

drying cycles as a result o f  the interaction of temperature and moisture regimes.

The pattern and rate o f  decomposition o f a resource are also determined by various 

aspects o f its physical and chemical composition which is known as resource quality 

(Swift et al., 1979; Smith and Bradford, 2003). This may operate to determine its 

palatability to animals, with some animals ingesting only soft materials whilst others 

possess the ability to chew their way through wood, (though few can use wood 

directly as a substrate). Substrate molecules can vary in the rates at which they are 

catabolised, for example, lignin is degraded much more slowly than cellulose. 

Essential nutrient elements may occur in resources at low concentrations which limit 

the rate o f decomposer activity. For example, dung has been shown to consist largely 

o f water, residues o f undigested herbage, products o f mammalian metabolism, and a 

large and varied population o f microorganisms and products o f their metabolism 

(Haynes and Williams, 1993).

The decomposer community within the grazed grassland ecosystem is taxonomically 

diverse, including a wide range o f bacteria, fungi, Protista and invertebrates. Many of 

the species in these groups have specific attributes which enable them to play widely 

differing roles in decomposition processes. For example, ftingi, annelids and 

arthropods may all participate in the consumption o f the primary resource, while 

other ftingi, bacteria, protozoa and a variety o f invertebrates may assist in the 

decomposition o f secondary resources. It is therefore difficult to analyse the
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decomposer community based on trophic structures alone. Additional assignment o f 

functional roles within the decomposition process is also required. The decomposer 

community can be viewed as a central component o f the driving variables outlined in 

Figure 4.2. The rate o f biotic decomposition processes will clearly be related to the 

composition, size and activity o f the decomposer populations (Figure 4.3).

Output Qutput Input

Respiration
Bacteria and fungi 

saprophages/ coprophages

Soil animal predators 
(e.g. birds, mammals 

and larger invertebrates)

Detritus (dung and plant litter)

Coprophagous invertebrates 
•Earthworms (e.^.Lumbricidae) 
Dung-beetles (e.g. Scarabaeidae, 
Geotrupidae and Hydrophilidae) 

•Dung flies

Figure 4.3: A conceptual model describing the potential decomposer community 
operating in a grazed grassland ecosystem, forming an important component of 
the systems depicted in Figures 1 and 2.
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The impact of the processes and controlling variables described in this section will 

now be examined in the context of dung-pat decomposition in the grazed grassland 

ecosystem in a cool temperate climate.

4.2.2. Dung-pat decomposition

The processes that have been identified to contribute most to dung-pat decomposition 

include physical breakdown dictated by rainfall, moisture and temperature and 

biological processes through the decomposer community (microorganisms, 

microfauna and macrofauna), whose activity is also closely related to temperature and 

soil moisture (Waterhouse, 1974; Hughes, 1975; Nakamura, 1975; Dickinson and 

Underhay, 1977; Underhay and Dickinson, 1978; Holter, 1979; Swift et al, 1979; 

Dickinson et a l,  1981; Omaliko, 1981; Holter, 1983; Dickinson and Craig, 1990; 

Yokoyama et al., 1991; Haynes and Williams, 1993; Gittings et al., 1994; Lumaret 

and Kadiri, 1995; Hendriksen, 1997; Borghesio et a l,  1999; Esse et a l, 2001; 

Salamanca et a l,  2003; Aarons et a l, 2004a; Aarons et a l,  2004b). It is only simple 

decomposition that is being measured in this study, i.e. the disappearance of dung 

lying on the soil surface. Decomposition in the current study therefore can be defined 

as (1) the change in the physical mass (dry matter and water content) of dung-pats on 

the soil surface and the subsequent incorporation o f dung matter into the soil profile 

and (2) the chemical (nutrient) change in the dung-pat remaining on the soil surface.

The weather conditions at the time of dung deposition and the initial consistency 

(moisture content) have been shown to have a marked effect on the decomposition of
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the dung-pat (Weeda, 1967; Underhay and Dickinson, 1978). The formation o f a hard 

crust during drier summer months protects the dung-pat from the effects o f rainfall 

and together with increasing matric and osmotic potentials within the dung colloids, 

help resist evaporation. This helps slow down the loss of moisture after initial losses, 

even in the hotter and drier summer months. Studies by Dickinson et al. (1981) and 

Weeda (1967) showed that the consistency o f fresh dung varied due to differences in 

the diet and physiology o f the cattle. The results demonstrated that the dung with a 

high moisture content disappeared much faster than the drier dung. Rainfall has been 

shown to affect various soil biological activities because o f its influence on soil 

moisture and temperature. Gittings et al. (1994) showed in their study in Ireland that 

earthworms were the main agents in dung-pat decomposition during the spring and 

autumn (periods o f favourable soil moisture levels), with less o f an effect in the drier 

summer months. During the summer months it was shown that dung beetles may take 

over the role as the principal decomposition agents. Omaliko (1981) has 

demonstrated that in a tropical grassland ecosystem in Nigeria rainfall amount 

affected decomposition rates and processes. Omaliko (1981) showed that higher 

decomposition rates occurred in the dry season when termites were the main 

decomposition agents than in the wet season when dung was mainly decomposed by 

copriphilous fungi. Dickinson and Underhay (1977) further described the role that 

copriphilous fungi have in the decomposition o f dung, confirming that they do have 

an active part to play but that perhaps their growth and sporulation on dung is not as 

profuse as has been shown from studies o f fruit body development under ideal 

conditions in the laboratory. Dickinson and Underhay (1977) also showed that fungal
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activity in dung appears to be adversely affected by high water content, by controlling 

the spread of hyphae to the centre parts of the dung-pats. They suggest that in the 

spring and autumn seasons the water content of the dung-pats may be too high for the 

occurrence of fruiting bodies whereas in the summer the dung-pats may be too dry for 

fungal growth and sporulation. In litter and dung decomposition, the leaching effect 

of rainfall has been shown to increase the mass loss at the initial stage of the decay 

process (Swift et al, 1979). Using artificially created dung-pats, which had been 

covered, artificially irrigated or exposed to natural rainfall, Dickinson et al. (1981) 

showed that rapid disappearance of dung-pat occurred when a crust was not allowed 

to form on the dung-pat, even when the temperature was low. They also showed that 

higher levels of nutrients leached out of dung-pats which had not developed a hard 

crust. The formation of a crust appears to protect the dung-pat from the physical 

impact of raindrops as well as preventing the rain from entering, rewetting and 

moving through the dung-pat, and subsequently leaching into the soil beneath. Hence, 

it has been suggested that decomposition rates may be lower during the drier warmer 

summer months and higher during the wetter autumn, spring and winter months 

(Weeda, 1967; MacDiarmid and Watkin, 1972; Dickinson et al, 1981) but the role of 

the decomposer community will be greatest in the warmer summer months, and 

therefore could be the principal agent of decomposition at this time.

Termites, many species of earthworms and dung beetles and a wide range of 

microfauna and microorganisms have been shown to be important in the 

decomposition process in a variety of ecosystems in different climatic zones
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(Anderson and Coe, 1974; Waterhouse, 1974; Hughes, 1975; Nakamura, 1975; 

Omaliko, 1981;Yokoyama et al, 1991), but in Ireland the role of earthworms and 

dung beetles are known to be the most important invertebrate decomposers (Gittings 

et al, 1994; Finn and Giller, 2000; Finn and Oilier, 2002; Finn and Gittings, 2002), 

along with a wide range of microfauna and microorganisms.

One aspect of resource or substrate quality that has been shown to have a large 

impact on decomposition rates and the ecology of dung-pats is the concentration of 

antiparasitic drugs, such as avermectin, ivermectin and fenbendazole in dung. Studies 

to date show mixed resuUs as to their effects on dung. Kaneda et al. (2005) studied 

the effect of residual ivermectin in dung-pats on earthworm (Megascolecidae) activity 

and dung decomposition in a Japanese grassland. They concluded that the ivermectin 

had no effect on earthworm aggregation around dung-pats and on the decomposition 

rate of the dung-pats. Svendsen et al (2003) studied the effects of ivermectin and 

fenbendazole on earthworm populations and dung-pat decomposition in a permanent 

pasture in Denmark. The results showed that under temperate climatic conditions and 

a high level of earthworm activity, disappearance of dung-pats was not affected by 

the presence of ivermectin or fenbendazole in the dung. Again, earthworm 

aggregation around dung-pats was not affected by the antiparasitic drugs. Svendsen et 

al (2003) did show that dung containing ivermectin did have detrimental affects on 

the activity of insect larvae in dung-pats, but suggested the impact on dung 

disappearance may be overridden by the effects of the earthworms, when favoured by 

suitable weather. A significant negative impact on dung-pat decomposition (in terms
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of organic matter) was measured in a study by Sommer and Bibbly (2002) examining 

the effects of a range of antibacterial and antiparasitic drugs including ivermectic and 

fenbendazole. It was shown that when compared with dung without the antiparasitic 

drugs, the mean loss of organic matter was significantly lower in dung collected from 

cows dosed with the antiparasitic drugs. Similarly negative results were found in a 

study by Errouissi et al. (2001) where the presence of ivermectin in dung was found 

to be highly effective at killing (no emergence) dung beetle {Aphodius constans) 

larvae for approximately 143 days after animal treatment. Overall the effects of these 

antiparasitic drugs are still inconclusive with mixed results to date, but it does seem 

likely that dung-pat and grassland ecology, along with the nutrient cycles (King, 

1993) of grazed grassland ecosystems, could be at risk from the extensive use of 

these drugs.

Nutrient changes in dung-pats during decomposition

Dung is made up o f water, residues of undigested herbage, products of animal 

metabolism, and a large and varied population of microorganisms and the products of 

their metabolism. The typical composition of dung from grazing animals and the 

grass on which some graze are given in Table 4.1. The high (71%) fibre content 

(hemicellulose, cellulose and lignin) shows the low digestibility of a typical grazing 

diet of ruminant animals, which results in the high fibre content of the dung. The 40- 

50% detergent soluble dry matter of cattle and sheep dung consists predominantly of 

living and dead bacterial cells originating from the gut of the animal plus some water- 

soluble metabolic products of both endogenous and microbial origin.
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Limited research has been done in recent times on dung-pat decomposition and the 

associated changes in nutrient concentrations o f the dung-pats. Most o f this work has 

focused on the impact o f decomposing dung-pats in terms o f the carbon (C) and 

nitrogen (N) contents o f the dung-pats and the effects on soil C and N (Dickinson et 

al, 1981; Lovell and Jarvis, 1996). Lovell and Jarvis (1996) showed that the total N 

and C contents over the dung-pat decomposition period were both reduced by 

approximately 60% in the first 10 weeks o f their experiment, with the C to N ratios 

remaining constant during that time.

Dickinson and Craig (1990) examined changes in nutrient (N, P, K, Mg) 

concentrations in decomposing dung-pats and the effect o f water on the 

decomposition and nutrient release from these dung-pats. Overall, about 85% of the 

K was lost over 85 days, with the fastest loss occurring between days 12 to 26 o f 

decomposition. Although leaching o f K from the dung-pat is the obvious process of 

loss, it was shown that other processes had a significant impact on K losses from the 

decomposing dung-pats, the average rate o f loss for K being 19 mg d"'. Dickinson 

and Craig (1990) also showed that the dung-pats lost approximately 67% o f  the Mg 

over the 85 days of decomposition, with rainfall aiding the loss o f Mg from the dung- 

pats and dry periods retarding losses. The concentration o f Mg at day 85 remained 

quite high at 84% of initial concentration with a daily average loss o f 5.3 mg d’’. 

After 85 days, approximately 64% o f N had been lost from the dung-pats and the loss 

o f N paralleled the loss of dry matter during the decomposition period. The
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concentration of N also remained high at 86% at day 85 with an average daily loss of 

29 mg d"'. Phosphorus concentrations in the dung-pats showed little change over the 

85 days of decomposition, with a slight (although not significant) increase in 

concentration measured on day 85 (106% of initial). By day 85, 54% of the P in the 

dung-pat had been lost with an average rate of loss calculated as approximately 8 mg 

d'' (Dickinson and Craig, 1990).

Aarons et al. (2004b) examined the nutrient (Na, P, K, Mg, Ca and S) changes in 

dung during decomposition from high and low input systems (2 cows h a '\  35 kg P 

ha"'; 4 cows ha"', 140 kg P ha’') in temperate dairy pastures in Victoria, Australia. 

Results were provided in terms of the changes in concentrations of these nutrients 

rather than the nutrient contents of the dung-pats. It was shown that input (high v 

low) system significantly affected changes in K, Mg and S but had no effect on 

changes in P, Ca or Na. Significant changes with time were observed in the 

concentrations in dung o f all nutrients except for P. The study of Dickinson and Craig 

(1990) show the importance of presenting concentration and content results, which 

makes allowances for the losses of dry weight that occurs during the decomposition 

period, and may also help with the identification of the key processes that control the 

decomposition o f dung-pats. Such data was absent from the Aarons et al. (2004b) 

study. Aarons et al. (2004b) concluded that the movement of nutrients out of the 

dung-pat depended on their solubility in water and was reflected in the rate of 

increase in the soil nutrient levels. This was inferred from the fact that most P was 

physically incorporated into the soil (mostly by invertebrate activity), while K
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leached into the soil. Results showed that the rate o f decline in nutrients was 

generally greatest in the first five days after the dung-pats were created, and that 

sporadic rainfall over the decomposition period could have contributed to the 

continued leaching o f nutrients from the dung-pats. Rowarth et al. (1985) also 

observed that under temperate conditions, the concentration o f both total P and water 

extractable P of dung samples remained relatively constant with time and that the 

major mechanism controlling movement o f P from dung into the soil was the rate o f 

physical breakdown.

Release o f K from faeces tends to be rapid as the element is found entirely in a water- 

soluble form. Weeda (1967) observed that in the soil below dung-pats, peak levels o f 

exchangeable K were reached one month after application. In contrast, the release of 

Ca and Mg was much slower and peak levels in the soil were not reached until 4 

months after application, due to the lower proportion of water-soluble Ca and Mg 

present in dung. Dickinson and Craig (1990) showed that the nutrient losses from the 

dung-pat were not always paralleled by a concomitant increase in the soil.

In Chapters 2 and 3 the P forms and fractions in a grassland soil and fresh dung were 

identified and quantified, making up the largest and most dynamic pools o f P in the 

grazed grassland system. The results presented in the current chapter will build on 

this information, and aim to examine the decomposition o f dung deposited by the 

grazing animal. The current study was primarily aimed at understanding the physical 

and chemical changes in dung-pats during decomposition with a particular emphasis
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on P, as P has been mostly ignored in studies prior to the establishment o f this study. 

It was hoped to gain a clear understanding o f the processes affecting the 

decomposition o f the dung-pats and the associated release o f nutrients, providing a 

strong basis o f the next chapter which investigates the effect o f decomposing dung- 

pats on soil P and associated soil properties.

The principal objectives of this study were (1) to determine the physical (dry matter 

and water content) and nutrient (N, P, K, Mg) properties of freshly deposited cow 

dung at different times o f the year, (2) to quantify the changes in these properties as 

the dung-pat decomposes, (3) to determine the rates o f decomposition (in terms of the 

physical and nutrient properties) of dung-pats deposited at different times o f the year, 

(4) to discuss the potential mechanisms of nutrient release from the dung-pats during 

the decomposition period
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Table 4.1: Chemical composition of dung from dairy cattle, beef cattle, sheep, horse and a grass leaf {Deschampsia 
flexuosa).

Dung/ grass 
source

Neutral
detergent

soluble
Nitrogen Hemicellulose Cellulose Lignin Ash Lipid (ether 

soluble)

% of dry matter

Dairy cattle' 41 2 20 28 20 12

Beef cattle' 53 3 22 17 8 7

Sheep' 45 2.5 15 28 15 13

Horse^ 5 7 24 28 14 8 2

Grass leaf^ 
-------1^ . -----

13 2 24 33 14 2

'Data from Smith (1973). 
^Data from Waksman (1952). 
^Data from Mikola (1955).
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4.3. Materials and methods

4.3.1. Site description and management

The 0.5 hectare study site, the Red House Field, was located at Teagasc 

Environmental Research Centre, Johnstown Castle, Wexford, Ireland 

(302404/116584 UTM) at an altitude o f 60-70 m above sea level. Figure 4.4 shows 

the daily rainfall and mean daily temperature recorded during 2002 and 2003, where 

the cumulative rainfall was 1401 and 1020 mm in 2002 and 2003, respectively and 

the mean daily temperature was 10.8 °C in both years (mean maximums o f 13.8 and 

14.0 °C for 2002 and 2003, respectively and mean minimums o f 7.8 and 7.6 °C for 

2002 and 2003, respectively).
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a

b

Figure 4.4: Daily rainfall and mean daily air temperature in 2002 (a), and 2003 
(b).

The soil has a sandy loam topsoil overlying a loam with a sandy loam lens imbedded 

in the loam and is locally classified as a gley (Kurz, 2002). The FAO (Food and 

Agriculture Organisation of the UN) classify the soil as a humic gleysol. The 

grassland was dominated by a mixture of Lolium perenne L., Agrostis spp. and Poa 

trivialis L. with other species found in lower abundance. The site was subdivided into 

302 plots, each 1.5 m in area. The site had received light fertiliser (N, P and K)
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dressings in the past with occasional light grazing (used as relief ground for a 30 year 

beef grazing experiment). The site had been reseeded in 1999 receiving N, P and K at 

the time, but received no fertiliser or grazing two years prior to and during the course 

o f the experiments reported below. During the course o f the experiments the site was 

managed by regular mowing (Haldrup mini harvester and a lawn mower) to simulate 

grazing, with removal o f the cut grass from the site. No grazing animals were allowed 

on site during the course o f the experiments.

4.3.2. Experimental design

Fresh dung from dairy cows (diet o f herbage) on an experimental dairy farm was 

collected in the field immediately after it was deposited, homogenised and used to 

artificially create dung-pats in the Red House Field site. Four trials, beginning in 

October (OT) 2002, March (MT) 2003, August (AT) 2003, and September (ST) 2003, 

were conducted to investigate the decomposition o f dung-pats over a 90 day period 

and were representative o f dung deposited at different times o f the grazing season. In 

each trial, twenty o f  the 1.5 m^ plots in the Red House Field site were then randomly 

chosen, on which the dung-pats were created using a metal frame. Each dung-pat had 

a diameter o f approximately 30 cm and a total mass o f 2000 g (subsequently referred 

to as wet weight). The dung-pats were placed on a netlon mesh (7 mm) to allow for 

easy dung-pat weighing (wet weight measurements), non-destructive sampling o f soil 

under the dung-pats and free movement o f fauna (especially earthworms and dung- 

beetles) between the soil and the dung-pats. Dung-pat decomposition was measured 

in terms o f changes in wet weight, dry matter concentration and content, water
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content and changes in the concentration and content o f  the nutrients (total nitrogen 

(N), total m agnesium  (M g), total phosphorus (P) and total potassium  (K)). Dung-pat 

measurements were made initially on day 1, and subsequently on days 7, 14, 28, 60 

and 90 after application.

4.3.3. Dung sampling, storage and preparation

Samples o f  dung were taken from each o f  the 20 dung-pats on four sam pling days (7, 

14, 28, and 60) during each o f the four trials. Day 1 (or initial) sam ples were taken 

from the original collection o f  dung. To ensure that a m inim um  o f  damage was done 

to each dung-pat on each o f  the sam pling days, sam ples from every four dung-pats 

were com posited to form a single sample, w hich w ould provide enough sam ple to 

perform subsequent analyses. This was done to lessen the im pact o f  sam pling on any 

one individual dung-pat. The sam e four dung-pats were always com posited on 

sam pling days, resulting in five constant sam ples for analysis after each sampling 

day. Sam pling was careful to be representative o f  the w hole dung-pat profile, taking a 

core including a piece o f  the surface crust and the soft m atter beneath the crust to the 

soil surface, although no standard protocol was available. All sam ples were stored in 

a cold room  at 4 °C  until required for analysis. N utrient analysis was carried out on 

fresh (undried) samples.

4.3.4. Dung dry matter, water content and nutrients

The nutrients in the dung-pat, P, N, K, and Mg, were m easured on hom ogenised wet 

dung sam ples after digestion in a m ixture o f  concentrate H2SO4, H2O2 and selenium
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(catalyst) at 370 °C for 90 minutes in a Gerhardt block digester according to the 

method o f Pinevich (1959). Dung P and N were read colorimetrically on a Burhard 

Series 2000 Autoanalyser. Dung Mg and K were read in an atomic absorption 

spectrometer, SpectrAA-400. Dung dry matter and moisture content were determined 

by weighing 20 g o f field fresh dung into a beaker, drying it at 105 °C overnight and 

re-weighing to calculate percentage dry matter and dung moisture content. An in- 

house control slurry sample (renewed annually) and a certified BCR reference Rye 

Grass No. 281 sample were used as part o f the analysis quality control.

4.3.5. Statistical analysis

Statistical analysis was carried out using MS Excel and SPSS (v 12.0.1). Summary 

statistics for all data were calculated including means, standard error o f the mean and 

the range. All data are presented as the mean and its associated standard error. One

way analysis of variance (ANOVA) was used to test for differences in the sample 

means o f the initial (day 1) dung-pat properties in the four trials. The null hypothesis 

being tested was that the initial concentration o f nutrients and dry matter and water 

content o f each trial had the same mean, i.e. the variation for each dung-pat property 

within the trials was the same as the variation between the trials. Two post hoc tests, 

the least significant difference (LSD) test and the Student-Newman-Keuls (SNK) test, 

were used to fiirther investigate the sources o f variation between individual trials. The 

Student-Newman-Keuls test was used to identify homogeneous subsets. Two-way 

ANOVA (with replication) was used to test the variation in the dung-pat properties 

between the different days the dung-pats were sampled and between the different
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times o f year the dung-pat trials began. The null hypotheses tested were (1) that each 

o f the dung-pat properties had the same mean on each day of sampling in all four 

trials, (2) that each o f the dung-pat properties had the same mean in each trial, and (3) 

that differences in dung-pat properties between the mean on each day o f sampling 

followed the same trends in all four trials {i.e. there was no interaction). Data were 

continuous, were approximately normally distributed and the variation was found to 

be the same in each factor combination. Two post hoc tests, the least significant 

difference (LSD) test and the Student-Newman-Keuls (SNK) test, were used to 

further investigate the variation in the dung-pat properties explained by the two 

factors (days o f decomposition and trial). Regression analysis was used to model the 

decomposition o f the dung-pats in terms o f the changes in the different properties 

over the first 60 days o f the trials. Linear regression models were made with the raw 

data and natural logarithm (basce logarithm) (In) transformed raw data (due to the 

evident negative exponential nature of the raw data when plotted against time) for 

comparison. For every dung-pat property the In transformed data gave a better fit to 

the linear regression model. The slopes o f the regression were used as estimates of 

the rate o f decomposition for the dung-pat property over time. The confidence 

intervals associated with these slopes (rates o f decomposition) were used to test for 

differences in the rates o f decomposition o f the dung-pat properties between trials. 

The raw data was also converted into a percentage of the initial day 1 values o f the 

dung-pat properties. This allowed comparisons to be made between different dung- 

pat properties within trials. Again, the slopes and confidence intervals were used to 

test for these differences. Linear regression analysis was used to look at the
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relationships between the dung-pat nutrient content and dung-pat dry matter contents 

to explore the mechanisms of nutrient loss from the dung-pats. Simple correlation 

coefficients (Pearson product-moment) were used to investigate the relationships 

between dung-pat rates of decomposition, rainfall and temperature. The significance 

associated with all tests are denoted by the symbols *, ** and *** for significance 

levels P < 0.05, P< 0.01 and P< 0.001, respectively.

4.4. Results

4.4.1. Environmental conditions during the decomposition trials

Figure 4.5 presents the rainfall and air temperature data for the time periods of the

four trials carried out between October 2002 and December 2003. Cumulative rainfall 

amounted to 446, 274, 213, 269 mm over the 90 days of the OT, MT, AT, and ST, 

respectively. Cumulative rainfall amounted to 318, 208, 86, and 158 mm over the 

first 60 days of the OT, MT, AT, and ST, respectively. Cumulative rainfall for the 

first seven days of the OT, MT, AT, and ST, amounted to 45.6, 5.2, 5.9, and 15.5 

mm, respectively. Mean daily air temperatures over the 90 days of 8.0, 11.5, 12.3, 

and 9.7 °C were recorded in the OT, MT, AT, and ST, respectively. Overall, the OT 

was the coldest and wettest period of dung-pat decomposition while the AT had the 

highest temperatures and the lowest rainfall during its 90 days of decomposition.
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4.4.2. Initial (Day 1) dung properties

The dung-pats used in the four trials were artificially created and all had a total mass 

or wet weight o f 2000 g on day 1 o f the decomposition trials. One-way ANOVA was 

used to test for differences in the properties o f the dung deposited on day 1 o f the four 

trials as shown in Table 4.2. Significant differences in the properties o f the dung on 

day 1 were measured between the trials. The dry matter and water content o f the dung 

were significantly different in all four trials. The dung in the MT had the highest dry 

matter content (286 g dung-paf'), with the ST having the lowest (193 g dung-paf’). 

The lowest N and Mg concentrations were found in the OT (3468 and 1285 mg kg '', 

respectively), while the highest N and Mg concentrations were found in the MT 

(4924 and 2649 mg kg’', respectively). The minimum and maximum P concentrations 

were found in the AT and MT, 842 and 1230 mg kg '', respectively. Conversely the 

lowest K concentration was found in the MT (803 mg kg '), while the highest K 

concentration was found in the AT (1970 mg kg ''). The nutrient concentrations o f the 

OT and AT were most similar, particularly for N, Mg and P. These results 

demonstrate not only seasonal differences in the concentrations o f nutrients in freshly 

deposited dung, but large differences between the seasonal patterns o f different 

nutrients; for example the time o f year when the maximum and minimum nutrient 

concentrations are found in the four nutrients.
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Figure 4.5: Daily rainfall and mean daily air temperatures for the October (a), 
March (b), August (c) and September (d) trials between October 2002 and 
December 2003.
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Table 4.2: M ean concentration o f the cow dung properties used to artificially create the dung-pats in the four trials. 
S tandard  e rro rs  o f the m ean shown in parenthesis.

T ria l

N utrien t concentration N utrien t content D ry m atter 
concentration

Dry
m atter
content

W ater
contentN Mg P K N Mg P K

mg kg ‘ mg d u n g -p af ' % g d u n g -p a f’

OT 3468" 1285 ® 892® 1024® 6937® 2569® 1784® 2049® 10® (0.03) 203 ® 1797®
(19.1) (9.4) (6.1) (7.6) (38.3) (19.9) (12.1) (13.2) (0.53) (0.53)

MT 4 9 2 4 ” 2 6 4 9 ” 1230” 803 ” 9 8 4 8 ” 5297” 2 4 6 0 ” 1607” 14 ” (0.05) 2 8 6 ” 1714”
(20.6) (64.9) (19.2) (13.7) (41.2) (129.8) (38.5) (27.3) (0.96) (0.96)

AT 3499“ 1598 842® 1970*^ 6997® 3197®" 1684® 3940" 11 " (0.08) 217" 1783 "
(65.5) (50.1) (23.0) (67.3) (130.9) (100.2) (45.9) (134.5) (1.65) (1.65)

ST 3742*= 2241 1080" 1107® 7483 " 4481 ®" 2159" 2 2 1 4 ” 10®(0.15) 1 9 3  d 1807^*
(119.3) (589.5) (22.3) (20.1) (238.5) (1178.9) (44.6) (40.2) (2.92) (2.92)

One-way ANOVA

s.s 7103402 5504925 787888 3955669 28410633 22020820 1948610 15825285 65.200 26566 26566

m.s. 2367801 1834975 162629 1318556 9470211 7340273 649537 5275094 21.733 8855.6 8855.6

F 98.641 4.138 84.082 2 0 2 . 8 8 8 98.6 4.138 83.824 202.961 173.867 540.800 540.800

Sig. ♦ ♦ ♦ * ♦ ♦ ♦ ♦ ♦♦ * ♦ * * ♦ ♦♦

n = 5. 
d.f. = 3
Significance levels: * = P < 0.05, ** = /*< 0.01, *** = P < 0.001.
Values within columns with different superscripts are significantly different at the P < 0.05. The LSD post hoc test was 
used after the one-way ANOVA to examine between trial differences. The Student-Newman-Keuls test was used to 
identify homogenous subsets.
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4.4.3. Dung-pat decomposition

Almost 100% o f  the dung-pats had completely disappeared by day 90 in all four o f 

the trials, both in terms o f wet weight and dry matter contents. All that remained at 

this stage was a heterogeneous mixture o f decomposed dung-pat and soil which has 

been called dung detritus (Aarons et al., 2004a), which is not easily quantified as it 

had mostly moved through the mesh base, either on the soil surface or mostly 

incorporated into the soil. No analysis for nutrients was carried out on any day 90 

samples as the dung detritus was comparable with either soil or dung.

For all dung-pat properties two-way ANOVA was used to explain some o f the 

variation between trials (Table 4.3). For all properties the days o f decomposition and 

the trial (season) were found to be strongly significant {P < 0.001). The interaction of 

these two factors was also shown to be significant for most properties (P < 0.001) but 

less strongly significant for Mg content (P < 0.05). The ANOVA suggests that dung- 

pat decomposition was affected by the number o f days that had passed since 

deposition and by the season o f  the trial. The significant interaction term in all 

ANOVAs suggested that there were differences in the effects o f days of 

decomposition between the four trials.
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Table 4.3: Results of statistical analyses (regression, two-way ANOVA) for dung-pat properties examining 
differences in rate of decomposition and variance, over time (days of decomposition) and between trial (season).

Dung-pat
property Trial* Regression

model^ r̂ Significance Two-way ANOVA d.f. F Significance

Wet weight O T “ y = -0.042X + 
7.702

0.993 ♦ ♦♦ Days o f decomposition 4 4424

m t ” y = -0.035x + 
7.622

0.964 ** * Trial (season) 3 6.517

A T"

S T ‘*

y = -0.026x + 
7.480 

y = -0.020X + 
7.422

0.954

0.883

Days o f decomposition 
* trial

12 52.38

Dry matter 
content

O H y = -0.021x + 
5.279

0.912 Days o f decomposition 4 59.00

m t ” y = -0.014x + 
5.683

0.711 Trial (season) 3 40.21

a t ”

s t ”

y = -O.Ollx + 
5.454 

y = -0.013x + 
5.461

0.533

0.536

Days o f decomposition 
* trial

12 5.927

Water
content

O T" y = -0.048x + 
7.644

0.988 Days of decomposition 4 3544 ***

M T" y = -0.045x + 
7.519

0.956 Trial (season) 3 27.29

a t ”

ST"

y = -0.031x + 
7.349 

y = -0.021X + 
7.266

0.949

0.844

* + * 

***

Days o f decomposition 
* trial

12 46.33



Dung-pa< Regr^sion significance
property_______________ model________________ _̂_______

Nitrogen
content

Magnesium
content

Phospiiorus
content

o H y = -0.052X + 0.984
8.820

m t ” y = -0.022x + 0.806
9.135

A T^ y = -0.017X + 0.855
8.838

Sjb y = -0.019x + 0.712
8.998

O T" y = -0.073X + 0.996
7.882

MT*’ y = -0.034X + 0.912
8.627

AT*’ y = -0.030X + 0.928
8.101

s t ” y = -0.029X + 0.864
8.329

O T" y = -0.059X + 0.975
7.599

m t ” y = -0.021x + 0.806
7.771

a t ‘’ y = -0.016x + 0.836
7.414

S j b y = -0.020x + 0.837
7.887
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Two-way ANOVA d.f. F  Significance

Days o f decomposition 4 133.8

Trial (season) 3 62.81

Days o f decomposition 
* trial

12 4.217

Days o f decomposition 4 75.61

Trial (season) 3 52.00

Days o f decomposition 
* trial

12 2.223 *

Days o f decomposition 4 216.5

Trial (season) 3 143.1

Days o f decomposition 
* trial

12 11.92
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Dung-pat
property Trial* Regression

model^ Significance Two-way ANOVA d.f. Significance

Potassium
content

O T “ y = -0.072X + 0.974
7.322

m t ” y = -0.027X + 0.853
7.297

A T" y = -0.039x + 0.952
8.385

S T ” y = -0.019x + 0.826
7.544

Days o f decomposition

Trial (season)

Days o f decomposition 
* trial

4 200.2

3 215.2

12 25.78

® = trials (OT, MT, AT, ST) within columns with different superscripts (a, b, c, d) are significantly different at the P < 0.05. 
 ̂ = linear regression model on In transformed absolute content data.

Regression model: Iny = Ax + B, where Iny = In transformed amount o f nutrient property remaining, A = rate o f 
decomposition, and x = days o f decomposition (time)
Significance levels: * = P < 0.05, ** = />< 0.01, *** = P < 0.001.
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4.4.4. Wet weight

Figure 4.6 demonstrates the changes in the wet weight (or total mass: water and dry 

matter content combined) o f the decomposing dung-pats in the four trials in terms of 

overall dung-pat mass and the % o f initial dung-pat remaining. After 7 days 19, 32, 

37, and 28% of the dung-pats had disappeared in the OT, MT, AT, and ST, 

respectively. Between days 8 and 14, the rate o f decomposition slowed down in the 

MT and AT with just a 3% decrease in wet weight in both trials compared to 13 and 

15% decreases in the OT and ST, respectively. After 60 days 9, 12, 18 and 29% of 

the dung-pats remained on the mesh base in the OT, MT, AT, and ST, respectively.

1600 -

5 1200
o> 1000

o> 600

Days of decomposition

Figure 4.6: Decomposition o f dung-pats in the four trials as measured using wet 
weight (standard errors are shown by vertical bars).

Table 4.3 shows the regression models used to describe the rate o f decomposition in 

terms o f wet weight for each trial over the first 60 days o f decomposition. The rates 

o f decomposition were significantly different for all trials {P < 0.05), with the OT
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having the fastest rate and the ST having the slowest rate. All regression models 

shown in this results section for all dung-pat properties were highly significant (P < 

0.001; r^> 0.88).

4.4.5. Dry matter

Figure 4.7 demonstrates the changes in the dry matter content of the decomposing 

dung-pats in the four trials in terms of dry matter concentration, content and the % of 

initial remaining. There is a clear dry matter concentration effect demonstrated, 

mostly due to the loss of water from the dung-pats at a faster rate than the dry matter, 

with the percentage of dung-pat wet weight made up of dry matter increasing over the 

60 days (Figure 4.7a). Dry matter contents of the dung varied among trials, with day 

I dry matter content in the MT being significantly greater (c. 30%) than the other 

three trials (Figure 4.7b). The dry matter content in the OT followed a very similar 

decomposition pattern to dung-pat wet weight in the OT (Figure 4.7b). The dung-pats 

were continually being rewetted by daily rainfall in the early days of the OT 

preventing the formation of hard crust on the surface and maintaining the water 

content of the dung-pat. The dung-pats in the other trials all formed hard crusts. The 

dry matter contents of the other trials were more erratic but all had the common trend 

of a dry matter content increase somewhere between day 1 and 28. The AT and MT 

began with an initial decrease in dry matter content, followed by an increase between 

days 8 to 14 and 15 to 28, respectively. Increases in dry matter content were 

measured in the ST between days 1 to 7 and 8 to 14. Figure 4.7c shows the changes in
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dung-pat dry matter content as a % o f the initial dry matter content remaining. After 7 

days 9, 11, and 9% o f  the dung-pats had disappeared in the OT, MT, and AT, 

respectively, while 15% more dry matter was measured in the ST. Between days 8 

and 14, further decreases in dry matter content were measured in the OT and MT 

while increases o f 28 and 4% on the initial dry matter content were measured in the 

AT and ST, respectively. After 60 days 31, 42, 58 and 59% of the initial dung-pat dry 

matter content remained on the mesh base in the OT, MT, AT, and ST, respectively. 

Table 4.3 shows the regression models used to describe the rate o f decomposition in 

terms o f dry matter content for each trial over the first 60 days o f decomposition. It 

shows that the rate o f decomposition in the OT was significantly greater than the 

other trials (P < 0.05), with the AT having the slowest rate, although not significantly 

different from the MT and ST.
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36 43 50 57

Figure 4.7: Decomposition of dung-pats in the four trials as measured using dry 
matter and displayed as dry matter concentration (%) (a), dry matter content 
(b), and percent remaining (c) in the dung-pats (standard errors are shown by 
vertical bars).
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Table 4.4: Results of statistical analyses (regression, two-way ANOVA) comparing dung-pat nutrients (N, Mg, P, K) 
within trials.

Trial Nutrient* Regression model*̂ r' Significance Two-way ANOVA d.f. F Significance
OT N" y = -0.052x + 4.580 0.984 Days of decomposition 4 4856

M g'’ y = -0.073X + 4.635 0.995 * ** Nutrient 3 239.8 * * *

p c y =  -0.059x +4.719 0.975 Days of decomposition * trial 12 57.61
K * ’ y =  -0.072X + 4.303 0.9744 * **

MT y =  -0.022x + 4.545 0.807 Days of decomposition 4 Thin
Mg y = -0.034X + 4.670 0.910 Nutrient 3 3.933 ♦

p a,c y = -0.021x +4.565 0.803 Days of decomposition * trial 12 4.329
K " y = -0.027X + 4.526 0.850

AT N " y = -0.017x + 4.591 0.854 Days of decomposition 4 135.4

M g” y =  -0.030X + 4.638 0.919 Nutrient 3 6.611 ♦ ♦ *

p a y = -0.016x +4.592 0.820 Days of decomposition * trial 12 5.282
K " y =  -0.039x + 4.714 0.945

ST N " y =  -0.019x + 4.684 0.705 Days of decomposition 4 79.68 ♦ ♦ *

Mg^ y = -0.029X + 4.627 0.698 Nutrient 3 15.47
p a y = -0.020x +4.815 0.873 ♦ ♦ * Days of decomposition * trial 12 2.236 ♦

K" y = -0.019x + 4.448 0.822

 ̂= nutrients (N, Mg, P, K) within columns with different superscripts (a, b, c, d) are significantly different at the P < 0.05.
 ̂= linear regression model on In transformed % remaining data.

Regression model: Iny = Ax + B, where Iny = In transformed amount of nutrient property remaining, A = rate of decomposition, 
and X = days of decomposition (time).
Significance levels: * = P < 0.05, ** = p  < 0.01, *** = P < 0.001.
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4.4.6. Water content

Figure 4.8 demonstrates the changes in the water content o f the decomposing dung- 

pats in the four trials in terms o f water content and the % o f initial remaining. After 7 

days 20, 36, 41, and 32% o f the water content o f the dung-pats had disappeared in the 

OT, MT, AT, and ST, respectively. Between days 8 and 14, a further 13, 2, 8 and 

18% o f the water in the dung-pats had disappeared in the OT, MT, AT, and ST, 

respectively. After 60 days 6, 7, 13 and 25% of the initial dung-pat water content 

remained on the mesh base in the OT, MT, AT, and ST, respectively (Figure 4.8b). 

The water content in general follows similar trends to the wet weight o f the dung-pats 

in all trials, especially in the early days o f decomposition with water leaching out of 

the dung-pat accounting for much of the dung-pat disappearance. Table 4.3 shows the 

regression models used to describe the rate o f decomposition in terms o f water 

content o f each trial over the first 60 days o f decomposition. It shows that there were 

no significant differences between the OT and the MT. The AT and ST were 

significantly different from the OT and MT and also from each other {P < 0.05). 

Again the overall rate o f decomposition was highest in the OT and the MT, fo lowed 

next by the AT with the slowest rate o f decomposition measured in the ST.
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Figure 4.8: Decomposition of dung-pats in the four trials as measured using 
water content and displayed as water content (a), and percent remaining (b) in 
the dung-pats (standard errors are shown by vertical bars).

4.4.7. Nitrogen

Figure 4.9 demonstrates the changes in N in the decomposing dung-pats in the four 

trials in terms o f N concentration, content and the % o f initial remaining. Figure 4.9a 

shows the changes in N concentration with a concentration effect shown in the MT 

and AT as the concentrations continues to increase up to day 60, approximately 200 

and 190% of initial, respectively. A similar trend is seen in the ST up until day 28, 

after which the concentration decreases, but at day 60 the concentration is still higher
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than at day 1 in the ST, although not significantly. In the OT the concentration 

decreases slowly but constantly up to day 60. The concentration of N would indicate 

a stronger relationship between the N and the dry matter content compared to the 

water content which leaches from the dung-pat during the early days of 

decomposition, although during the wettest trial (OT) there was a stronger 

relationship between N and the water content (r  ̂= 0.95; P  < 0.001). The changes in 

the N content of the dung-pats are shown in Figure 4.9b. There appears to be a slight 

increase in the N content of the dung-pats between days 8 and 14 in the MT and ST, 

although not significant. This matches the increase in dry matter content of these 

trials, although the same trend is not seen in the AT which has the largest increase in 

dry matter during this time period (Figure 4.7b). After 7 days 35, 33, 20, and 11% of 

the N content of the dung-pats had disappeared in the OT, MT, AT, and ST, 

respectively. Between days 8 and 14, a further 13 and 2% of the N has disappeared in 

the dung-pats in the OT and AT, respectively, while there had been increases of 5% 

in both the MT and ST. After 60 days 5, 23, 34 and 32% of the initial dung-pat N 

content remained on the mesh base in the OT, MT, AT, and ST, respectively (Figure 

4.9c). Table 4.3 shows the regression models used to describe the rate of 

decomposition in terms of N content of each trial over the first 60 days of 

decomposition. It shows that there were significant differences between the OT and 

the MT, AT and ST {P < 0.05). No significant differences were found between the N 

decomposition rates of the other trials. The highest rate of decomposition was found 

in the OT, significantly faster than the other trials.
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Figure 4.9: Decomposition of dung-pats in the four trials as measured using 
nitrogen and displayed as nitrogen concentration (a) nitrogen content (b) and 
percent remaining (c) in the dung-pats (standard errors are shown by vertical 
bars).
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4.4.8. Magnesium

Figure 4.10 demonstrates the changes in Mg in the decomposing dung-pats in the four 

trials in terms of Mg concentration, content and the % of initial remaining. Figure 

4.10a shows the changes in Mg concentration in the dung-pats over the first 60 days 

of decomposition. In the MT, AT, and ST there is a concentration effect with 

increases up to day 28. By day 60 these concentrations have decreased to similar 

concentrations as were measured on day 1. In the OT there is no concentration effect 

with a constant decrease in Mg concentration over the 60 days. After 7 days 43, 26, 

17, and 17% of the Mg content of the dung-pats had disappeared in the OT, MT, AT, 

and ST, respectively. Between days 8 and 14, a further 13, 12, 9 and 8% of the Mg 

had disappeared in the dung-pats in the OT, MT, AT and ST, respectively. 

Magnesium did not follow the same trend as N with increases in the overall content 

between days 8 and 14. After 60 days 1, 12, 18 and 18% of the initial dung-pat Mg 

content remained on the mesh base in the OT, MT, AT, and ST, respectively (Figure 

4.10c). Table 4.3 shows the regression models used to describe the rate of 

decomposition in terms of Mg content of each trial over the first 60 days of 

decomposition. Very similar to N, it shows that there were significant differences 

between the OT and the MT, AT and ST {P <  0.05). No significant differences were 

found between the Mg decomposition rates of the other trials. The highest rate of 

decomposition was found in the OT, significantly faster than the other trials.
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Figure 4.10: Decomposition of dung-pats in the four trials as measured using 
magnesium and displayed as magnesium concentration (a), magnesium content 
(b), and percent remaining (c) in the dung-pats (standard errors are shown by 
vertical bars).
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4.4.9. Phosphorus

Figure 4.11 demonstrates the changes in P in the decomposing dung-pats in the four 

trials in terms of P concentration, content and the % of initial remaining. The P 

concentration shows similar trends over the 60 days of decomposition as the other 

nutrients. There is a clear decrease in P concentration in the OT, particularly after day 

28. In the MT and AT there is a continuous increase in P concentration over the 60 

days. In the ST there is an increase in P concentration up to day 28, but then it 

decreases again between day 28 and day 60, but the concentration is still a little 

higher than the initial concentration on day 1. This concentration effect in the ST 

results in an increase in the P content of this trial over the first seven days (Figure 

4.11b). After 7 days 23, 31 and 19% of the P content of the dung-pats had 

disappeared in the OT, MT, and AT, respectively. There was a 9% increase in the P 

content of the dung-pats in the ST. Between days 8 and 14, there was a 17% decrease 

in P content in the OT, a 3% increase in the MT, no change in the AT and a 5% 

decrease in the ST, but still remaining 4% more than the initial P content on day 1. 

After 60 days 4, 25, 38 and 33% of the initial dung-pat P content remained on the 

mesh base in the OT, MT, AT, and ST, respectively (Figure 4.1 Ic). Table 4.3 shows 

the regression models used to describe the rate of decomposition in terms of P content 

of each trial over the first 60 days of decomposition. Very similar to N and Mg, it 

shows that there were significant differences between the OT and the MT, AT and ST 

(P < 0.05). No significant differences were found between the P decomposition rates 

of the other trials. The highest rate of decomposition was found in the OT, 

significantly faster than the other trials.
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Figure 4.11: Decomposition of dung-pats in the four trials as measured using 
phosphorus and displayed as phosphorus concentration (a), phosphorus content 
(b), and percent remaining (c) in the dung-pats (standard errors are shown by 
vertical bars).
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4.4.10. Potassium

Figure 4.12 demonstrates the changes in K in the decomposing dung-pats in the four 

trials in terms o f K concentration, content and the % o f initial remaining. Figure 

4.12a shows the changes in K concentration o f the dung-pats, with similar trends to 

the other nutrients described. The OT shows a continuous decrease in K 

concentration over the 60 days. The MT and AT show an increase in K concentration 

between days 1 and 7, while in the ST the increase in concentration comes a little 

later, between days 8 and 28. The concentration in the MT decreases between day 8 

and 28, but then increases significantly up to day 60. The concentration remains the 

same on day 28 and 60 in the AT and ST. The K contents of the AT and ST show 

slight increases on day 7 and 14, respectively but these increases were not significant 

(Figure 4.12b). After 7 days 61, 24 and 39% of the K content o f the dung-pats had 

disappeared in the OT, MT, and ST, respectively. There was a 4% increase in the K 

content o f the dung-pats in the AT. Between days 8 and 14, there was a 19, 13 and 

36% decrease in K concentration in the OT, MT and AT, respectively, and an 8% 

increase in the K content o f the dung-pats in ST. After 60 days 1, 24, 11 and 29% of 

the initial dung-pat P content remained on the mesh base in the OT, MT, AT, and ST, 

respectively (Figure 4.12c).
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Figure 4.12: Decomposition of dung-pats in the four trials as measured using 
potassium and displayed as potassium concentration (a), potassium content (b), 
and percent remaining (c) in the dung-pats (standard errors are shown by 
vertical bars).
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Table 4.3 shows the regression models used to describe the rate of decomposition in 

terms of K content of each trial over the first 60 days of decomposition. Very similar 

to N, Mg and P, it shows that there were significant differences between the OT and 

the MT, AT and ST {P < 0.05). There was also a significant difference between the K 

decomposition rates of the AT and the MT and ST. No significant differences were 

found between the MT and ST. The highest rate of decomposition was found in the 

OT, significantly faster than the other trials.

4.4.11. Comparison of nutrients within trials

Figures 4.13 to 4.16 show the rates of decomposition for the nutrients N, Mg, P and K 

in the OT, MT, AT and ST, in terms of their content in the dung-pats and the % of the 

initial nutrient content remaining. The OT has the fastest rates of decomposition for 

all nutrients (Table 4.4). Over the first 28 days of decomposition more K was lost 

from the dung-pats than other nutrient, followed by Mg and N, with less P being lost 

from the dung-pat than any other nutrient (Table 4.4). After day 28 the rates of 

decomposition were very similar resulting in less than 5% of each of the nutrients in 

the dung-pat of the mesh base by day 60 in the OT (Figure 4.13). Table 4.4 shows the 

regression models used to describe the rate of decomposition of the dung-pats in 

terms of their nutrient content for each trial over the first 60 days of decomposition. 

In the OT it shows that there was a significant difference between N and the other 

nutrients {P < 0.05), that P was significantly different from Mg and K (P < 0.05) and 

that there were no differences found between the rates of decomposition of Mg and
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K. The regression models for all nutrients in the four trials were highly significant {P 

< 0 .001).

For all nutrients within the four trials two-way ANOVA was used to help explain 

some of the variation between the nutrients within each of the four trials (Table 4.4). 

For most nutrients the factors (1) days of decomposition, and (2) the nutrient were 

found to be strongly significant (P < 0.001), and a little less significant for nutrient 

factor in the MT {P < 0.05). The interaction of these two factors was also shown to be 

significant for most properties (P < 0.001) and less strongly significant in the ST {P < 

0.05). The ANOVA suggests that rate of decomposition within each trial was 

explained by the number of days that had passed since deposition on day 1 and by the 

nutrient type. The significant interaction of the factors suggests that the between trial 

variation was also partly explained by differences in the effect of days of 

decomposition depending on the nutrient.

The rates of decomposition for the nutrients were much slow'er in the MT (Figure 

4.14). Again more K was lost from the dung-pat over the first 28 days compared to 

the other nutrients (Figure 4.14b). Compared to the OT, much of the nutrients were 

still in the dung-pats at day 28 in the MT, 62, 62, 70 and 36%, of the N, Mg, P and K, 

respectively, were remaining. The rate of decomposition between day 29 and day 60 

was therefore much faster in the OT. In the MT there was no significant difference in 

the rates of decomposition over the first 60 days between K and the other nutrients, 

N, Mg and P (/* < 0.05), but there was a significant difference between N and Mg {P
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< 0.05) and P and Mg {P < 0.05) (Table 4.4). The regression models for all nutrients 

in the four trials were highly significant {P < 0.001).

In the AT K again had the highest rate of decomposition over the first 28 days after 

the initial increase in K content in the first 7 days, closely followed by Mg (Figure 

4.15). The rate of decomposition for N and P followed very similar trends with no 

significant difference over the first 60 days {P < 0.05). The rates of decomposition for 

Mg and K were significantly different from each other {P < 0.05) and from both N 

and P {P < 0.05) (Table 4.4). The rates of decomposition for N and P over the first 60 

days of decomposition in the AT again were the slowest, similar to both the OT and 

MT.

In the ST there were no significant differences in the rates of decomposition of any of 

the nutrients over the first 60 days (Figure 4.16). This might reflect the low rainfall 

and low temperatures over the 60 days, reducing the overall decomposition potential.
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Figure 4.13: Comparison of decomposition of dung-pats of October trial as 
measured using nutrients and displayed as nutrient content (a), and percent 
remaining (b) in the dung-pats. Nitrogen content is shown on the secondary axis 
(standard errors are shown by vertical bars).
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Figure 4.14: Comparison of decomposition of dung-pats of March trial as 
measured using nutrients and displayed as nutrient content (a), and percent 
remaining (b) in the dung-pats. Nitrogen content is shown on the secondary axis 
(standard errors are shown by vertical bars).
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Figure 4.15: Comparison of decomposition of dung-pats of August trial as 
measured using nutrients and displayed as nutrient content (a), and percent 
remaining (b) in the dung-pats. Nitrogen content is shown on the secondary axis 
(standard errors are shown by vertical bars).
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4.4.12. Relationships between nutrients and dry matter contents

Figure 4.17 shows the relationships between the nutrient contents and the dry matter

contents o f the dung-pats in the four trials. It shows the variation in the strength o f the 

relationships between the nutrients and the dry matter, not only between nutrients in 

the same trial but also for the same nutrient in different trials. The strongest 

relationships were all found in the OT, although the relationship between K and dry 

matter was much lower than the other three nutrients in the same trial (r^ = 0.95, 0.98, 

0.94 and 0.71 for N, P, Mg and K, respectively; P< 0.0001 for all). The relationships 

between P and Mg contents and the dry matter contents o f the dung-pats were not 

only very similar but had the strongest relationships o f the four nutrients in all four 

trials (r^ = 0.98, 0.75, 0.43, and 0.60, for P in the OT, MT, AT and ST, respectively, 

and r  ̂ = 0.94, 0.80, 0.50, and 0.53, for Mg in the OT, MT, AT and ST, respectively; 

P< 0.0001 for all). The relationships between N and K contents and the dry matter 

contents o f the dung-pat were much weaker than the other nutrients (r = 0.95, 0.54, 

0.26, and 0.15, for N in the OT, MT, AT and ST, respectively, and r  ̂ = 0.71, 0.47, 

0.37, and 0.25, for K in the OT, MT, AT and ST, respectively; P< 0.01 for all, except 

for both N and K in the ST). The relative strength o f these relationships serves as one 

o f the indicators o f the mechanisms determining the release o f the nutrients from the 

dung-pats.
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Î

 4000 ■ 

I  3000 -
0

1 '

I  1000 -

t  0  -

♦  OT 
-M T  
A AT 
XST

50 100 150 200 250 300

Dry mattar content (mg dung-pat '̂ )

350 40C

Figure 4.17: Relationships between nutrient (nitrogen (a), magnesium (b), 
phosphorus (c), and potassium (d)) and dry matter contents in the dung-pats 
over the first 60 days of decomposition of the four trials.
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4.4.13. Relationship between dung-pat decomposition and environmental 

conditions

Figures 4.18 and 4.19 show some simple relationships between the environmental 

conditions (cumulative rainfall and mean daily temperature for each trial) and the 

rates o f decomposition o f each dung-pat property. The relationships between rainfall 

and temperature and the nutrients appear to be stronger than the relationships between 

rainfall and temperature and the physical properties of the dung. The rates o f 

decomposition were evidently not controlled by any one factor in isolation with the 

relative strengths o f the interactions between factors varying between the trials. More 

detailed analyses were attempted, aiming to provide stronger quantitative 

relationships between the decomposition rates and the varying environmental 

conditions within and between trials. However, few outcomes o f these analyses could 

reliably be related to the measurements made, failing to quantitatively explain the 

decomposition process. The relationship between environmental conditions and 

dung-pat decomposition is also complicated by the changes in the physical structure 

o f the dung-pats over time. It can be said that climate (rainfall and temperature) will 

set the upper and lower limits o f the potential rate o f decomposition, with resource 

quality, the edaphic complex (soil moisture, aeration and pH) and the decomposer 

community controlling the finer details o f decomposition. The interaction o f these 

controlling factors cannot be ignored with climate the often important link factor 

(Witkamp and van der Drift, 1961). Nonetheless, the discussion will attempt to 

integrate the obvious role played by the environmental conditions during the four 

decomposition trials.
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physical (a) and nutrient (b) properties. The rates of decomposition are based on 
the slopes of linear regression models performed on In transformed data.
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4.5. Discussion

The main aim o f this experiment was to investigate the decomposition o f dung-pats in 

grazed grassland ecosystems, focusing on the changes in the physical properties (dry 

matter and water content) and chemical properties (N, Mg, P and K) o f the 

decomposing dung-pats and to explore seasonal differences in the decomposition 

process when dung-pats were deposited at different times o f year. The aim intended 

to provide a greater understanding o f the dung-pats as a source o f P and other 

nutrients in the grassland system and to try to understand the mechanisms o f nutrient 

transfer between dung-pats and the soil beneath.

4.5.1. Methodological evaluation

The key methodological requirements o f studies examining factors affecting dung-pat 

decomposition were reviewed (Barth, 1993). Criteria identified for an appropriate 

experimental design inlcuded (1) the importance o f having enough dung-pats to 

demonstrate statistically significant differences between groups, (2) and the 

importance o f standardising the initial conditions o f the dung-pats within groups o f 

replicates, i.e. having the same weight, the same surface area, and most importantly 

the same moisture content, and (3) the dung should also be from animals receiving 

the same diet. The experiment in the current study was therefore designed to ensure 

that there were enough replicates in each trial to identify potential differences in the 

various physical and chemical dung-pat properties measured during the process o f 

decomposition.
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The monitoring approach used to assess changes in dung-pat properties in the current 

study closely followed that of others studies {e.g. Underhay and Dickinson, 1978; 

Lovell and Jarvis, 1996; Dungait et al., 2005), artificially creating dung-pats on 

netlon mesh bases, which allowed the same dung-pats and the soil underneath to be 

sampled periodically during the decomposition period.

It was recognised that the removal of a piece of the dung-pat during sampling left the 

disturbed section of the dung-pat vulnerable to increased desiccation during warm 

weather, or rewetting during rainfall, either way potentially increasing the rates of 

decomposition and key decomposition processes such as leaching. To lessen the 

impact of this approach, dung samples of four dung-pats were composited, 

minimising the amount of sample taken from and the disturbance to each individual 

dung-pat, while providing enough sample to carry out the required analyses.

An alternative approach would have been to follow the example of studies such as 

Williams and Haynes (1995). Dung-pats (n = 12) were artificially created in a similar 

fashion to the current study, with the soil sampled 12, 23 and 36 months after dung- 

pat deposition, on each date destructively sampling 4 replicate dung-pats. Underhay 

and Dickinson (1978) also destructively sampled dung-pats on each sampling day but 

found they had too few replicate dung-pats to determine statistically significant 

changes in the dung properties measured, highlighting the need for more than 10 

dung-pats in each of the trials in the current study. The studies of Aarons et al. 

(2004a; 2004b) used a design similar to the current study to examine the changes in P
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in decomposing dung-pats and the subsequent effect on soil P. To do this they also 

used the destructive sampling approach, but on each sampling day, only sampled one 

dung-pat and one control plot (for soil). This may have given a clear indication o f the 

nutrient contents o f those samples, but would not have a great deal about the variation 

between dung-pats. In the current study the maximum number o f replicate dung-pats 

that one individual could manage to sample and process in a single day was used. 

This proved effective in minimising the impact o f sampling on the decomposition 

process. A simple method o f testing the effects o f the sampling approach used in the 

current study on the rates o f dung-pat decomposition would be to include an extra ten 

dung-pats, two o f which could have been destructively sampled on each sampling 

day, for comparison with the other results.

The netlon mesh base on which the dung-pats were placed was satisfactory, 

maintaining the integrity o f the dung-pat when being weighed and sampled, and 

allowing what appeared to be a healthy dung-beetle and earthworm population to 

function normally.

The methods o f analysis used to measure the nutrient concentrations in the dung 

samples were satisfactory. It is recommended that a detailed fractionation o f P during 

the decomposition of the dung-pat be undertaken if this experiment was repeated. 

This would yield more information on the transfotmation o f P in the dung-pat and 

help strengthen the link between the release mechanisms from the dung-pat and the 

effect on soil P.
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4.5.2. Initial (Day 1) dung properties

The physical and nutrient properties o f the dung were assessed before the dung-pats 

were created on the first day o f the experiments. Significant seasonal differences in 

the initial properties were found between all four trials. Differences in resource 

quality have been shown to be a fiindamental determinant o f the rate of 

decomposition for many substrates (Swift et al., 1979; Smith and Bradford, 2003). 

Much o f the variation in dung-pat properties between the trials was thought to be 

explained by the diet and physiology o f the cows.

The dry matter and water contents were all significantly different from each in the 

current study. The consistency o f dung is determined by the water and structural 

carbohydrate content o f the herbage, with new grass in spring for example, having a 

high moisture and low structural carbohydrate content {i.e. a high digestibility), 

which can result in more liquid dung (Haynes and Williams, 1993). The studies o f 

Weeda (1967) and Dickinson et al. (1981) related the initial properties o f the dung to 

the rate o f decomposition, showing that the dung with the highest water contents 

decomposed twice as fast as the dung with the lowest water content. This relationship 

was not observed in the current study as the dung (ST) with the highest water content 

had the slowest rates o f decomposition. The size o f  the differences in the water 

content o f the dung in the current study was not as large as reported in Weeda (1977). 

Therefore, in the current study, the effects o f the external abiotic and biotic 

conditions affecting the dung-pats during the decomposition period may have had a 

greater overall effect on the rate o f decomposition o f the dung-pats.
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Significant differences were found in the P content of the dung in the current study 

(Table 4.2). The P content o f the MT was significantly higher than the others 

reflecting the high uptake o f P in the herbage at this time of year (Whitehead, 2000). 

Herbage samples were collected in the plots where the dung was collected to 

determine the total P content in the diet, but technical problems during analysis meant 

the results could not be validated and are therefore not presented. Other studies, 

including the results presented in Chapter 3, have clearly demonstrated the 

relationship between the nutrient concentration in the diet and that o f the dung. For 

example, Rowarth et al. (1988) showed marked seasonal variation in the P 

concentration o f the herbage and the P concentration o f the dung from the sheep 

grazing that herbage. Many factors have been shown to affect the P concentration in 

herbage, including temperature, soil moisture and management practices such as 

cutting and grazing (Rowarth et al., 1988; Whitehead, 2000).

It was not possible to investigate the role o f animal physiology on dung P 

concentrations in the current study. Considerable quantities o f the P ingested by the 

dairy cows is utilised in the production of milk, with lower quantities o f P excreted in 

the dung. The physiological requirements of the cows for P at different times o f the 

year will therefore be a major factor in determining the quantities o f P excreted in the 

dung (Whitehead, 2000).
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4.5.3. Dung-pat physical decomposition

Almost 100% of the dung-pats in terms of their total mass had disappeared after 90 

days of decomposition in the four trials of the current study. This is similar to other 

studies in the literature with a similar climate (Castle and MacDaid, 1972; Dickinson 

et al., 1981; Gittings et al., 1994; Lovell and Jarvis, 1996). This is notable given the 

different environmental conditions the dung-pats were exposed to during the four 

trials.

Several key factors or combinations of factors were identified in the current study as 

regulating the decomposition of dung-pats in a grassland ecosystem. The results of 

the current study show that various combinations of rainfall, temperature and 

biological activity (microbial and faunal) were controlling the different rates of 

decomposition of the dung-pats and their properties, with the differences most 

evident over the first 60 days of decomposition. The link between the abiotic and 

biotic factors needs to be stressed. For example, most decomposition related to 

biological activity is only significant above a certain temperature, and under suitable 

moisture levels, but quantifying this interaction was beyond the scope of this study.

In the current study, crusts formed in three of the four trials, not forming in the OT. 

Formation of surface crusts have been identified as one of the most important 

physical changes to a dung-pat during the decomposition period. Underhay and 

Dickinson (1978) showed the importance of the hard crust, together with increasing 

matrix and osmotic potentials within the dung colloids, in resisting the loss of 

moisture. They also showed that once the dung-pat had dried, it was not easily
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rewetted by rainfall, having a considerable effect on the loss o f soluble cations. This 

was particularly important in the current study.

The OT was the wettest trial (cumulative rainfall = 446 mm), approximately 40% 

more rainfall than the next wettest trial, and critically during the first 28 days. This 

heavy rain continually renewed the moisture content o f the dung-pat, preventing crust 

formation, resulting in the slowest water losses over the 14 days, although the rate of 

water loss over the first 60 days was highest in the OT of all trials. It seemed the 

presence of a crust on the dung-pats in the other trials protected the dung-pats from 

evaporation and leaching, slowing down the rates o f water loss over first 60 days. The 

importance o f rainfall hase been shown by other authors. Rowarth et al. (1985) 

showed a considerable seasonal effect, with the dung completely decomposing in 28 

days during the wetter winter period, while it took over 75 days in the drier summer. 

The faster rates o f decomposition compared with the current study were explained by 

the higher annual rainfall (c. 1500 mm) and also the greater surface area o f the sheep 

dung compared to cow dung.

After 60 days the dung-pats in the ST had more o f the initial dung-pat mass left on 

the mesh base. The ST was the second coldest and second driest of the four trials. It is 

hypothesised that this combination o f environmental conditions meant that the 

rainfall and/or temperatures (needed to stimulate biological activity) were largely 

absent, compared to the other trials, which either had high rainfall or temperatures 

high enough to stimulate biological activity, necessary for faster decomposition.
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The behaviour of water and dry matter content losses were controlled by different 

processes. While most o f the initial changes in dung-pat weight are due to water 

losses, the dry matter constituents were more difficult to decompose and therefore 

took longer. The slower dry matter decomposition rates resulted in a concentration 

effect for the dry matter content in all trials, even in the OT (Figure 4.7). The 

increases in dry matter concentration in the OT show that, even though the rate of dry 

matter decomposition was significantly faster in the OT than in the other trials, 

processes other than those associated with the heavy rainfall (e.g. leaching and 

erosion) were essential for resistant dung-pat dry matter disappearance. This may 

have included physical incorporation by earthworms for example.

The concentration effect was not only due to decreasing water content but also due to 

the transfer of soil into the dung-pat, particularly in the AT and ST. This transfer of 

soil into the dung-pats not only increased concentrations but resulted in an increase in 

the contents of some o f the dung-pat properties (dry matter and P) above initial 

contents measured on day 1. This increase is most likely due to the action of 

earthworms and dung beetles and has been observed in other similar experiments 

(Dickinson and Craig, 1990). Their significant role in physical degradation of the 

dung-pats and incorporation into the soil, leads to an initial deposition of soil in the 

dung-pat. The effect was most pronounced and significant in the AT potentially when 

more biological activity, particularly from dung beetle and their larvae would be 

expected (Gittings et al., 1994). Dickinson and Craig (1990) showed the importance 

of water in the losses of dry matter from their dung-pats when comparing irrigated
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dung-pats with uncovered dung-pats during a long warm dry period. The results 

showed that the dry matter losses in the irrigated plots continued unabated compared 

to the uncovered dung-pats, despite the fact that much o f the applied water failed to 

pass through the dung-pat crust, as evidenced by the water content o f the dung when 

sampled. It was then suggested that the addition of water to the surrounding 

vegetation and soil influenced processes within the dung-pats, perhaps by 

maintaining the atmospheric humidity around the dung-pats at a high level and by 

stimulating the activity o f soil fauna and flora. This would help explain the faster 

rates o f decomposition o f dung-pats in the MT (more rainfall than the AT and ST), 

even though a hard crust had formed on the surface.

The decomposer organisms thought to play a role in the decomposition o f the dung- 

pats in the current study were the bacteria and fungi, dung beetles, dung-flies and 

earthworms, all observed except for the bacteria, although the contribution (size and 

activity) o f each was not quantified. Dung-beetles (present as adults and juveniles) 

and earthworms were the most dominant o f the fauna in the trials. It was noted that 

dung-flies would lay their eggs within minutes o f creating the dung-pats, particularly 

during the AT and ST, suggesting a significant role, similar to that o f dung beetle 

larvae, to be played by their larvae in these trials. The presence o f fungi growing on 

the surface o f the dung-pats between days 28 and 60 was noted in the MT and ST, 

and absent from the OT and MT. This conforms to the findings o f Dickinson and 

Underhay (1977) who suggest that moisture levels in the dung-pats will determine 

fungal growth, conditions either too dry or too wet inhibiting significant growth. The
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fundamental role of bacteria wasn’t overlooked in the decomposition of dung-pats in 

the current study, with active populations in the dung-pats and in the soil beneath, 

playing a significant part in the chemical decomposition of the dung-pats. However, 

unlike some of the other decomposer organisms, a qualitative assessment of their 

impact wasn’t possible. The earthworms appeared to play a relatively large role in all 

four trials of the current study, particularly when soil moisture conditions were 

suitable. This perhaps is contrary to the findings of other studies (e.g. Holter, 1979; 

Gittings et al., 1994) but in the current study the dung-pat was shown to increase or 

maintain soil moisture in the soil directly underneath when compared with the 

baseline (control) soils. This would provide the earthworms with a suitable 

environment nearer the soil surface even during the warmer months (e.g. AT). 

Gittings et al. (1994) investigated dung-pat decomposition in different seasons 

(spring, summer and winter) in intensively grazed grasslands in lowland and upland 

plots and showed that dung-pat decomposition was faster in the lowland plots 

compared to the upland plots, relating this to higher temperatures and lower rainfall 

in the lowland plots. They also showed that in the spring and autumn trials, between 

plot differences in decomposition were closely related to differences in earthworm 

biomass, while in the summer trial, earthworm biomass was low and between-plot 

differences in decomposition up to 40 days after deposition were related to 

differences in the number of larvae of Aphodius dung beetles. Other studies have also 

shown a negative relationship between dung beetle species such as Aphodius rufipes 

and the biomass of earthworm attracted to dung-pats (Holter, 1979; Gittings et a l, 

1994). On the other hand, Holter (1983) suggested that Aphodius rufipes, probably
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both the adults and larvae, promotes the aggregation o f earthworms. The reasons for 

this aren’t very clear but it is suggested that the earthworms find it difficult to attack 

the firm and coherent texture that often develops unless the dung is loosened by the 

dung beetles and their larvae. Another possible explanation is that the beetles and 

their larvae open up the dung-pat at an early stage, helping to release ammonia that 

might otherwise discourage earthworm colonisation. A similar explanation was 

suggested by Harris et al. (1980), who also showed an increased ammonia release due 

to the presence o f dung fly larvae.

The role o f the decomposer organisms appears to be quite significant throughout the 

AT, given that less rainfall fell during this period and yet the rates o f decomposition 

were comparable with the MT and somewhat higher than the ST. It is also 

hypothesised that the decomposer organisms, particularly the earthworms, play an 

important role in physically incorporating the dry matter constituents o f the dung-pats 

into the soil profile. The large earthworm biomass seen in all trials, particularly after 

day 28, clearly explains why ultimately very little of the dung-pats were left by day 

90. Several species o f earthworm are known to aggregate under dung-pats. Holter 

(1979; 1983) estimated a rapid increase in earthworm biomass to a maximum o f 71 g 

at 36 days. The results showed an increase in the numbers o f earthworms rather than 

an increase in mean weights o f individual earthworms. The potential importance o f 

the earthworms was clearly shown by Holter (1979) when he found that earthworms 

accounted for approximately 50% of the disappearance o f cattle dung-pats from the
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soil surface in the Denmark study, and dung beetle larvae accounted for another 14 to 

20%.

4.5.4. Chemical decomposition and the release of nutrients from dung-pats

Changes in nutrients were shown as both concentrations and contents, allowing the

relationships between nutrients and the physical changes in the dung-pats to be 

examined.

The decomposition o f all the dung-pats began with an initial weight loss, principally 

due to the rapid loss o f their water content, which accounts for up to 90% o f wet 

weight. The nutrient analysis in the currents study revealed that a minimum of 11, 17, 

9 and 24% o f the N, Mg, P and K contents, respectively, were lost during the first 7 

days in the four trials. Maximum losses o f 35, 43, 23, and 61% of the N, Mg, P and K 

contents, respectively, were lost during the first 7 days in the four trials, with most o f 

these values, except for P, associated with the heavy rainfall o f  the OT. These values 

demonstrate that significant proportions o f water soluble forms o f these nutrients are 

found in dung-pats and the potential for these nutrients to be leached out o f the dung- 

pats in the first 7 days o f decomposition. The constituents o f dung may fall into two 

groups, soluble (labile) constituents and the more resistant forms, i.e. those locked 

away in organic forms or with a strong association with the dry matter. Water 

extrac:able P can account for up to 30% of total P in fresh dung, therefore having the 

potential to be lost in the first 7 days with the water loss (see Chapter 3). 

Comn.inution is also known to speed up leaching losses, with Witkamp (1969) and
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Nykvist (1963) with a reduction in particle size increasing the amount o f soluble 

material that can be leached from the various forms o f plant litter. This would suggest 

that leaching of nutrients from the dung-pat could continue to be important, 

particularly when the dung-pat starts to disintegrate later in the decomposition period.

The release o f nutrients from the dung-pats in the OT followed very different trends 

to the other three trials, principally because o f the heavy and sustained rainfall during 

this period. A dry matter concentration effect was observed during the OT similar to 

the other three trials, but unlike the other three trials, none o f the nutrients showed a 

concurrent concentration effect, all either remaining at the same concentration or 

decreasing with time. The sustained rainfall and low levels o f evaporation throughout 

the trial, in effect maintained high moisture levels in the dung-pat, mimicking the 

initial high water losses that usually occurs during the first 7 or 14 days of 

decomposition. The process o f leaching, driven by the rainfall, therefore played a 

much greater role in the release o f all nutrients during this trial, with more than 80% 

of the initial nutrient contents released from the dung-pats by day 28. This is despite 

the strong relationships between the nutrient contents and the dry matter contents of 

the dung-pats (r^ = 0.95, 0.98, 0.94 and 0.71 for N, P, Mg and K, respectively; P< 

0.0001 for all). The rainfall was also the principal influence o f dry matter 

disappearance during the OT accounting for the strong relationships. It is likely that 

erosion played a significant role in the disappearance o f the dung-pat in the OT. The 

rainfall just before the beginning and during the first 28 days o f this trial was hea\y 

enough to leave water standing in the field at times. It is therefore likely that water
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played a significant role in physically transferring some of dry matter away from the 

deposited dung-pat, although estimated the quantities of dung-pats lost to erosion 

would be difficult to quantify. Nonetheless, physical incorporation, probably by 

earthworms, was still likely to be a necessary and important mechanism of 

disappearance resistant dung-pat constituents later in the decomposition period.

The loss of organic matter from the dung-pats through CO2 evolution can occur more 

rapidly than the loss of nutrients, thus leading to an increase in the concentration of 

these nutrients (Haynes and Williams, 1993). This was likely in the current study 

with a nutrient concentration effect observed for N, P and Mg in particular.

The strength of the relationship between the P, Mg, N and K contents and the dr>' 

matter contents of dung-pats varied between decomposition trials. This suggests that 

different mechanisms of nutrient release were in operation for each nutrient in 

different trials, particularly in the MT, AT and ST. The relationships between the P 

and Mg contents and the dry matter contents of the dung-pats were stronger than the 

relationships between the N and K contents and dry matter contents of the dung-pats. 

The strong link between P and Mg and dry matter would suggest that the likely 

mechanism of release was physical incorporation into soil, particularly after the initial 

loss of the soluble forms during the first 7 days. Rowarth et al. (1985) showed that 

the concentration of both total P and water extractable P in sheep dung remained 

relatively constant with time and suggested that the major mechanism controlling the 

movement of P from dung into the soil was the physical breakdown and
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incorporation. Aarons et al. (2004b) also found that little change in the concentra:ion 

of total P in the dairy cow dung and again reached the same conclusion. Aarons e: al. 

(2004a) also examined the dung P fractions in more detail over the decomposition 

period and showed that bicarbonate extractable Po made up approximately 36^> of 

the total bicarbonate extractable P, and that this fraction declined steadily over the 

decomposition period. These findings suggest that either this organic fraction was 

being mineralised or was leaching from the dung-pat, the former most likely is a 

concurrent increase in soil bicarbonate extractable Po was not observed. The decrease 

in dung bicarbonate extractable Po of 9.8 mg was mirrored by an increase in dung 

bicarbonate extractable Pi of 10.3 mg.

The changes in magnesium concentrations in the current study followed very similar 

trends as the dry matter concentrations, suggesting that the Mg (likely to be found as 

MgCOs (Whitehead, 2000)) was very strongly linked to the dry matter constituents 

and would therefore suggest that physical incorporation of the dung-pat into the soil 

was the main loss mechanism for Mg Similar to the findings of Dickinson and Craig 

(1990). However, other mechanisms of Mg loss were evident in the OT, with 43S> of 

the Mg content lost from the dung-pats, suggesting that a considerable proportioi of 

the Mg was soluble in water and may leach from the soil, particularly when the e is 

heavy rainfall.

The weaker relationships between the N and K contents and the dry matter coitent 

would suggest other mechanisms were determining the release of these nutrients.lt is
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likely that given the soluble nature of K cations, the major process of release was 

related to the initial losses of water from the dung-pats in the first 14 days, coupled 

with renewed leaching losses during periods of rainfall, provided the dung-pats could 

be rewetted (Aarons et al., 2004b). In the OT over 60% of the K was released from 

the dung-pats during the first 7 days, indicating a very strong relationship with 

rainfall. Dickinson and Craig (1990) found that the greatest losses of K coincided 

with the initial losses of water from the dung-pats, and that heavy rainfall had less of 

an impact in their study, suggesting that leaching although important may not be the 

only process accounting for the removal of this nutrient. Of course, some physical 

incorporation of K into soil would be inevitable if the nutrient remained in the dry 

matter constituents, particularly during periods of earthworm activity. The fact that 

little or no concentration effect was seen for K would suggest that when compared 

with the other nutrients which did show a concentration effect, potentially due to the 

faster rates of organic matter (carbon) losses from the dung-pat via microbial 

respiration, leaching continued to be the dominant K release mechanism from the 

dung-pat into the soil. Despite the strong relationship between the release of this 

soluble cation and the high water losses from the dung-pats over the first 7 days of 

decomposition, the results of the AT showed a small increase in the dung-pat K 

content even though the AT has the highest water loss of all four trials over the first 7 

days. What would have been expected was a very high loss of K via leaching if the 

water was moving down into the soil profile. That is unless the water content was 

evaporating from the dung-pats as the first 7 days of the AT had some of the highest 

temperatures recorded during the four trials with a mean daily temperature of
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approximately 15 °C. Sampling or analysis error may have occurred but similar 

anomalies were not evident in the other nutrients at this time, all analysed from the 

same sample.

The release o f  N from the dung-pat is more complex because o f  the greater role o f  

microbial populations in N dynamics coupled with the potential for atmospheric 

losses. Microbial mineralisation could be an important first step for the release o f  N  

(in mineral forms) from dung as most o f  it occurs in organic forms. The relationship 

between N and dry matter contents in the dung-pats was the weakest o f  the four 

nutrients measured, suggesting that mechanisms other than physical incorporation 

were involved in the release o f  N  from the dung-pats. Dickinson et al. (1981) showed 

a loss o f  8 % o f total N in their dung-pats over the first 20 days and attributed this to 

ammonia volatilisation as well as the leaching o f  N  into the soil. Losses o f  NH 3 and 

CO2 to the atmosphere have also been shown to be most rapid in the first few weeks 

after dung decomposition in other studies (MacDiarmid and Watkin, 1972; Anderson 

and Coe, 1974), again principally through volatilisation and microbial respiration, 

respectively. Leaching and physical incorporation were likely to be the important 

mechanisms o f  release once the organic N had been mineralised.

4.6. Conclusions

Significant seasonal differences were found in all o f  the initial physical and chemical 

properties o f  the freshly deposited dung-pats, and reflect changes in the diet and the 

physiology o f  the grazing animals over the year.
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Between and within trial differences were found between the rates o f decomposition 

o f dung-pat physical and chemical properties over the first 60 days o f the trial. These 

differences were due varying contributions o f the driving variables (physico-chemical 

environment, resource quality and decomposer organisms) to the processes (leaching, 

erosion, volatilisation, respiration, and physical breakdown) o f dung-pat 

decomposition.

The highest rates o f  decomposition for all dung-pat properties over the first 60 days 

were found in the OT, i.e. the decomposition period with the most rainfall. This may 

have also been the coldest decomposition period, limiting the contribution o f 

biological activity to the decomposition process, demonstrating the importance o f 

rainfall and moisture to the disappearance o f dung-pats.

In the absence o f heavy rainfall, the other three trials showed more similar rates o f 

decomposition. The link between climatic and biological activity was more important 

for the decomposition o f the dung-pats in these trials. The MT and the ST had very 

similar cumulative rainfall amounts, but the temperature regimes were the critical 

difference. The mean daily temperature was higher in the MT than the ST and also 

was increasing during the decomposition period compared to the ST which ended in 

December. The AT had the driest decomposition period, and the highest rates of 

evaporation, but the lack o f moisture could have been compensated by an increase in 

biological activity.
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The wet weight changes in the dung-pats over the first 60 days proved to be a good 

overall indicator o f the rates o f decomposition in the four trials (OT, MT, AT and ST, 

fastest to slowest, respectively), reflecting the variation in the rates o f decomposition 

o f the various constituents measured in the current study. The four nutrients measured 

during the decomposition period fell into two categories in terms o f their rates of 

decomposition over the first 60 days. There was a tendency for K and Mg to have 

similar and higher rates o f decomposition than those o f N and P which also had 

similar but lower rates o f decomposition. This helps decipher the potential 

mechanisms of nutrient release from the dung-pats as P and Mg have the strongest 

relationships with dry matter suggesting that physical breakdown and incorporation 

into the soil is necessary for the transfer o f P and Mg from the dung-pat into the soil. 

Dung-pat N and K contents had weaker relationships with the dung-pat dry matter 

content suggesting other mechanisms are more important, including the volatilisation 

o f ammonia and the leaching o f K from the dung-pats.

The concentration effects observed for dry matter, N, P and Mg showed that although 

the leaching o f soluble nutrient fractions from the dung-pats may have been important 

over the first 7 days, this was not the principal mechanism of release over the rest of 

the trials. Only K concentrations remained the same or decreased demonstrating the 

importance o f this process in the loss o f this soluble cation. The relative contribution 

o f different mechanisms was also shown to vary with season. It is concluded that the 

constituents of dung may be divided into two distinct categories, those that are 

soluble (labile) and primarily released via leaching, and those that are more resistant
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{i.e. locked away in organic forms or with a strong association with the dry matter) 

and primarily released through physical breakdown and incorporation into the soil.

The decomposition o f dung-pats in grazed grassland ecosystems was shown to be 

highly variable and a very dynamic component o f the N, Mg P and K nutrient cycles. 

The interaction of abiotic and biotic factors could not be more evident in controlling 

the processes that help this agro-ecosystem function. The impact o f dung-pats and 

their decomposition on the soil component o f the grassland ecosystem is likely to 

reveal another dynamic element o f these nutrient cycles.
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5. Chapter 5: The effect of dung-pats on soil phosphorus fractions and 
associated soil properties

5.1. Abstract

The presence o f the grazing animal is said to increase the rate at which phosphorus 

(P) and other nutrients are recycled through the grassland ecosystem. The grazing 

animal uses only a proportion o f the P they ingest and return between 60 and 99% of 

this nutrient in the form of dung. Understanding the impact o f dung on soil P is 

essential as grazed grasslands are considered a major source o f P lost to water. The 

aims o f this study were to examine the seasonal fluctuations in soil P in a grassland 

soil, and to investigate the effects o f dung-pats on soil P fractions. Field trials used 

artificially created dung-pats placed on mesh bases in March, August and September, 

2003. The mesh bases allowed easy sampling o f the soils underneath the dung-pats. 

Soil samples were taken initially on day 1 and subsequently on days 7, 14, 28, 60 and 

90. The soils were analysed for total P (Pt), inorganic P (Pi), organic P (Po), 

M organ’s P (Pm), microbial biomass P (MBP), organic matter (OM), organic carbon 

(C), total nitrogen (N), and available potassium (K) and magnesium (Mg). Significant 

seasonal fluctuations were measured for all soil properties over 2003, with a distinct 

summer maxima, winter minima observed in Pi, Pm, MBP, OM, C and N 

concentrations, while Po showed the opposite trend. The annual P release from the 

MBP fraction calculated for this grassland soil was 58 mg kg'* or 50 kg ha'' with an 

annual turnover rate o f 0.99. Available K tended to decrease during the growing 

season, showing signs o f building up the following winter while Mg was more
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variable. Significant dung-pat effects were measured in all soil P fractions, except for 

Po. Maximum increases of 22 and 48% were measured for Pt and Pi on day 60, 

respectively. These effects coincided with the physical incorporation of the dung-pats 

into the soil. It is suggested that mineralisation of the Po within the dung-pat or on 

entr>' to the soil accounts for the lack of a response. A significant increase was 

measured in the MBP after 7 days (38%), followed by a decline to baseline 

concentrations on day 14, followed by a sustained increase up to a maximum of 86% 

on day 90. The rate of P loss from the MBP over the three month period was 

approximately 5.5 and 9.8 mg kg'* or 4.7 and 8.4 kg ha'', for the dung-pat affected 

and baseline soils, respectively. The turnover rates for the dung-pat affected and 

baseline soils during the MT were 0.07 and 0.17, respectively. Highly significant 

increases in Pm, K and Mg were measured on all sampling days except of Pm on 

days 7 and 14 in the MT. Significant increases in OM and N were measured towards 

the end of the trial, while the only significant result measured for C was a decrease 

(13%) on day 28. These results indicate considerable temporal and spatial variation 

associated with the P dynamics of grazed grassland.

Keywords', grassland soil, dung-pats, decomposition, soil phosphorus, inorganic 

phosphorus, organic phosphorus, Morgan’s phosphorus, microbial biomass 

phosphorus, available nutrients
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5.2. Introduction

Phosphorus (P) is a major nutrient that has many important roles and influences in 

production agriculture and all parts of the biosphere (Ritter and Shirmohammadi, 

2001). The soil is the most important reservoir of P in terrestrial ecosystems, 

containing between 100 and 3000 mg kg'' soil. A combination of biological, 

chemical, physical, and environmental properties and processes, together with the 

history and intensity o f land use and management determine the forms, dynamics and 

mobility of P in the soil-plant-animal-water system (Condron, 2002).

5.2.1. Seasonality

Knowledge of seasonal variation in the sizes of P forms and fractions, and other soil 

properties, is important for our understanding of P dynamics in the soil, and the 

evaluation of soil tests for plant-available P and for risk assessment of P loss from 

soil to water. Soil P cycling and availability are controlled by a combination of 

biological processes (mineralisation and immobilisation) and physico-chemical 

processes (adsorption-desorption and dissolution-precipitation) (Frossard et al., 

2000). These processes are governed by changes in environmental conditions such as 

soil temperature and soil moisture (Chen et al, 2003) and seasonal variations in P 

demand by plants (above- and below-ground biomass) and competing microbial 

populations, as well as plant senescence and decomposition (Tate et al., 1991). For 

example, many studies have shown a build up of organic P (Po) in winter in grassland
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soils, often followed by a spring minimum Po concentration (Dormaar, 1972; 

Sharpley, 1985; Perrott et a l, 1990; Tate et a l, 1991; Magid and Nielsen, 1992; Chen 

et al., 2003). The reduction of Po in spring was mostly explained by increased rates 

of mineralisation as the demand for available P by plants increased. For example, 

Chen et al. (2003) showed that increased concentrations of labile Pi (bicarbonate and 

water extractable) in early spring coincided with a decrease in microbial biomass P 

and bicarbonate extractable Po. Sharpley (1985) also showed the role of Po in 

replenishing the supply of available P, largely as a function of phosphatase activity 

{i.e. stimulating a higher turnover of Po). Magid and Nielsen (1992) concluded that 

the amounts of Pi fractions varied inversely with changes in soil moisture content, 

explained by physical changes in soil structure and by the effects of drying on soil 

microbial biomass. They found it difficult to explain the variation in the Po fractions 

but suggested that it might reflect changes in the solubility of organic matter, rather 

than the biological turnover of organic matter. McGrath et al. (2000) studied monthly 

fluctuation in soil P availability in tropical agroforests. They showed that changes in 

P availability were strongly related to environmental factors (rainfall, soil moisture, 

temperature) that control the decomposition of litter and organic matter in these forest 

systems. In particular, high rainfall and a succession of wetting and drying cycles 

gave rise to the highest soil P availability. A common finding of these studies was 

that seasonal fluctuations in soil P fractions were related to changes in plant uptake, 

soil temperature and soil moisture over the season, and soil type. Seasonal variability 

has also been shown to specifically affect soil test P (STP) concentrations (Childs and 

Jencks, 1967; Saunders and Metson, 1971; Jessop et al., 1977; Friesen et al., 1985).
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For example, Friesen et al. (1985) accounted for between 45 and 98% of total 

variation in STP (Colwell and Bray No. 1) due to seasonal fluctuations. Further 

analysis did not reveal any consistent relationships between STP concentrations and 

environmental conditions, explaining the relationships. They also concluded that due 

to the spatial component of total variation, the use of smaller plots would be advised 

for monitoring baseline soil nutrient concentrations.

The soil microbial biomass, comprising about 2-3% of the total organic carbon in 

soil, is a relatively labile fraction of the organic matter in the soil and plays a central 

role in nutrient cycling (Jenkinson and Ladd, 1981). It is therefore a more important 

pool of nutrients than its small size might indicate, with soil biomass P uptake 3-5 

times greater than plant P uptake in semi-arid grassland (Brookes et al., 1984). 

Microbial uptake of P and its subsequent release and redistribution strongly affects 

the availability of P in soils (He et al., 1997; Oberson and Joner, 2005). Microbial 

biomass P accounts for between 5 and 24% of total Po in grassland soils (Brookes et 

al., 1984). Brooks et al. (1984) calculated a mean annual flux of P through the 

biomass (in a soil depth of 10 cm) in 8 grassland soils as 23 kg h a ' yr ' ,  three times 

more than the mean annual P flux through 6 arable soils (7 kg ha"' yr"'), suggesting 

that biomass P could make a significant contribution to plant P nutrition in 

grasslands. Chen et al. (2003) calculated an annual release of P through microbial 

biomass in a grassland soil of approximately 14 kg ha'’ and an annual turnover rate of 

biomass P of 0.80 per year. Many studies have examined the seasonal fluctuations in 

MBP and associated soil properties (McLaughlin et al., 1988; Buchanan and King,
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1992; Perrott et al., 1990; Tate et al., 1991; Perrott et al., 1992; He et al., 1997; Chen 

et al., 2003). Like most soil P fractions, seasonal changes in MBP were mostly 

related to environmental conditions, soil moisture and temperature in particular 

(McLaughlin et al., 1988; Sarathchandra et al., 1989; Grierson et al., 1999; Chen et 

al., 2003). Tate et al. (1991) showed that microbial biomass remained fairly constant 

throughout the year, but the P content o f the biomass varied seasonally, the highest 

concentrations coinciding with periods o f maximum labile Po mineralisation. Perrott 

et al. (1990) showed that large amounts o f P were released from labile Po and MBP 

in the spring, up to 29 kg ha'* in one year, overall making a large contribution to plant 

P requirements. They propose many mechanisms may govern these seasonal trends. 

These include the relative amounts o f fungal and bacterial components o f the soil 

microbial biomass in winter, the mineralisation o f labile Po in spring due to increased 

bacterial growth and activity promoted by plant growth, and the subsequent release o f 

P from the microbial biomass as a result o f bacterial grazing by protozoa.

5.2.2. Effect of dung-pats on soil properties

Grazing animals in the grassland ecosystem are known to have three main impacts, 

(1) defoliation, affecting herbage yield, herbage composition and botanical 

composition (Korte and Harris, 1987), (2) treading and subsequent compaction o f the 

vegetation and the soil (Drewry et al., 1999), and (3) dung and urine deposition, 

returning nutrients obtained from the herbage within the grassland and/or from 

imported feed stuffs (Whitehead, 2000).
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The presence o f  the grazing animal is said to increase the rate at which P and other 

nutrients are recycled through the grassland ecosystem (Haynes and Williams, 1993; 

Whitehead, 2000). The grazing animal uses only a proportion o f the nutrients they 

ingest and return between 60 and 99% of these nutrients in the form o f dung (Haynes 

and Williams, 1993). The extent to which the recycling of nutrients in grassland is 

increased by the presence o f grazing animals is influenced by the stocking density, 

the proportion o f time the animals spend in the field and by the concentration o f  P in 

the diet consumed (Haynes and Williams, 1993). Often 10-35% o f dairy cow excreta 

is deposited o ff field, in milking sheds, yards and roadways (Nguyen and Goh, 1994). 

These o ff field losses are compensated by the supplementary feeds, high in P and 

other nutrients. The nature o f dung and urine deposition creates an uneven 

distribution o f nutrients within the grazed ecosystem (Speir et al., 1984; West et al., 

1989; White et al., 2001). Distribution heterogeneity o f excreted nutrients was 

described by Barrow (1987) as either small or large scale. The first resulting from 

random deposition over a given area, and the second was attributed to grazing animal 

behaviour to visit certain areas o f the field such as water and feeding troughs and 

areas providing shelter. Haynes and Williams (1999) related the transfer o f nutrients 

and organic matter via dung and urine to the camping behaviour o f sheep in the hill 

country o f New Zealand, showing increases in organic carbon. Pi and Po, with pH 

also tending to be higher in these camp areas. Figure 5.1 presents information on the 

frequency o f defecation and urination, on the amounts o f dung and urine produced 

per animal per day, and on the areas affected by single depositions o f dung and urine. 

Overall, W hitehead (2000) calculated that approximately 6% of the grazed area will
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be covered by dung every year, and as much as 30% of the grazed area, woulc be 

affected by its proximity to the dung-pat.

Table 5.1:Typical values of the characteristics of dung and urine of grazing 
animals that may influence nutrient dynamics in the grazed grassland ecosystem 
(modified from Whitehead, 2000).

Dung and urine characteristics Cattle Sheep
Defecations per day 11. 16a.b.c,d 7-26“’̂’

Weight of DM per defecation (g) 250-380"-^’’“ 6-34“’*’

Weight of faecal DM per day (kg) 2.7-5.9 0.2-0.6”

Area covered by single defecation (m ) 0.05-0.09^'’ 0.007-0.025“*’

Area affected by single defecation (m ) 0.25-0.54” 0.015-0.075“”

Urinations per day 8-12“’'’ 15-20“’”

Volume per urination (1) 1.6-2.8“ '̂ 0.10-0.18“’”

Volume of urine per day (1) 12-34 1.7-3.6

Area covered by urine patch (m^) 0.16-0.50“’̂* 0.03-0.05“’”

Area affected by urine patch (m^) 0.5-2.5*’ 0.06-0.15

“Haynes and Williams, 1993.
^yguyen  and Goh, 1994.
‘̂ MacDiarmid and Watkin, 1972.
‘*Marsh and Campling, 1970

Much of the research that has been carried out into the decomposition of dung-pats 

has concentrated on nitrogen (N) (Underhay and Dickinson, 1978; Lovell and Jan is, 

1996; Hatch et al., 2000; Antil et al., 2001;), carbon (C) (Bol et al., 2000; Dungait et 

al., 2005), available soil nutrients such as potassium (K) and magnesium (Mg) 

(Underhay and Dickinson, 1978; Dickinson and Craig, 1990; Sakadevan et al., 1993), 

effects on herbage production (Castle and MacDaid, 1972; Williams and Haynes, 

1995; Rowarth and Tillman, 1990), and the effects of invertebrates on the breakdown
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of the dung-pat (Castle and MacDaid, 1972; MacDiarmid and Watkin, 1972; Holter, 

1979; Yokoyama et a l,  1991; Gittings et al., 1994; Lumaret and Kadiri, 1995; 

Svendsen et al., 2003).

Less than ten publications were found in the literature that had investigated the 

effects of dung-pats on soil P. Nearly half of these studies focused on sheep dung 

(Gunary, 1968; Wolton, 1955; Rowarth et al., 1985; Williams and Haynes, 1995), the 

results of which are difficult to compare with cattle dung studies. The study of 

Wolton (1955), although carried out over 50 years ago, was important as it was the 

only study that looked at the effects of dung on Morgan’s P. The results showed that 

the sheep dung did not affect Morgan’s P concentrations in the soil during 

decomposition, with a significant response noted only after a long period of 

continued applications of dung, while in a similar study in New Zealand a highly 

significant response was detected in water extractable P due to the presence of dung- 

pats (Rowarth et al., 1985). The deposition of cattle dung to the soil surface in 

general responded with highly significant increases in soil P, particularly the 

available fractions (MacDiarmid and Watkin, 1972; Weeda, 1977; Dickinson and 

Craig, 1990; Williams and Haynes, 1995; Aarons et al., 2004a; 2004b). However, 

many of these studies had their limitations, either very few samples on too few 

sampling dates or limited detail in the fractions of soil P analysed (MacDiarmid and 

Watkin, 1972; Dickinson and Craig, 1990; Williams and Haynes, 1995). Weeda 

(1977) showed a sustained rise in STP (Truog P) levels during dung-pat 

decomposition over a 15 month period. Mean levels over that period in control and
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dung-pat covered plots were 17 and 22 mg kg'*, respectively, in the 0 to 10 cm soil 

layer and 10 and 13 mg kg'*, respectively, in the 10 to 20 cm soil layer. Williams and 

Haynes (1995) showed increases in bicarbonate and resin-extractable P 

concentrations due to the presence o f dung-pats to a depth o f 10 cm, twelve months 

after dung-pat deposition. However, a second sampling after twenty four months 

revealed that all dung-pat effects had disappeared. MacDiarmid and Watkin (1972) 

showed significantly higher soil available P concentrations in the soil underneath the 

dung-pat and showed no evidence o f any significant downward or lateral movement 

o f the P. Dickinson and Craig (1990) measured total P (Pt) in the soil underneath 

decomposing dung-pats from three treatments (uncovered, covered and watered) and 

found a sharp decline in P concentration over the first 12 days for all treatments. They 

showed that very little P moved out o f the dung-pats and suggested that the decline in 

soil P was related to the placement o f the dung-pats on the soil surface. Subsequently, 

soil P concentrations increased slightly, but the final concentrations remained far 

below those recorded in the initial soil samples. The most relevant studies found in 

the literature were published after the experimental work o f the current study had 

ended (Aarons et al., 2004a; 2004b). They provided a detailed examination of the 

effects o f dung-pat decomposition in temperate dairy pastures with a strong focus on 

soil P fractions and processes (Pt, Po, Pi, available P, MBP, P turnover, and P 

sorption) as well as other soil properties. They showed considerable increases in 

extractable P (Colwell and Olsen P), and suggested that these increases were not due 

to decreasing P sorption as the dung did not reduce the sorption capacity o f the soil. 

Increases were also noted in MBP after 60 days, while no significant effects in soil
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total Po were measured. It is clear that there are few conclusive studies concerning 

the changes in P in dung-pats during the decomposition period, and the subsequent 

effects o f the dung-pats on soil P fractions.

In Chapters 2 and 3 the P forms and fractions in a grassland soil and fresh dung were 

identified and quantified, making up the largest and most dynamic pools o f P in the 

grazed grassland system. In Chapter 4 dung-pat decomposition was examined with an 

emphasis on changes in P concentration over the decomposition period. The results 

presented in the current chapter will build on this information, and aim to examine 

the impact o f the decomposing dung-pats on the soil P forms and fractions, providing 

data on the interation o f the soil and dung P pools.

The principal objectives o f this study were to:

1. examine the seasonal fluctuations in soil P fractions and associated soil 

properties as a baseline to achieving objectives 2 to 4

2. examine the impact o f decomposing dung-pats on soil properties such as OM, 

C a n d N

3. examine the impact o f decomposing dung-pats on soil P fractions, including 

total, inorganic, organic and microbial biomass P

4. examine the impact o f decomposing dung-pats on available nutrients in the 

soil, particularly M organ’s P, K and Mg, and

5. discuss these results in terms of P dynamics in a grazed grassland ecosystem.
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5.3. Materials and methods

5.3.1. Site description and management

The 0.5 hectare study site, the Red House Field, was located at Teagasc 

Environmental Research Centre, Johnstown Castle, Wexford, Ireland 

(302404/116584 UTM) at an altitude o f 60-70 m above sea level. The soil has a 

sandy loam topsoil overlying a loam with a sandy loam lens imbedded in the loam 

and is locally classified as a gley (Kurz, 2002). The FAO (Food and Agricuhure 

Organisation o f the UN) classify the soil as a humic gleysol. The grassland was 

dominated by a mixture o f Lolium perenne  L., Agrostis spp. and Poa trivialis L. with 

other species found in lower abundance. The site was subdivided into 302 plots, each 

1.5 m^ in area. The site had received light fertiliser (N, P and K) dressings in the past 

with occasional light grazing (used as relief ground for a 30 year beef grazing 

experiment). The site had been reseeded in 1999 receiving N, P and K at the time, but 

received no fertiliser or grazing two years prior to and during the course o f the 

reported experiments below. During the course of the experiments the site was 

managed by regular mowing (Haldrup mini harvester and a lawn mower) to simulate 

grazing, with removal o f the cut grass from the site. No grazing animals were allowed 

on site during the course o f the experiments.

5.3.2. Experimental design

Fresh dung from dairy cows on an experimental dairy farm was collected in the field 

immediately after it was deposited, homogenised and used to artificially create dung-
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pats in the Red House Field site. Three trials, beginning in March (MT) 2003, August 

(AT) 2003, and September (ST) 2003, were conducted to investigate the effect of 

decomposing dung-pats on soil nutrients over a 90 day period, representative o f dung 

deposited at different times o f the grazing season. In each trial, twenty o f the 1.5 m 

plots in the Red House Field site were then randomly chosen, on which the dung-pats 

were created using a metal frame. Each dung-pat had a diameter o f  approximately 30 

cm and a total mass o f 2000 g. The dung-pats were placed on a netlon mesh (7 mm) 

to allow for easy dung-pat weighing, non-destructive sampling o f soil under the 

dung-pats and free movement o f fauna (especially earthworms and dung-beetles) 

between the soil and the dung-pats. The effect o f dung-pat decomposition on soil 

nutrients was measured in terms o f changes in the concentration o f organic matter 

(OM), organic carbon (C), total nitrogen (N), total P (Pt), inorganic P (Pi), organic P 

(Po), microbial biomass P (MBP), and the available nutrients, Morgan’s P (Pm), 

available potassium (K) and available magnesium (Mg). Organic matter, C, N, Pt, Pi, 

Po and MBP were measured in the MT only, while the available nutrients. Pm, K and 

Mg were measured in all three trials. Soil measurements were also made on samples 

from ten o f the 1.5 m^ grassland plots in the Red House Field site. These plots were 

randomly chosen, not amended with dung-pats and served as control or baseline 

plots. Soil measurements were made on the baseline and dung-pat affected plots 

initially on day 1, and subsequently on days 7, 14, 28, 60 and 90 after application.
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5.3.3. Soil sampling, storage and preparation

Soil samples were taken from directly under each o f the 20 dung-pats on five 

sampling days (7, 14, 28, 60 and 90) during each o f the three trials. Day 1 (or initial) 

soil samples were taken from the plots before the dung-pats were created. To ensure 

that a minimum of damage was done to the soil under the dung-pats on each o f the 

sampling days, soil samples from under every four dung-pats were composited 

forming a single sample. This meant that the least amount o f soil was taken from 

under the dung-pats to provide enough sample to perform subsequent analyses, 

lessening the impact of sampling under any individual dung-pat. The soil under the 

same four dung-pats was always composited on sampling days, resulting in five 

constant samples for on-going analysis. On each sampling day, all plots (baseline and 

dung-pat affected) were sampled using the standard Teagasc bucket sampler to a 

depth o f 10 cm. Approximately 10 soil cores per baseline plot and a single soil core 

under the dung-pats were taken, which was then used to determine the soil properties 

outlined below. All soils were sieved using a < 2 mm mesh before analysis. Dried 

soils (oven dried at 40 °C or air dried in the laboratory) were stored in cardboard 

boxes at room temperature prior to analysis. Field moist soils were stored at 4 °C in a 

cold room until analysis.

5.3.4. Soil analysis

Organic matter was measured by loss on ignition o f an oven dried sample and the 

results were expressed as a percentage weight loss after soils were ignited. Five g of 

soil was placed in muffle furnace for four hours at 500 °C and reweighed on cooling.
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Organic C and N  were measured on oven dried soils using a LECO CN-2000 Dry 

Combustion Analyzer according to the method o f  Wright and Bailey (2001).

Soil Pt, Pi and Po were measured on oven dried soils through extraction o f ignited 

(550°C) and unignited samples with 0.5 M H2 SO 4  (Walker and Adams, 1958) and 

were read colorimetrically using an auto-analyser Burkard Series 2000 Colorimeter 

CF2-X. Organic P was calculated as the difference between Pt and Pi. Microbial 

biomass P was measured using chloroform fumigation-extraction (50 ml o f  0.5 M  

K2SO4) o f  field fresh soil samples (10 g) and read using UV absorbance at 280 nm 

(Nunan et a l ,  1998; Turner et a l ,  2001). The procedure is based on the fact that 

compounds released after chloroform fumigation from lysed cells absorb in the near 

UV region. Morgan’s P (soil test P) was measured using 6.5 ml o f  oven dried soil 

using a buffered (pH 4.8) acetate-acetic acid reagent in a 1:5 soil-to-solution ratio 

extracting for 30 minutes (Morgan, 1941; Peech and English, 1944; Byrne, 1979). 

This Morgan’s solution was also used for extracting and measuring soil available K 

and Mg.

5.3.5. Statistical analysis

Statistical analysis was carried out using MS Excel and SPSS (v l2 .0 .1 ). Summary 

statistics for all data were calculated including means, standard error o f  the mean and 

the range. All data are presented as the mean and its associated standard error. One

way ANO VA was used to test for differences in the means o f  each soil property in 

the baseline (control) plots on each o f  the nineteen sampling days in 2003. The
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independent samples Mest (assuming equal variances) was used to test for differences 

in the properties o f the baseline and dung-pat affected soils on every sampling day. 

Two-way ANOVA (with replication) was used to test the variation in the soil 

properties between the different days the dung-pats were sampled and between the 

different treatments (presence or absence o f dung-pats). The null hypotheses tested 

were (1) that each o f the soil properties had the same mean on each day o f sampling, 

(2) that each o f the soil properties had the same mean in each treatment, and (3) that 

differences in soil properties between the mean on each day o f sampling followed the 

same trends in both treatments (i.e. there was no interaction). Data were continuous, 

were approximately normally distributed and the variation was found to be the same 

in each factor combination. Two post hoc tests, the least significant difference (LSD) 

test and the Student-Newman-Keuls (SNK) test, were used to fiirther investigate the 

variation in the soil properties explained by the two factors (sampling days and 

treatment). Three-way ANOVA (with replication) was used to test the variation in the 

soil properties (Pm, K and Mg only) between the different days the dung-pats were 

sampled, between the different treatments (presence or absence of dung-pats) and 

between the different trials (MT, AT and ST). All three factors were deemed to be 

independent o f each other. Data were continuous, were approximately normally 

distributed and the variation was found to be the same in each factor combination. 

The significance associated with all tests are denoted by the symbols *, ** and *** 

for significance levels P < 0.05, P< 0.01 and P< 0.001, respectively.
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5.4. Results

5.4.1. Environmental conditions during the decomposition trials

Figure 5.1 presents the changes in soil moisture deficit at the Red House Field site

during 2003. Details of rainfall and temperature o f individual trials can be found in 

Figure 4.5. Cumulative rainfall amounted to 274, 213, 269 mm over the 90 days of 

the MT, AT, and ST, respectively. Cumulative rainfall amounted to 208, 86, and 158 

mm over the first 60 days o f the MT, AT, and ST, respectively. Cumulative rainfall 

for the first seven days o f the MT, AT, and ST, amounted to 5.2, 5,9, and 15.5 mm, 

respectively. Mean daily air temperatures over the 90 days o f 11.5, 12.3, and 9.7 °C 

were recorded in the MT, AT, and ST, respectively. Overall, the MT was the wettest 

period o f  dung-pat decomposition while the AT had the highest temperatures and the 

lowest rainfall during its 90 days o f decomposition.
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Figure 5.1: Changes in soil moisture deficit over the period January 1** to 
December 31**2003 at the Red House Field site.
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5.4.2. Seasonal fluctuation in baseline soil phosphorus fractions and 

associated soil properties

Table 5.2 shows the summary statistics for the soil phosphorus fractions and

associated soil properties measured in the Red House Field site in 2003. The effect of 

season was found to be significant (/’<0.001) for all soil chemical properties (Pt, Pi, 

Po, Pm, MBP, OM, C, N, K, and Mg) measured in 2003. Figure 5.2 shows the 

seasonal fluctuations in the five soil phosphorus fractions measured in the baseline 

soil plots in 2003. Figure 5.2a shows the changes in larger Pt, Pi and Po fractions. 

Soil Pt changed little over the year except for a significant decrease between 

sampling days 59 and 90, which had fully recovered to typical concentrations by day 

104. The Pi and Po followed a similar trend to Pt in the early part o f year, but went on 

to show distinct seasonal trends. Soil Pi demonstrated strong summer maximum and 

winter minimum concentrations, while Po showed the converse. Figure 5.2b shows 

the changes in Pm and MBP fractions, again showing distinct seasonal patterns. Both 

o f these labile fractions show very strong summer maximum and winter minimum 

concentrations.
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Figure 5.2: Changes in total, inorganic and organic phosphorus (a), and 
microbial biomass phosphorus (MBP) and Morgan’s phosphorus (b), in the soil 
over the period January 1*‘ 2003 to December 31** 2003 (standard errors are 
shown by vertical bars).

Table 5.3 shows the calculated annual turnover o f P through the microbial biomass in 

the baseline soil in 2003. The turnover rate was calculated using the sum o f P loss 

from microbial biomass over the twelve months in 2003. It was estimated that the rate
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of P loss from the MBP fraction in the baseline soil over this period was 

approximately 58 mg kg’’ or 50 kg ha'V The annual turnover rate for this soil was 

0.99. This result clearly shows the important role played by the microbial biomass in 

P dynamics at this grassland site. The microbial biomass is the most active fraction o f 

soil organic matter and represents a dynamic nutrient pool, which responds rapidly to 

changes in soil environmental conditions. The role played by environmental 

conditions such as soil moisture (rainfall) and air and soil temperature appear to be 

central in the dynamics o f all soil P fractions. It is clear that after day 90, as air and 

soil temperatures began to rise, the rates o f change in the P fractions were at their 

most dynamic. Figure 5.3 shows the seasonal fluctuations in the other soil properties 

measured in the baseline soil plots in 2003. Figure 5.3a shows the changes in the 

other available soil nutrients measured. The trends displayed are different to the P 

fractions described. In particular, soil K appears to reach a maximum concentration in 

early spring, potentially after a winter build-up, which is followed by a constant 

decrease in K concentrations over the growing season. The recovery process seems to 

start again at the onset o f decreasing temperatures and winter. Soil Mg does not show 

distinct seasonal trends like P and K, although there is significant variation between 

sampling days, but it is not necessarily governed by the same seasonal factors as 

other nutrients. Figure 5.3b shows the changes soil OM, C and N in 2003. All three 

properties follow very similar trends, distinct summer maxima and winter minima.
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Figure 5.3: Changes in available potassium and magnesium (a), and organic 
m atter, organic carbon (C) and total nitrogen (N) (b), in the soil over the period 
January  1** 2003 to December 31®* 2003 (standard errors are shown by vertical 
bars).
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Table 5.2: Mean (standard errors in parenthesis), maximum and minimum values for chemical, biological and physical soil 
properties determined in a grassland soil over the period Januaryl^* to December 31̂ * 2003 at the Red House Field site (n = 
250). Results o f One-Way ANOVA included for soil phosphorus fractions and associated soil properties.

Soil Properties Mean Minimum
One-Way ANOVA

Maximum
d.f. F  Significance’

Total phosphorus (mg P') 536(5.1) 358 904 18 4.493

Inorganic phosphorus (mg 1'') 304 (3.9) 131 435 18 2.438 ***

Organic phosphorus (mg 1’') 252 (3.5) 124 497 18 5.261 ***

Percentage organic phosphorus (%) 47.1 (0.5) 23 71 18 3.016 ***

Microbial biomass phosphorus (mg kg"') 57.4 (0.9) 2.2 97.3 18 12.370 ***

Morgan’s phosphorus (mg P') 7.05 (0.15) 2.8 12.9 18 14.041 ***

Organic carbon (%) 3.39 (0.03) 2.45 4.41 18 8.307 ***

Organic carbon to organic phosphorus ratio 141 (2) 60 319 18 9.461 ***

Organic matter (%) 8.5 (0.1) 6.0 11.8 18 4.885 ***

Total nitrogen (%) 0.27 (0.002) 0.17 0.36 18 5.009 ***

Organic carbon to total nitrogen ratio 12.54 (0.06) 9.94 16.82 18 5.526 ***

Potassium (mg P') 99.8(1.8) 54 178 18 31.726 ***

Magnesium (mg P') 141(1) 93 200 18 8.097 ***

Soil moisture content (%) 25.8(1.2)

pH 6.1
Cation exchange capacity (meq ml'*) 15.64
Clay content (%) 13
Sand content (%) 59
Silt content (%)
I r T __' ____  1___ 1 ^ __ n  ^  f\ f \ c _ r> ^

27
'significance levels: * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
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5.4.3. Dung-pat trials: total, inorganic, organic and microbial biomass 

phosphorus

Figure 5.4 shows the impact o f the dung-pats in the MT on soil Pt compared to the Pt 

in the baseline soil. No significant differences between the dung-pat affected and 

baseline soils were found in the first 28 days, even though there was a significant 

decrease in the Pt content o f the dung-pats during this time (Table 5.4). After 60 days 

there was a 22% increase in soil Pt associated with P moving from the dung-pats, 

which slowly declined between day 60 and 90. The effects o f sampling day 

(P<0.001), treatment (P<0.01) and the interaction o f the two (P<0.05), were all 

significant (Table 5.3), showing that differences in soil Pt between the mean on each 

day o f  sampling followed a different trend depending on the treatment (presence or 

absence o f  dung-pats).

Dung-pat R  
— «—  Dung-pat affected 

- - - - - - -  Baseline

700 H r 3000

O) 650 - - 2500

« 600 - 2000

: 1500■£ 550 -

1000£ 500 -

- 500

400

Days of decomposition

Figure 5.4: The effect of decomposing dung-pats on soil total phosphorus 
concentration in the March trial. (Changes in dung-pat Pt shown on secondary 
y-axis).
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Table 5.3: Calculated seasonal turnover of soil phosphorus through the 
microbial biomass in the top 10 cm of soil in the red House Field site in 2003.

Soil mass Microbial biomass

Total annual storage 
Total annual release 
Turnover rate (annualf

P released (-) 
from or storedDate (10 cm )̂ phosphorus (+) in microbial 

biomass in 2003
kg ha'* mg kg'' kg k g ' kg ha'' mg kg'' kg ha''

30/01/2003 853312 43.14 0.0000431 36.81
28/02/2003 853312 53.25 0.0000532 45.44 -0.25 -0.21
16/03/2003 853312 53.00 0.0000530 45.23 -1.12 -0.96
31/03/2003 853312 51.88 0.0000519 44.27 -8.74 -7.45
07/04/2003 853312 43.14 0.0000431 36.81 11.43 9.75
14/04/2003 853312 54.57 0.0000546 46.56 7.01 5.98
29/04/2003 853312 61.58 0.0000616 52.54 -0.61 -0.52
30/05/2003 853312 60.97 0.0000610 52.03 9.84 8.40
27/06/2003 853312 70.81 0.0000708 60.42 -1.06 -0.90
13/08/2003 853312 69.76 0.0000698 59.52 -11.03 -9.41
25/08/2003 853312 58.72 0.0000587 50.11 10.66 9.10
03/09/2003 853312 69.38 0.0000694 59.20 0.13 0.11
09/09/2003 853312 69.51 0.0000695 59.31 -2.03 -1.73
23/09/2003 853312 67.48 0.0000675 57.59 -13.87 -11.84
30/09/2003 853312 53.61 0.0000536 45.75 12.68 10.82
06/10/2003 853312 66.29 0.0000663 56.57 0.94 0.80
20/10/2003 853312 67.23 0.0000672 57.37 -14.80 -12.63
17/11/2003 853312 52.43 0.0000524 44.74 -4.69 -4.00
15/12/2003 853312 47.74 0.0000477 40.74 10.11 8.62

62.79
-58.19
0.99

53.58
-49.66

The amount of turnover of microbial biomass was calculated based on the soil bulk density 
in the Red House Field site to soil depth of 10 cm. ^Turnover rates of microbial biomass 
phosphorus were calculated as the ratios of total biomass phosphorus loss during the trial to 
the mean microbial biomass phosphorus concentration during the year (McGill et al, 1986; 
Chen et al., 2003).
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Figure 5.5 shows the impact o f the dung-pats in the MT on soil Pi compared to the Pi 

in the baseline soil. Again, no significant differences between the dung-pat affected 

and baseline soils were found in the first 28 days o f the decomposition trial (Table 

5.4). There was even a slight decrease (although not significant) in Pi concentration 

in the samples analysed on days 14 and 28. By day 60 there was a 48% increase in 

soil Pi in the dung-pat affected soil, and again like soil Pt, this slowly declined 

between days 60 and 90. Similar to Pt, the effects o f sampling day (P<0.001), 

treatment (F<0.01) and the interaction o f the two (F<0.001) on soil Pi, were all 

significant (Table 5.5), showing that differences in Pi between the mean on each day 

o f sampling followed a different trend depending on the treatment (presence or 

absence o f dung-pats).
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Figure 5.5: The effect of decomposing dung-pats on soil inorganic phosphorus 
concentration in the March trial. (Changes in dung-pat Pt shown on secondary 
y-axis).
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Figure 5.6 shows the effect of the dung-pats in the MT on soil Po compared to the Po 

in the baseline soil. The effects of the dung-pats on soil Po were different to Pt and 

Pi, which had mostly behaved similarly. No significant differences at all were 

measured between the dung-pat affected and the baseline soil Po concentrations 

(Table 5.4). This would suggest that very little Po was moving from the dung-pat to 

the soil, or that the Po, potentially in labile forms, was easily mineralised when 

entering the soil. The results of the analysis of variance (Table 5.5) confirm that 

although there was a significant sampling day effect on soil Po ( /’<0.001), this effect 

was the same for both treatments and that therefore no interaction effect was possible.

Table 5.4: Effect of dung-pats on soil total phosphorus (Pt), inorganic 
phosphorus (Pi), organic phosphorus (Po), microbial biomass phosphorus 
(MBP), organic matter (OM), organic carbon (C), and total nitrogen (N) 
(percentage change) in the decomposition trial in March 2003.

Sampling
day

Pt Pi Po MBP OM C N

% difference’ (significance level in parenthesis^)

1 2 (n.s.) 1 (n.s) 4 (n.s.) 4 (n.s.) 1 (n.s.) -3 (n.s.) -5 (n.s.)

7 0 (n.s.) 0 (n.s.) 0 (n.s.) 38 (***) -13 (**) -5 (n.s.) -2 (n.s.)

14 2 (n.s.) -7 (n.s.) 13 (n.s.) -1 (n.s.) -3 (n.s.) -6 (n.s.) -6 (n.s.)

28 3 (n.s.) -5 (n.s.) 14 (n.s.) 28(*) -16(**) -13 (**) -4 (n.s.)

60 22 (**) 48 (***) -10 (n.s.) 42 (***) -4 (n.s.) 8 (n.s.) 14(**)

90
_____

18(**) 34 (**) -3 (n.s.) 86 (***) 13 (**) 10 (n.s.) 8 (n.s.)
Difference between concentrations in dung-pat affected soils compared to baseline 

soils
^Significance levels: * = P < 0.05, ** = /*< 0.01, *** = P < 0.001.
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Figure 5.6: The effect of decomposing dung-pats on soil organic phosptiorus 
concentration in the March trial. (Changes in dung-pat Pt shown on secondary 
y-axis).

Figure 5.7 shows the effect of the dung-pats in the MT on soil MBP compared to the 

MBP in the baseline soil. The effects of the dung-pat on changes in MBP 

concentrations were more variable that the other P fractions described so far. After 

only 7 days, a 38% increase in MBP was measured due to the presence o f the dung- 

pat (Table 5.4). This would indicate a high microbial population increase due to the 

input of carbon and nutrients into the soil or perhaps may result from the movement 

of microbes into the soil from the dung-pat itself. Between sampling days 7 and 14, 

the MBP concentration under the dung-pats decreased again, returning to 

concentrations similar to that of the baseline soil. By day 28 the MBP concentrations 

in the dung-pat affected soil were significantly (P<0.05) higher than the baseline 

concentrations (28%). This trend continued on sampling days 60 and 90, with 

significant increases of 42 and 86% measured (P<0.001), respectively (Table 5.4).
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Figure 5.7: The effect of decomposing dung-pats on soil microbial biomass 
phosphorus concentration in the March trial.

These results potentially reflect the much more labile and dynamic nature o f this 

microbial related fraction, reflecting not only the P inputs into the soil system, but 

other properties such as C and N concentrations, as well as environmental conditions 

such as soil moisture and temperature. The effects o f sampling day (P<0.001), 

treatment (P<0.001) and the interaction o f the two ( / ’<0.001) on soil MBP, were all 

significant (Table 5.5), showing that differences in MBP between the mean on each 

day o f sampling followed a different trend depending on the treatment (presence or 

absence o f dung-pats).

Table 5.6 shows the calculated turnover of P through the microbial biomass in the 

dung-pat affected and baseline soils during the MT. The turnover rate was calculated 

using the sum of P loss from microbial biomass over the period o f the trial. It was 

estimated that the rate o f P loss over the three month period was approximately 5.5
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and 9.8 mg kg'^ or 4.7 and 8.4 kg ha'*, for the dung-pat affected and baseline soils, 

respectively. The turnover rates for the dung-pat affected and baseline soils during 

the MT were 0.07 and 0.17, respectively. This compared with an estimate o f the 

annual P release calculated for the baseline soil o f 58 mg kg"' or 50 kg ha'* with an 

annual turnover rate o f 0.99 (Table 5.3). These results clearly show the important role 

played by the microbial biomass in P dynamics at this grassland site, with net 

accumulation in the microbial biomass o f P moving from the dung-pat into the soil 

over the 90 day decomposition period.
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Table 5.5: Results of statistical analyses (Two-way ANOVA) testing the effects of 
sampling day and treatment (dung-pat affected versus baseline) and the 
interaction between the two on soil total phosphorus (Pt), inorganic phosphorus 
(Pi), organic phosphorus (Po), microbial biomass phosphorus (MBP), organic 
matter (OM), organic carbon (C), and total nitrogen (N) (percentage change) in 
the decomposition trials in March 2003.

Soil Property Two-way ANOVA d.f. F Significance*
Pt Sampling day 5 14.678

Treatment 1 10.723

Sampling day * treatment 5 2.734 *

Pi Sampling day 5 15.848

Treatment 1 10.852 ♦ ♦

Sampling day * treatment 5 7.475

Po Sampling day 5 7.292

Treatment 1 0.605 n.s.

Sampling day * treatment 5 1.128 n.s.

MBP Sampling day 5 37.068 * * *

Treatment 1 81.823

Sampling day * treatment 5 11.768 * * *

OM Sampling day 5 9.998

Treatment 1 2.591 n.s.

Sampling day * treatment 5 3.865 * *

C Sampling day 5 11.312

Treatment 1 0.418 n.s.

Sampling day * treatment 5 2.939 ♦

N Sampling day 5 6.428

Treatment 1 0.232 n.s.

lo- _____.
Sampling day * treatment 5 2.188 n.s.

'Significance levels: * = P < 0.05, ** = /*< 0.01, *** = P < 0.001.

244



Table 5.6: Calculated turnover of soil phosphorus through the microbial biomass in the top 10 cm of soil during the M arch trial.

Treatm ent Date
Soil mass 
to a depth 
of 10 cm*

Microbial biomass phosphorus
P released (-) from or stored (+) 

in microbial biomass over the 
period of the trial

kg ha”' mg kg'' kg kg'' kg ha’' mg kg"' kg ha‘'
Dung-pat 31/03/2003 852372 54 0.0000544 46

affected soil 07/04/2003 852372 60 0.0000596 51 5.16 4.40

14/04/2003 852372 54 0.0000541 46 -5.48 -4.67
29/04/2003 852372 79 0.0000791 67 24.99 21.30
30/05/2003 852372 86 0.0000864 74 7.35 6.26
27/06/2003 852372 131 0.0001315 112 45.08 38.42

Total trial storage 82.57 70.38

Total trial release -5.48 -4.67

Turnover rate during March triai^ 0.07

Baseline soil 31/03/2003 852372 52 0.0000522 45
07/04/2003 852372 43 0.0000431 37 -9.08 -7.74
14/04/2003 852372 55 0.0000546 47 11.43 9.74
29/04/2003 852372 62 0.0000617 53 7.12 6.07
30/05/2003 852372 61 0.0000610 52 -0.72 -0.62
27/06/2003 852372 71 0.0000708 60 9.84 8.39

Total trial storage 28.39 24.20
Total trial release -9.80 -8.35

l-T ’ l______ „  t  f - .

Turnover rate during March tr ia f 0.17
- M  j "

rates o f microbial biomass phosphorus were calculated as the ratios of total biomass phosphorus loss during the trial to the mean microbial biomass 
phosphorus concentration during the trial (McGill et al., 1986; Chen et al., 2003).
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5.4.4. Organic matter, organic carbon and total nitrogen

Figure 5.8 shows the effect o f the dung-pats in the MT on soil OM compared to the 

OM in the baseline soil.

-#—  Dung-pat affiected 

■--- Baseline10 ^

Days of decomposttion

Figure 5.8: The effect of decomposing dung-pats on soil organic matter 
concentration in the March trial.

A significant 13% decrease in OM in the dung-pat affected soil compared to the 

baseline soil was measured after 7 days o f decomposition ( /’<0.001) (Table 5.4). This 

difference had disappeared by day 14 when no significant difference in the OM 

concentration between the soils was measured. On day 28 again there was a 

significant 16% decrease in the OM in dung-pat affected soils compared to the 

baseline soils (P<0.001). This trend was mainly due to a decreasing dung-pat affected 

soil OM content, from approximately 8 to 7%, while the baseline soil OM content 

was remaining steady. By day 60, the differences in OM content between the two 

soils had disappeared again. Between days 60 and 90, the earlier trend reversed with 

the OM content o f the dung-pat affected soil 13% higher than that o f the baseline soil
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(P<0.001) (Table 5.4). The results o f the analysis o f variance (Table 5.5) confirm that 

although there was a significant sampling day effect on soil OM content (P<0.001), 

this effect was the same for both treatments and that therefore no interaction effect 

was possible.

Figures 5.9 and 5.10 show the effect o f the dung-pats in the MT on C and N 

concentrations compared to the C and N concentrations in the baseline soil. Both of 

these properties follow very similar trends, with no significant differences found 

between the dung-pat affected and baseline soils on the sampling days, except for a 

13% decrease in C in the dung-pat affected soils ( /’<0.01) on day 28, and a 14% 

increase in N in the dung-pat affected soils on day 60 ( /’<0.01) (Table 5.4). An 8% 

increase in C was also measured on day 60 but this was not significant. Generally the 

presence o f the dung-pats results in lower concentrations o f C and N until 

approximately day 60, when the concentrations rise above those o f the baseline soils, 

similar to the trends shown by OM (Table 5.4). The results o f the analysis o f variance 

(Table 5.5) confirms that although there was a significant sampling day effect on both 

soil C and N concentrations (P<0.001), this effect was the same for both treatments 

and that therefore no interaction effect was possible.
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Figure 5.9: The effect of decomposing dung-pats on soil organic carbon 
concentration in the March trial.
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Figure 5.10: The effect of decomposing dung-pats on soil total nitrogen 
concentration in the March trial. (Changes in dung-pat N shown on secondary y- 
axis).

Figure 5.11 show the effect of the dung-pats in the MT on the ratio between C and N 

compared to the ratio between C and N in the baseline soil. No significant differences 

were seen between the two treatments until day 60 when a significant decrease in the

248



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

dung-pat affected soils was calculated (P<0.001). This reflects the increase in N 

during this period in the dung-pat affected soils (Table 5.4). The differences in the 

CN were declined between days 60 and 90, with no significant differences calculated 

on day 90.
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Figure 5.11: The effect of decomposing dung-pats on the ratio between carbon 
and nitrogen in the March trial.

5.4.5. Morgan’s phosphorus

Figure 5.12 shows the effect o f the dung-pats in the MT, AT and ST on Pm compared 

to Pm in the baseline soil. In the MT, no significant differences were found between 

the dung-pat affected and baseline soils up until day 28, whereas significant increases 

were measured after 7 days in the AT and ST, 39 and 74%, respectively (P<0.001). 

The increases were much faster in the AT and ST up until day 28 compared to the 

MT, but between day 28 and 60 an increase in Pm concentration o f over 400% was 

measured in the MT, significantly larger than the other two trials (Table 5.7; Figure 

5.13).
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Figure 5.12: The effect of decomposing dung-pats on soil available phosphorus 
(Morgan’s P) in the March trial (a), August trial (b), and the September trial (c). 
(Changes in dung-pat Pt shown on secondary y-axis).
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Figure 5.13: Comparison of the changes in soil Morgan’s phosphorus for the 
three dung-pat decomposition trials. Values presented are based on the 
difference between dung-pat affected and baseline soil Morgan’s phosphorus.

Table 5.7: Effect of dung-pats on Morgan’s phosphorus (percentage change) in 
the decomposition trials in March, August and September 2003.

Sampling MT AT ST
day % difference* (significance level in parenthesis^)

1 10 (n.s.) 6 (n.s.) 5 (n.s.)

7 12 (n.s.) 39 (***)

14 14 (n.s.) 46(**) 108(***)

28 33 (**) 24 (**) 134 (***)

60 452(***) 235(***) 196(***)

90
---------T“-------

417(***) 221 (***) 111 (***)

Difference between concentrations in dung-pat affected soils compared to baseline 
soils
^Significance levels: * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 
Significance levels based on t-test for independent samples (two-tailed)
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A common trend in all three trials was a maximum difference between the dung-pat 

affected and baseline soil Pm concentrations found in the day 60 samples, 452, 235 

and 196%, for the MT, AT and ST, respectively (P<0.001) (Table 5.7; Figure 5.13). 

There was a decrease in all three trials in the day 90 Pm concentrations. The effects o f 

sampling day (/*<0.001), treatment (P<0.001) and the interaction o f the two 

(P<0.001) on soil Pm, were all significant (Table 5.8), showing that differences in Pm 

between the mean on each day o f sampling followed a different trend depending on 

the treatment (presence or absence o f dung-pats). The effects o f the trial on the Pm 

concentration on each sampling day and treatment are shown in Table 5.8. Trial was 

shown to have a significant effect on the Pm concentration (f ’<0.001), and its 

interaction with both sampling day and treatment also significant (P<0.001). The 

three way interaction o f trial, sampling day and treatment suggests that the 

differences in Pm concentration measured between the mean on each sampling day 

followed a different trend depending on the treatment (presence or absence or dung- 

pats) and also the trial (MT, AT, or ST).

252



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

Table 5.8: Results of statistical analyses (Three-way ANOVA) for soil properties 
examining the effects of sampling day, treatment (dung-pat affected versus 
baseline) and trial (MT, AT, ST), including two-way and three-way interactions.

Soil property Three-way ANOVA d.f. F Significance^
Morgan’s P Sampling day 5 223

Treatment 1 1146 9{C9{C9ic

Trial 2 147 ♦ ♦♦

Sampling day * treatment 5 224

Sampling day * trial 10 128

Treatment * trial 2 118

Sampling day * treatment * trial 10 80

Available K Sampling day 5 36.373

Treatment 1 514.051 ***

Trial 2 51.623 ♦ + ♦

Sampling day * treatment 5 23.662 ***

Sampling day * trial 10 23.761

Treatment * trial 2 55.015 ♦ ♦ *

Sampling day * treatment * trial 10 6.400 ** *

Available Mg Sampling day 5 280.335 ♦ ♦ ♦

T reatment 1 2560.215

Trial 2 331.906

Sampling day * treatment 5 315.746 ♦ * *

Sampling day * trial 10 36.556

Treatment * trial 2 222.433

Sampling day * treatment * trial 10 37.318

Significance levels: * = P < 0.05, ** = />< o .Ol ,  *** = P < 0.001.
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5.4.6. Available potassium and magnesium

Figures 5.14 and 5.15 show the effect o f the dung-pats in the MT, AT and ST on soil 

K and Mg compared to the K and Mg in the baseline soil, while Figures 5.16 and 5.17 

show comparisons o f the differences between the dung-pat affected and baseline soil 

K and Mg concentrations in the three trials. In the MT, there was a significant 

difference ( /’<0.01) in the initial {i.e. soil samples taken prior to the deposition o f the 

dung-pat) K concentrations o f the dung-pat affected and baseline soils, 25% more K 

in the dung-pat affected soil (Table 5.9). There were no significant differences 

between the treatments o f other trials for both K and Mg concentrations (Tables 8 and 

9). The trends exhibited for K and Mg in the three trials were very different. The 

concentrations of K reached a peak either by day 28 (86% in the ST) or day 60 (41 

and 153% in the MT and AT, respectively) (Table 5.9; Figure 5.16). The Mg 

concentrations were still increasing up to day 60 in the three trials, although probably 

near maximum concentrations, given all or most o f the dung-pats had left the mesh 

and were incorporated into the soil (Table 5.10; Figure 5.17).
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Table 5.9: Effect of dung-pats on soil available potassium (percentage change) in 
the decomposition trials in March, August and September 2003.

Sampling MT AT ST
day % difference* (significance level in parenthesis^)

1 25 (**) 0 (n.s.) -1 (n.s.)

7 18(*) 94 31 (**)

14 18(*) 112(***) 44 (**)

28 39 J49 86 (***)

60 41 153 (***) 75 (***)

90 10 (n.s.) 121 (***)

'Difference between concentrations in dung-pat affected soils compared to baseline 
soils
^Significance levels: * = P < 0.05, ** = p  < Q.Ol, *** = P < 0.001.

Table 5.10: Effect of dung-pats on soil available magnesium (percentage change) 
in the decomposition trials in March, August and September 2003.

Sampling MT AT ST
day % difference* (significance level in parenthesis^)

1 -7 (n.s.) 1 (n.s.) 0 (n.s.)

7 22 25 (***) 26 (***)

14 *74 32 (***) 23 (**)

28 \ J9 65 (***)

60 268 (***) 95 (***) 121 (***)

90 224 (***) 127 (**♦) 114(***)

‘Difference between concentrations in dung-pat affected soils compared to baseline 
soils
^Significance levels: * = P < 0.05, ** = p  < 0.01, *** = P < 0.001.

The effects o f sampling day ( /’<0.001), treatment (f ’<0.001) and the interaction o f the 

two ( /’<0.001) on soil K and Mg, were all significant (Table 5.8), showing that 

differences in K and Mg concentrations between the mean on each day o f sampling
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followed a different trend depending on the treatment (presence or absence o f dung- 

pats). The effects o f the trial on K and Mg concentration on each sampling day and 

treatment are shown in Table 5.8. Trial was shown to have a significant effect on the 

K and Mg concentrations (P<0.001), and its interaction with both sampling day and 

treatment also significant (P<0.001). The three way interaction o f trial, sampling day 

and treatment suggests that the differences in the K and Mg concentrations measured 

between the mean on each sampling day followed a different trend depending on the 

treatment (presence or absence or dung-pats) and also the trial (MT, AT, or ST).
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Figure 5.14: The effect o f decomposing dung-pats on soil available potassium in 
the M arch tria l (a), August tria l (b), and the September tria l (c). (Changes in 
dung-pat K  shown on secondary y-axis).
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difference between dung-pat affected and baseline soil available magnesium.
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5.5. Discussion

5.5.1. Methodological evaluation

Following the discussion of the experimental design in Chapter 4, where the potential 

impacts of taking samples from the decomposing dung-pats were outlined, the effects 

of taking soil samples from directly under the same dung-pats during the 

decomposition period need to be addressed. The removal of a soil core under each 

dung-pat on days 7, 14, 28, and 60 was likely to influence the soil property being 

measured on subsequent sampling days, but it is uncertain whether this would have 

resulted in increased or decreased nutrient concentrations, and may in part depend on 

the mobility of the nutrient in the soil. It is possible the core acted as a preferential 

flow channel, encouraging the movement of nutrients down below the 10 cm depth of 

the soil samples, making it difficult to pick up the effect of that nutrient input. 

Alternatively, the removal of soil may act to concentrate the nutrients released from 

the dung-pats into a smaller volume of soil {i.e. smaller soil bulk density). The cores 

were not filled in the current study as the consequences of filling the hole with sand 

or bentite for example would again have been uncertain. Surprisingly, those studies 

that used a similar approach to that of the current study, did not account for the holes 

left by the sample cores (Underhay and Dickinson, 1978; Lovell and Jarvis, 1996; 

Dungait et al., 2005). A similar approach to that outlined in Chapter 4 was used to 

lessen the overall impact of the sampling; the soil cores under four dung-pats were 

composited, minimising the amount of sample taken from and the disturbance to the 

volume of soil under each individual dung-pat, while providing enough sample to
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carry out the required analyses. The hole left by the soil core was observed to 

disappear promptly, usually by the following sampling day, potentially due to the 

activity of the increased earthworm biomass directly under the dung-pats, helping to 

restore typical soil physical properties.

A proposed simple method of testing the effects of the soil sampling approach used in 

the current study would have been to include 10 extra dung-pats, two of which would 

be used to take soil samples underneath the dung-pats on each sampling day, for 

comparison with the results of the approach used in the current study.

The use of small plots to monitor baseline changes in soil properties (as 

recommended in Friesen et al., 1985) on nineteen occasions in 2003 appears to have 

reduced the variation of the soil properties on each sampling day {i.e. spatial 

variation), allowing significant differences between sampling days associated with 

the temporal variation to be clearly identified (Tate et al., 1991), making it easier to 

detect dung-pat related effects.

5.5.2. Seasonal fluctuation in baseline soil phosphorus fractions and 

associated soil properties

The proportion of soil Pt that is made up of inorganic, organic and available fractions

depends on a combination of factors. These include plant uptake and activity, 

adsorption-desorption and dissolution-precipitation of Pi, and mineralisation- 

immobilisation of Po which is often strongly related to microbial activity and P
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turnover (Tate et a l, 1991; Frossard et al., 2000; Chen et al., 2003). Fertiliser P 

application also affects these P dynamics but had not been applied to the grassland 

plots of the current study for a number or years.

The results of the current study clearly showed distinct seasonal changes in the soil 

properties in 2003 (Figures 5.2 and 5.3). The role of the plant (P uptake, seasonal 

changes in above- and below-ground biomass, competition with microbial 

populations, senescence, and litter decomposition) was thought to be central in many 

of the changes in soil properties in the current study, particularly at the beginning of 

the growing season. The growing season for grassland can be defined by the period 

during which soil temperature at a depth of 10 cm is consistently above 6°C, as this is 

regarded as the critical temperature for grass growth (Keane and Collins, 2004). 

Based on this assumption the principal growing season for the Red House Field site 

was approximately between day 65 and day 305 in 2003.

Saunders and Metson (1971) found considerable P uptake by grasses during the 

spring flush of growth in New Zealand. In the current study, the “spring flush period 

of growth” (between days 65 and 110) was shown to be one of the most dynamic 

times of the year in terms of the changes observed in the P fractions (Figure 5.2). 

The only significant change in Pt between samples days was recorded during this 

time, while Pi concentrations significantly decreased in early spring, possibly due to 

early demand for P by plants. The Pi concentrations of the soil were soon replenished 

by considerable Po mineralisation, significantly reducing Po concentrations. Overall
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the Pi concentration was generally higher in the summer (net mineralisation o f Po) 

than the winter with an opposite trend seen in the Po fraction (net immobilisation of 

the Pi). Dormaar (1972) working with alfalfa plots in Alberta observed a consistent 

annual loss of Po during the period of rapid plant growth in the spring, following a 

gradual over-winter accumulation of Po similar to the results of the current study. 

Factors that affect the mineralisation o f Po or the immobilisation of Pi include the 

major influences on microbial activity, such as temperature, moisture, aeration, soil 

pH, cultivation, presence of growing plants, and fertiliser P additions (Stevenson and 

Cole, 1999).

The Pm and MBP fractions were affected more by season than any of the other P 

fraction in the current study (Table 5.2). Seasonal changes in soil microbial biomass 

and activity have been explained by a combination of factors including substrate 

availability, root growth, microbial competition and community structure, repression 

of enzyme activity and the accumulation of recalcitrant and toxic compounds 

(Bardgett et al., 1999). In the current study between days 65 and 110, a significant 

increase in Pm coincided with a significant decrease in MBP. Chen et al. (2003) 

described a similar finding of increased concentrations of labile Pi (bicarbonate and 

water extractable) in early spring coinciding with a decrease in microbial biomass P 

and bicarbonate extractable Po. The relationship between Pm and MBP between days 

65 and 110, suggests increased rates of mineralisation during this key period of the 

growing season. However, after day 110, Pm and MBP showed very similar seasonal 

trends, increasing to maximum concentrations during the warmer summer months.
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and decreasing again the following winter. It is suggested that the availability of P 

was strongly linked to microbial activity and turnover of P in this grassland soil. 

Magid and Nielsen (1992) using arable, grassland and pasture plots, found little or no 

relationship between labile Pi fractions and soil temperature. They suggested that if 

biological turnover had been a major cause of the seasonal variation in the Pi 

fractions then soil temperature would have been significantly related. In their study 

they did find a significant interaction between soil moisture content and soil 

temperature in accounting for the variation in total Pi. Perrott et al. (1990) showed, in 

grazed pastures in New Zealand, a negative correlation (r = -0.60, P<0.05) between 

MBP and soil temperature. They explained this result by suggesting that bacterial 

numbers increased during the wetter winter months, which have much higher nutrient 

concentrations compared to the drier summer months when fungi may dominate. The 

relationships between P fractions and other soil properties, and environmental 

conditions (soil moisture, soil moisture deficit and soil temperature) are crucial to 

understanding how seasonality affects these properties. Magid and Nielsen (1992) 

found a strong negative correlation (r = -0.58, P<0.0001) between various Pi fractions 

and soil moisture content. Perrott et al. (1990) showed a highly significant (r = 0.82, 

/ ’<0.01) positive relationship between soil moisture and MBP in their New Zealand 

grazed pastures. It is suggested that the interaction between soil moisture (or soil 

moisture deficit) and soil temperature will be key to understanding many of the 

fluctuations measured in soil P fractions in the current study and in the wider 

literature. The interaction of P sources and hydrological pathways leading to P losses
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requires a fundamental understanding o f the processes that govern source P 

availability.

5.5.3. Effects of dung-pats on soil P

The decomposing dung-pats in the MT had an effect on all soil P fractions during the 

90 day period, except for Po (Table 5.4). A detailed description o f the decomposition 

o f the dung-pats in the MT is outlined in Chapter 4. Briefly, an increase in the 

concentration o f P in the dung-pats was measured during the first 60 days o f 

decomposition, indicating a faster loss of other constituents (water, organic matter) 

from the dung-pats relative to the P content. A high proportion o f the P in the dung 

collected for use in the MT was deemed to be water soluble, as 31% of the initial P 

content had disappeared (leached) after 7 days. This initial loss o f P over the first 7 

days was followed by a slight increase in P content during the next 7 days. By day 60, 

only 25% of the initial P content remained on the mesh base. The transfer o f P from 

the dung-pats to the soil did not have an immediate effect on either the soil Pt or Pi 

until sampling day 60. The initial loss o f soluble P (31%) during the first 7 days did 

not have any significant effect on either o f these larger P fractions. Potentially, the 

water was leaching down into the soil profile, transferring the water soluble P below 

the depth o f the 10 cm soil sample. Significant differences were measured in the 

concentrations of Pt and Pi in the dung-pat affected soils on day 60. The principal 

mechanism of P release from the dung-pats between days 28 and 90 was the 

breakdown o f the dung-pats followed by physical incorporation into the soil. This 

physical incorporation coincided with the increases in Pt and Pi, most likely 

reflecting the least labile and immobile P fractions in the dung, remaining at the soil
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surface. Maximum increases of 22 and 48%, for Pt and Pi were measured, 

respectively, both on day 60. Approximately 75% of the dung-pats had left the mesh 

base by day 60. The mean Pt content of the dung-pats deposited at the beginning of 

the MT was 2460 mg dung-paf' (Chapter 4). The dung pats covered approximately 

0.049 m^ of soil and a soil volume (to 10 cm) of 0.0049 m  ̂or 4.9 1 of soil. This meant 

that a potential increase in soil Pt concentration of approximately 500 mg 1'̂  was 

possible during the decomposition period. The maximum 22% increase in Pt 

measured on day 60 meant that 110 mg of the potential 500 mg 1’’ was measured, 

similar to other studies which failed to show a concomitant increase in the soil 

nutrients as the dung-pat decomposed (MacDiarmid and Watkin, 1972; Dickinson 

and Craig, 1990; Williams and Haynes; 1995; Aarons et al., 2004a; 2004b).

No significant differences in the Po concentrations were measured between the dung- 

pat affected and baseline soils (Table 5.4). No effects of dung-pats on total Po and 

bicarbonate extractable Po were found in a similar study in Australia, even though 

approximately 36% of the bicarbonate extractable P in the dung was found in the 

organic fraction (Aarons et al., 2004a). This would suggest that the Po in the dung in 

the current study is being mineralised either in the dung as it decomposes (Peperzak, 

1959) or on entry into soil. It is possible also that the water soluble P fractions 

leaching from the dung-pat may have been dominated by organic P forms. Over the 

first 28 days, there were increases (14%) in the Po fraction in the dung-pat affected 

soil compared with the baseline soil, although the increases were not significant. 

Many Po forms are known to have the ability to move the through the soil profile.
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with weaker fixation properties than orthophosphate for example (Hannapel et al., 

1964; Chardon et al., 1997; Toor et al., 2003; 2005; Turner, 2005). Most Po forms 

are expected to be mobile in the soil but are also the compounds most susceptible to 

rapid degradation by phosphatase enzymes. For example, orthophosphate monoesters 

(excluding higher order inositol phosphates) and orthophosphate diesters are 

degraded within hours of release into the soil (Turner, 2005). The role of phosphatase 

and microbial activity may be important therefore in the regulation of Po transfer 

from the dung-pat into the soil system, converting mobile Po into relatively immobile 

Pi.

Several studies have shown increased soil microbial biomass and microbial activities 

(Yokoyama et al., 1991; Williams and Haynes, 1995; Bardgett et al., 1998; Hatch et 

al., 2000) due to amendments with manure and dung. However, few have specifically 

investigated the effects of dung on MBP in a field based experiment (Aarons et al., 

2004a). The results of the current study showed that the decomposing dung-pats in 

the MT had an immediate effect on the soil microbial biomass, with a highly 

significant increase over the first 7 days, followed by a decrease in concentration 

back to levels similar to the baseline soil by day 14. After 28 days a significant 

increase was measured again, which continued until the final sampling day, where 

MBP concentrations were 86% higher than in the baseline soils. The initial response 

of the microbial biomass was either related to the initial input of water, rich in 

available P and other limiting nutrients, or else was reflecting the transfer of the large 

indigenous microbial populations of the dung-pat being incorporated into the soil
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over the first 7 days. It is suggested that the longer term increases in the MBP were 

more related to the C, N, and P inputs into the soil as the dung-pat was physically 

incorporated. A study similar in design to the current study failed to detect a dung-pat 

effect on soil microbial biomass C and microbial biomass N, even though significant 

increases in soil mineral N were found. They suggested that perhaps the effect o f the 

dung-pats was in the very top soil layer (0-5 cm) and that their soil samples (0-10 cm) 

may have masked any effects. The only study that was directly comparable with the 

current study also showed a positive increase in MBP after day 40. There was an 

initial increase in MBP during the first week compared to the control soil, but not 

significant. The variance associated with the mean concentrations on each sample day 

in that study was high due to the low number o f replicates analysed, making it 

difficult to detect significant differences.

It is suggested that the increase in MBP in the current study was either due to higher 

concentrations of P in the cells or to larger microbial populations. The procedure used 

in the current study was based on a relationship between compounds released from 

lysed microbial cells after chloroform fiimigation that absorb in the near UV region 

and an associated relationship with the P content o f those cells. This would suggest 

that an increase in MBP indicates more microbial cell compounds and therefore a 

larger microbial biomass, rather than a higher concentration of P in the microbial 

biomass. The turnover rates o f P in the baseline soils were higher than in the dung-pat 

affected soils (Table 5.6). The presence of dung-pats stimulated microbial population 

growth, particularly after day 14 promoting a net accumulation o f P in this dynamic
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pool. Release from the microbial biomass was small over the 90 day decomposition 

period, suggesting that in the short term, the MBP may not play a major role on the 

supply o f available P under dung-pats. The methodology used could have a large 

impact on the component of the microbial biomass being measured (Tate, 2000). For 

example, dung-pats may alter the composition o f the microbial biomass, affecting the 

ratio o f fungi to bacteria and their relative activity. An increase in microbial 

populations is dependent on many factors other than P, with organic matter (carbon 

source), N, and many other macro and micro nutrients, appropriate soil moisture, 

temperature and pH, essential for population growth (Tate, 2000).These results 

clearly show the important role played by the microbial biomass in P dynamics at this 

grassland site, with net accumulation in the microbial biomass o f P moving from the 

dung-pat into the soil over the 90 day decomposition period.

The effect o f the dung-pats on soil available nutrients (Pm, K and Mg) was highly 

significant in the MT, AT and ST. Significant effects were found for all three 

nutrients in all trials after 7 days o f decomposition, except for Pm in the MT, which 

did not significantly increase until sample day 28. These results reflect the potentially 

large supply o f available nutrients in dung-pats. It is evident that the leaching o f 

water soluble P, K and Mg during the first 7 days explained these rapid increases. 

The most significant result was the lack o f a response in Pm in the MT until day 28. 

Significant differences were measured in the total P contents o f the dung-pats 

deposited, 2460, 1684 and 2159 mg dung-paf', in the MT, AT and ST, respectively 

(Table 4.2). Not only did the dung-pats in the MT have the highest total P content but
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they also had the highest initial losses (31%) during the first 7 days. Significant 

increases in baseline Pm were measured at this time also, coupled with a high uptake 

o f P by the plants may in part explain the lack o f a response.

A notable trend in most o f the P fractions measured, along with K and Mg, is that the 

maximum effect was usually around day 60, with a tendency to decrease between day 

60 and 90. This would indicate that a lot o f the nutrients had left the dung-pats at this 

stage, and only the more resistant, less labile fractions were left in the dung-pats on 

the mesh. It is suggested that the effects of dung-pats on K were disappearing after 90 

days, as the K concentration in the MT had returned to similar levels as the baseline 

soil (Table 9). This was probably due to the mobile nature o f K, leaching easily from 

the dung-pats into the soil, but also leaching down through the soil profile more 

easily than P and Mg. The effects o f P and Mg are likely to be measured for a much 

longer period in the soil surface. The significantly higher rainfall during the MT may 

also be an important factor in the movement o f available nutrients into the soil from 

the dung-pat, and also the leaching o f K out o f the soil over the 90 days. Williams 

and Haynes (1995) showed that the effects (bicarbonate extractable P, C, microbial 

biomass C, nitrate) o f cattle dung-pats were still detectable 12 months after 

deposition but all effects except for C had disappeared after 36 months.

The overall effect o f the dung-pats on Pm was much larger than that o f the other P 

fractions, between 2 and 4.5 fold increases in concentrations, with important
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implications for P availability and potential losses from grassland soils. O f course it 

must be noted that Pm accounts for a small percentage of Pt in the soil system.

5.5.4. Effects of dung-pats on soil organic matter, organic carbon and total 

nitrogen

The effects of the dung-pats in the MT on the soil OM, C and N were related to the 

physical incorporation of the dung-pats into the soil as the only significant positive 

increases were found later in the trial. No significant positive effects were found in 

the soil C, the only significant change being a 13% decrease on sample day 28. 

Similar trends were seen for the OM and N, which also tended to be negatively 

affected, but often these decreases were not significant. The effect of the dung-pats 

when deposited on the grassland vegetation, negatively affecting the root biomass 

below, may in part help explain some of the negative effects on soil OM, C and N, 

but it was difficult to explain these results. Much of the C and N could be lost through 

atmospheric losses generated by the elevated microbial activity in and around the 

dung-pats (Williams and Haynes, 1993). The measurement of total nutrient effects 

under dung-pats would always be more difficult to detect and therefore the 

measurement of nitrate may have been more appropriate to measure short term and 

available N dynamics. The only significant differences found in the CN ratio were on 

sampling day 60. This resulted in a lower CN ratio in the dung-pat affected soils, 

indicating proportionately more N being transferred from the dung-pats at this time 

than C. Dickinson et al. (1981) showed a decline in the CN ratio of dung during the
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first few days o f decomposition and suggested that this was due to the loss o f soluble 

carbohydrate. This decreasing CN ratio continued over the 90 days o f the experiment. 

Dickinson et a/. (1981) repeated the experiment the following year with dung that had 

a significantly higher water content and found the opposite trend, i.e. a rapid loss o f N 

from the dung and an increasing CN ratio over the 90 days o f decomposition. This is 

similar to the current study as heavy rainfall was recorded in the period leading up to 

day 60, with a significant 14% increase in N measured on that day.

5.5.5. Grazed grassland as a source of P

The presence o f grazing animals in grassland increases the rate at which P and other 

nutrients are recycled through the ecosystem. The extent to which this rate o f P 

recycling is increased depends on the density o f stocking, the proportion o f their time 

the animals spend in the field and the concentration o f P in the diet (Whitehead, 

2000).The proportion o f the grazed area that is affected by dung during any one year 

will depend on the density o f stocking, the type o f grazing animal and the amount to 

dung produced every day. For example, for dairy cows grazing at an intensity o f 700 

cow day ha"' yr'*, assuming an average o f 14 faecal excretions per day with 85% of 

the field being grazed, each covering an area o f 0.07 m^, then approximately 6% o f 

the grazed area would be directly covered by dung each year, with a larger area 

potentially being affected (Whithead, 2000).

In the current study, given the large effects o f dung-pats on soil P, the location o f this 

return will be most important when considering grazed grassland as a source o f P.
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The pattern o f nutrient return to grasslands in the form o f dung is not uniform and is 

greatly influenced by the behaviour o f the grazing animal (e.g. camping near water 

and feed troughs, at gates or in areas o f shelter (hedgerows, trees) and the 

management o f the animals (e.g. having separate fields for day and night grazing) 

(Haynes and Williams, 1993). Dung can also be deposited outside the grassland, on 

race-ways, and in milking parlours and yards. Grazing animals generally deposit 

more dung in those areas where they camp, transferring significant quantities of 

nutrients in the process, thereby stimulating higher microbiological activities (Haynes 

and Williams, 1999).

Soil P testing in Ireland uses Pm to make agronomic recommendations and is now 

being used as environmental indicator of risk for P loss from soils to water. A clear 

relationship has been established between dissolved reactive P (DRP) measured in 

overland flow from grassland plots and the Pm concentration in the soil in those plots 

(Kurz, 2002; Daly and Casey, 2005). For example, the DRP concentrations measured 

in overland flow from an intensively grazed grassland field was over 4.77 kg P ha '’yr‘ 

’. This field received 30 kg fertiliser P h a ''y r '’ and had an STP of 17 mg Morgan’s P 1' 

Total P losses o f  this magnitude could be significant in agronomic terms with more 

than 20% o f the P applied in fertiliser being potentially lost to water each year.

The impact o f dung-pats on Pm would suggest that at a local scale (i.e. that o f the 

dung-pat), the potential losses of P would result in very high DRP concentrations in 

overland flow if there was appropriate hydrological pathway. At the field scale, the
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spatial distribution and the potential area covered by dung-pats in any one year would 

lessen the overall impact. However, the continued practice o f intensive agriculture 

(i.e. high use o f P fertiliser and importing o f feed stuffs into farms), over time, has 

increased the rate o f P recycling through dung, and explains the now high uniform 

STP values causing the increased P losses to water. The results o f the current study 

would suggest that where camping behaviour is located in an area with a hydrological 

pathway, the concept o f a critical source area within grazed grasslands becomes a 

major concern.

5.6. Conclusions

Resuhs from this study clearly show that the soil P fractions in a grassland soil 

experience considerable seasonal fluctuations over the year, consistent with many 

other studies which explain the changes by changes in soil temperature and moisture, 

as well as the influence o f the plant and soil microbial activities. The potential role of 

the microbial biomass in Irish soils is great, evidenced by the high release and 

turnover o f P from the MBP in 2003.

The results o f this study also showed the large effect o f dung-pats on P fractions and 

MBP in grazed grassland soils. Increases were measured in all fractions except for 

Po. Less P was moving through the MBP fraction, with a net accumulation relative to 

the baseline soil. The increases in Pm suggest that intensively grazed grasslands in 

Ireland are a considerable source o f nutrients for loss to water.
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6. Chapter 6: Characterisation of organic phosphorus in overland flow from 
grassland plots using nuclear magnetic resonance spectroscopy

6.1. Abstract

The loss o f  phosphorus (P) from agricultural sources has been shown to cause 

eutrophication in P limited freshwater ecosystems. Grazing animals are known to 

change the characteristics o f agricultural grasslands as a source o f and pathway for P 

loss to water. The aim o f this study was to characterise the organic P (Po) fraction in 

overland flow from grazed and non-grazed grassland small plots using phosphorus-31 

nuclear magnetic resonance (^’P NMR) spectroscopy to give a greater understanding 

o f P transfer to water using simulated rainfall. Concentrations of total unreactive P 

(TUP), dissolved unreactive P (DUP), and particulate unreactive P (PUP), fractions 

mostly dominated by Po, as well as total P (TP), dissolved reactive P (DRP), total 

dissolved P (TDP), particulate P (PP), were higher in overland flow from the grazed 

compared to the non-grazed grassland plots. The effect o f the grazing animal was 

most pronounced in the DUP and PUP fractions measured in the overland flow, over 

four times higher than from the non-grazed plots. Five distinct classes o f P

•5 1

compounds were detected in the P NM R spectra, inorganic orthophosphate (8 = 

6.83 ppm), orthophosphate monoesters (5 = 4.95 to 5.69 ppm), orthophosphate 

diesters (5 = 1.89 ppm), phosphonates (occurring at 5 = 19.38 ppm), and 

pyrophosphates (5 = -3.26 ppm). Distinct signals at 5.69, 5.37, 5.10, and 4.95 ppm in 

the extracts of the overland flow from both sites indicated significant concentrations
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of m>^o-inositol hexakisphosphate in the orthophosphate monoester region. The signal 

in the orthophosphate diester region (6 = 1.89 ppm) found in the grazed plot overland 

sample could be assigned to the phospholipids. Orthophosphate diesters and 

phosphonates were only detected in overland flow collected from the grazed plot. 

These results would indicate that normal grazing management practices may not only 

affect the concentrations o f Po but also the forms o f Po, potentially bioavailable, 

being transferred from grassland systems to water.

Keywords-. Grassland soil, grazing animal, overland flow, organic phosphorus, ^'P 

nuclear magnetic resonance spectroscopy, surface water quality
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6.2. Introduction

The loss of phosphorus (P) from agricultural sources has been shown to cause 

eutrophication in P limited freshwater ecosystems (Foy and Withers, 1995; Correll, 

1998; Sims and Sharpley, 2005). Grazing animals are known to change the physical 

(hydrological), biological, and chemical characteristics of agricultural grasslands as a 

source of and pathway for nutrient loss to water (Sharpley and Syers, 1976; Haynes 

and Williams, 1993; Chaneton et al, 1996; Haygarth and Jarvis, 1997; Drewry et al, 

1999; Drewry and Paton, 2000; Singleton et al, 2000; Kurz et al, 2006).

Many studies have examined the P fractions in overland or subsurface flow from 

grasslands (Sharpley and Syers, 1976; Heathwaite et al, 1990; Haygarth and Jar\ds, 

1997; Haygarth et al, 1998; Nash et al, 2000; Turner and Haygarth, 2000; Fleming 

and Cox, 2001; Toor et al, 2003; 2005a). For example, Sharpley and Syers (1976) 

using field plots and natural rainfall to investigate P transport in overland flow as 

influenced by fertiliser and grazing cattle, showed that dissolved unreactive P (DUP) 

and total particulate P (PP) were most affected by grazing animals. They also showed 

that fertiliser application had a more sustained effect on dissolved reactive P (DRP) 

than grazing animals. However, few studies have examined the Po forms found in 

overland or subsurface flow in using ^’P NMR spectroscopy with the exception of 

Toor et a l  (2003; 2005a) who investigated P leaching from irrigated grassland soil.

The use of ^'P nuclear magnetic resonance (NMR) spectroscopy is a technique that 

has been increasingly used in recent years for studying the chemical nature and 

dynamics of Po in a wide range of environmental samples mostly focused on soils,
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manures, and dung, and in a few cases, water samples from lakes and marine systems 

have been investigated (see recent review of Cade-Menun, 2005). Toor et al. (2003; 

2005a) showed that leachate collected in grassland soil lysimeters amended with 

dairy farm effluent was dominated by particulate unreactive P (PUP) ranging from 55 

to 79% of total P (TP) and using ^’P NMR spectroscopy they found that the 

unreactive P was mainly comprised of orthophosphate monoesters and diesters. A 

number of studies have also used phosphatase hydrolysable enzymes to characterise 

Po in leachate (Toor et al., 2003; McDowell and Koopmans, 2006) and water 

extractable soil Po (Turner et al., 2002; McDowell and Koopmans, 2006). Toor et al. 

(2003) demonstrated that 23, 20 and 14% of TUP was present as labile 

orthophosphate monoesters, inositol hexakisphosphates and orthophosphate diesters, 

respectively; while McDowell and Koopmans showed that 40% of DUP in soils 

extracted with water was hydrolysable with similar enzymes. Whitton et al. (1991) 

showed that more than 30 cyanobacterial strains can use wvo-inositol 

hexakisphosphate as their sole P source. Clearly, it seems that unreactive P must be 

considered at least in part bioavailable if transferred to a waterbody (Whitton et al., 

1991). As a result of the variable bioavailability of Po, it is important to have some 

knowledge about the specific forms present in overland and subsurface flow from 

grasslands.

-5 1

No studies characterising Po in overland flow samples using P NMR spectroscopy 

were found in the literature to date. The current study formed an extension of a study 

by Kurz et al. (2006), which examined the effects of the presence or absence of
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grazing animals on soil physical properties in, and nutrient concentrations o f overland 

flow from, grassland in Ireland. They concluded that the effect o f the grazing animal 

on nutrient concentrations in overland flow from the previous grazing season could 

not be detected, but was measurable in a number o f water quality parameters after the 

first grazing cycle o f the new grazing season. The presence o f grazing animals led to 

increased concentrations o f particulate N, DUP, PUP and potassium (K) in overland 

flow. They also showed that urea applications in spring was followed by enhanced 

levels of total dissolved N (TDN), total oxidised N (TON) and total ammonia (TA) in 

overland flow. They suggested that the urea application triggered a surge in 

microbial activity and thus led to an enhanced release o f unreactive forms o f P from 

soil to overland flow.

In Chapters 2 and 3 the P forms and fractions in a grassland soil and fresh dung were 

identified and quantified, making up the largest and most dynamic pools o f P in the 

grazed grassland system. In Chapter 4 dung-pat decomposition was examined with an 

emphasis on changes in P concentration over the decomposition period, while in 

Chapter 5 the impact o f the decomposing dung-pats on the soil P forms and fractions 

was examined, providing data on the interaction o f the soil and dung P pools. The 

results presented in the current chapter will build on all o f this information, and will 

attempt to link the grazed grassland system (soil and dung P pools) as a source o f P, 

potentially available to be lost to waterbodies via a hydrological pathway.
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It was hypothesised that Po forms an important component o f P transferred from 

grassland to water via overland flow due to normal grassland management practices. 

The aim of the current study was to characterise the Po fractions in overland flow 

from grazed and non-grazed grassland plots using ^'P NM R spectroscopy to give a 

greater understanding o f the P transfer to water. Figure 6.1 illustrates a conceptual 

model o f the processes, including the effects o f management that govern the transfer 

o f Po from grassland soils to water.

Rainfall, temperature, soil moisture

Grassland
management

practices

(time and quantity
Soil organic P forms

of artificial fertiliser, 
slun7, and m anure 

application;
time and intensity 
of grazing; tim e of 

silage and hay 
cutting; soil 

drainage; soil P 
concentrations)

Mobilisation

Solution organic P forms

Transport and transformations

Impact on waterbodies

Phosphate m onoesters, phosphate 
d iesters  and phosphonates; soluble or 
sort>ed to soil particles.

Solubilisation (desorption, re-wetting, 
microbial turnover) or detachm ent 
(erosion).

Total, dissolved and particulate reactive 
and unreactive P  fractions. Speciation 

. b ased  on m olybdate colorimetry, 
chrom atographic separation or 
spectroscopic procedures.

Pathw ays (overland flow, interflow, 
tile drainage, subsurface drainage);

' re-sorption, degradation (e.g. 
enzym atic hydrolysis).

I. Connectivity betw een g rass lands  and 
w aterbodies

Availability to algae, contribution to 
eutrophication.

Figure 6.1: Conceptual model of process units comprising the transfer of organic 
phosphorus from grassland soils to water (modified from Turner, 2005).

286



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

6.3. Materials and methods

6.3.1. Site description and management

The grassland site (JCl) used to collect samples in this study was located on the 

experimental Dairy Farm at Teagasc Environmental Research Centre, Johnstown 

Castle, Wexford, Ireland (302404/116584 UTM) (more details of the Dairy in 

Culleton et al., 1999). The area of JCl was 0.74 ha. Annual rainfall during 2004 was 

1032 mm with a mean daily temperature of 10.6 °C as measured at the meteorological 

station within the research centre.

The soil at JCl has a sandy loam topsoil and is locally classified as a brown earth 

(Gardiner, 1962) and is classified by the FAO (Food and Agriculture Organisation of 

the United Nations) as a gleyic cambisol (FAO-UNESCO, 1974). Site JCl was 

rotationally grazed by dairy cows at an estimated stocking rate of 2 LU ha’’. This 

resulted in grazing at intervals of approximately three to four weeks from April to 

October each year. Overall site management practices (grazing times and fertiliser 

application) in relation to the dates of rainfall simulation runs are given in Table 6.1.

6.3.2. Experimental design

The P content of overland flow samples collected from grazed and non-grazed 

grassland plots was examined using both ^'P NMR spectroscopy and traditional wet 

chemistry methods. The current study formed an extension of a larger study which 

examined the impact of the grazing animal on soil physical properties and nutrient
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concentrations in overland flow, full details o f which can be found in Kurz et al. 

(2006) and Kurz and O ’Reilly (2006).

A small scale reductionism approach was used in this study, aimed at reducing the 

effect o f all relevant variables (location, soil type, weather and management history) 

other than the presence or absence o f grazing animals on the measurements (soil 

physical properties (bulk density, macroporosity, and penetration resistance) and 

overland flow nutrient concentrations) taken. This was achieved by using replicated 

small plots (15m x 1.5m) to which the animals had access (grazed plots) and small 

plots from which the animals were excluded (non-grazed plots) within the JC l site 

(Figure 6.2). A randomised replicated block design was used, set up in spring 2002. 

At the JC 1 site the grazing animals had access to five small plots (grazed) and were 

excluded from the five non-grazed plots. The grazing animals could reach and graze 

most o f the non-grazed plots by stretching their heads and necks underneath the wire, 

and could not walk or excrete onto these plots. Grass left in the middle o f the plots 

was removed after every grazing cycle using a lawn mower. A rainfall simulation 

experiment was set up within these small plots to examine the impact o f the grazing 

animal on nutrient losses from grassland via overland flow.

6.3.3. Rainfall simulation

The multi-drop type model “Amsterdam simulator” was used as recommended by 

Bowyer-Bower and Burt (1989) for comparative studies o f soil hydrology (Figure 

6.3). Although, not able to reproduce the characteristics of natural rainfall, the

288



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

Amsterdam simulator has been shown to consistently replicate rainfall production at 

different sites, and therefore allowed a comparison o f the treatments, the presence or 

absence o f the grazing animals.

Nine rainfall simulation runs took place between late March and early May 2004 on 

the dairy farm site. One rainfall simulation run consisted o f two simulators running 

simultaneously on the grazed and non-grazed plots. Start times o f rainfall and 

overland flow were recorded. Rainfall simulations were continued until sufficient 

overland flow sample was collected, dictated by the high concentrations needed to 

perform the ^'P NM R spectroscopy analysis. Five parallel simulations (runs 1 to 5) 

were carried out before the start o f  the grazing season and 4 parallel simulations (runs 

6 to 9) after the first grazing (cutting) cycle (Table 6.1). During all the simulations 

after the grazing cycle, some o f the area used to generate overland flow was covered 

by a dung-pat. The final simulation (run 9) on May 6'*’ was used to collect the 

overland flow samples for the ^’P NMR analysis used this study. Approximately 20% 

o f the grazed plot was covered during run 9.

A high rainfall intensity was chosen in order to ensure that overland flow occurred 

within a reasonable time interval. The simulators were set to rain at 20 mm h '', a 

storm event which has a return period of about 10 years in Ireland (Logue, 1995). 

When soil moisture deficits were high (as in run 9) rainfall was simulated at a higher 

intensity o f  25 mm h ''. In Ireland, such high rainfall rates sometimes occur in 

connection with thunderstorms which have a return period o f about twenty years in
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Ireland (Logue, 1995). The simulators were designed to rain on an area of 0.5 m , 

hydrologically isolated by pushing a stainless steel frame about 50mm into the soil 

(Figure 6.4 to 6.7). Full details of the rainfall simulation experiment can be found in 

Kurz et al. (2006) and Kurz and O’Reilly (2006).

Table 6.1: The management details of site JC l, including dates of rainfall 
simulation experiments.

Dates
Date of 
rainfall 

simulations

Fertiliser management Grazing management

Date Type Rates (kg 
element ha’’)

Start
date

c  ^ No. End -

LU
11/02/04 X urea 25
13/02/04 X P/K 37 and 74
09/03/04 X urea 35
26/03/04 X
01/04/04 X
07/04/04 X
14/04/04 X
20/04/04 X
21/04/04 X 56
22/04/04 X urea 57 X
27/04/04 X
30/04/04 X
04/05/04 X
06/05/04 X

6.3.4. Soil, dung and overland flow sampling, storage and preparation

Soil samples were collected from the grazed and non-grazed small plots after rainfall

simulation run 9 and were used in this study to determine soil total P (Pt), Morgan’s P 

(Pm) (soil test P (STP)), available soil potassium (K) and available soil magnesium

290



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

(M g). In the grazed plot m easurem ents were m ade on soil sam ples collected in the 

area under the dung-pat and from the rem aining area not under the dung-pat. The soil 

was sam pled using a standard Teagasc bucket sam pler to a depth o f  10 cm. 

A pproxim ately 10 cores per plot were taken, and bulked to provide a single 

com posite sam ple per plot, w hich was then used to determ ine the soil properties 

outlined below. All soils were sieved using a < 2 m m  m esh before analysis. Dried 

soils (oven dried at 40 °C  or air dried in the laboratory) w ere stored in cardboard 

boxes at room  tem perature prior to analysis. The dung-pat in the grazed plot was 

removed from the plot, hom ogenised, and analysed to  determ ine total phosphorus 

(Ptdung), total nitrogen (Ndung), total potassium  (IQung), total m agnesium  (Mgdung), and 

w ater and dry m atter content o f  the dung-pat. The dung sam ples were stored at 4 °C 

prior to analysis. All the overland flow generated during run 9 o f  the rainfall 

sim ulation experim ent was collected from the grazed and non-grazed plots, 

com posited according to treatm ent, w ith approxim ately 5 and 3 1 collected, 

respectively (Figure 6.8). A sub-sam ple was taken to determ ine the physico-chem ical 

P fractions, with the rem aining sam ple freeze-dried over the next 10 days for the ^’P 

NM R analysis.

291



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

Figure 6.2: Small plots set within the Dairy Farm field site used to examine the 
effects of grazing and non-grazing on soil physical properties and phosphorus 
losses in overland flow.

■+h4-f-ht4-*->-

Figure 6.3: The “Amsterdam” rainfall simulator.
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Figure 6.4: Hydrologically isolated small plot (0.5 m )̂ used to examine the 
phosphorus losses in overland flow generated with the rainfall simulator.

I

66*

o

I

Left hand 
runoff outlet

Figure 6.5: Overland flow collection frame (taken from Kurz and O’Reilly 
(2006)).
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900m m -------------------------------- >j

Runoff
lO

Ground level

Figure 6.6: Overland flow collection frame installed (taken from Kurz and 
O’Reilly (2006)).

s n ie td  to  
drvert rurK>ff to 
left harxj outlet

lo (Srevent 
rain w ater ■ • 

-V; m tering draiii;-;-

Lefi hand outlet

Rtght ^aod  outlet

Figure 6.7: Overland flow collection tray with system to eliminate set-up related 
sources of suspended material (taken from Kurz and O’Reilly (2006)).
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Figure 6.8: Overland flow samples collected during the rainfall simulation run 
used in the current study.

6.3.5. Soil nutrients

Soil Pt was m easured using inductively coupled plasm a optical-em ission 

spectroscopy (ICP-OES) on oven dried soil sam ples after digestion in a m ixture o f 

concentrate H2SO4, H2O 2 and selenium  (catalyst) at 370 °C for 90 m inutes. Soil Pt 

was read on a V ista-M PX ICP-OES. M organ’s P was m easured using 6.5 ml o f  oven 

dried soil using a buffered (pH 4.8) acetate-acetic acid reagent in a 1:5 soil-to- 

solution ratio extracting for 30 m inutes (M organ, 1941; Peech and English, 1944; 

Byrne, 1979). This M organ’s solution was also used for extracting and m easuring soil 

available K and Mg.
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6.3.6. Dung nutrients

The nutrients in the dung-pat, Ptjung, N̂ ung, K<iung, Mgjung, were measured on 

homogenised wet dung samples after digestion in a mixture of concentrate H2SO4, 

H2O2 and selenium (catalyst) at 370 °C for 90 minutes in Gerhardt block digester 

according to the method of Pinevich (1959). Ptdung and Njung were read 

colorimetrically on a Burhard Series 2000 Autoanalyser. Mgdung and K̂ ung were read 

in an atomic absorption spectrometer, SpectrAA-400. Dung dry matter and moisture 

content were determined by weighing 20 g of field fresh soil into a beaker, drying it 

at 105 °C overnight and re-weighing to calculate percentage dry matter and soil 

moisture content. An in-house control slurry sample (renewed annually) and a 

certified BCR reference Rye Grass No. 281 sample were used as part of the analysis 

quality control.

6.3.7. Physico-chemical phosphorus fractions in overland flow

Reactive and total P were measured on filtered (0.45|xm) and unfiltered samples.

Filtering the samples resulted in dissolved and particulate P fractions. Total P was 

measured by digesting and analysing according to an autoclave method described by 

Ebina et al. (1983). An automated version of the ascorbic method described by 

Murphy and Riley (1962) was used to measure reactive P levels. These analyses 

resulted in the measurement of total P (TP), total dissolved P (TDP), total reactive P 

(TRP) and dissolved reactive P (DRP). By calculating the difference between these 

fractions it was possible to estimate particulate P (PP) (PP=TP-TDP), dissolved
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unreactive P (DUP=TDP-DRP), total unreactive P (TUP) (TUP=TP-TRP), and 

particulate unreactive P (PUP) (PUP=TUP-DUP).

6.3.8. NMR spectroscopic analysis of NaOH-EDTA extracts of overland

flow

The freeze-dried overland flow samples were extracted with NaOH-EDTA and 

subjected to analysis using ’̂P NM R spectroscopy procedures according to the now  

standardised method described by Turner et al. (2003a). The freeze-dried overland 

flow  samples were extracted by shaking 1 g o f  sample with 50 ml o f  a solution 

containing 0.25 M N aO H  and 0.05 A/EDTA for 16 hours at 20 °C (Toor et al., 2003). 

The extracts were then centrifuged, filtered (due to viscous nature o f  soil solution 

mixture after extraction period) and freeze-dried again over an 8-day period.

The freeze-dried NaOH-EDTA extracts were re-dissolved in 1 ml o f  1 Af NaOH and 

0.1 ml D 2O (for signal lock) and transferred to 5 mm NMR tubes. The addition o f  

NaOH ensures optimum spectral resolution and consistent chemical shifts due to

•5 1

deprotonation o f compounds at a solution o f  pH > 12. Solution P NM R spectra were 

obtained using a Bruker Avance DPX 400 NM R spectrometer operating at 161.97 

MHz with a 5 mm QNP probe with z gradients. The integration process using the

- j i

WIN NM R 5.0 software was used to determine the areas o f  the individual P NMR  

spectra. A 90° pulse width was used, with a total acquisition time o f  1.8 s (pulse delay 

1.0 s, acquisition time 0.65 s) and broadband proton decoupling. Temperatures were 

regulated at 25 °C. Approximately 34,000 scans were collected due to the
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concentration of the freeze dried extract. Chemical shifts were measured relative to an 

external standard o f 85% orthophosphoric acid after Lorentzian convolution with a 

width o f 10 Hz. Spectra were plotted using a line broadening o f 5 Hz. General 

functional classes o f phosphorus compounds were as follows: phosphonates (8 = 18- 

22 ppm), inorganic orthophosphate (5 = 5.7-7.1 ppm), orthophosphate monoesters (6 

= 3-6 ppm), phospholipids (5 = 0.6-2 ppm), DNA (approximately 8 = -0.3 ppm), 

pyrophosphate (approximately 8 = -4.4 ppm) and inorganic polyphosphate (8 = -4, - 

18 and -21 ppm) (Turner et a i ,  2003a).

6.4. Results

6.4.1. Soil and dung properties

Table 6.2 describes the soil properties o f the grazed and non-grazed plots used in the 

rainfall simulation experiment. Separate soil samples were taken from (1) the non

grazed plot as a whole, (2) the area under the dung-pat in the grazed plot (c. 20% of 

the plot) and (3) the remaining area not under the dung-pat in the grazed plot. The 

concentration o f Pt for the plots was similar ranging from 578 to 660 mg P kg '’. A 

difference in Pt was measured within the grazed plot between the area under the 

dung-pat and the area not under the dung-pat, 644 mg P kg"' and 578 mg P kg’’, 

respectively.
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Table 6.2: Soil properties of experimental small plots used in rainfall simulation 
experiment. The grazed plot was split in two for sampling taking account of soil 
directly affected and not affected by the presence of a dung-pat.

Plot M organ’s P 
(mg r ')

Total soil P 
(mg P k g ' )

Potassium 
(available) (mg

r ')

Magnesium 
(available) (mg

r ')

Non-grazed 

Grazed (soil

3.7 660 70 221

under dung- 
pat) 

Grazed (soil

9.9 644 140 433

not under 
dung-pat)

3.9 578 58 265

These results were also mirrored by the Pm concentrations with similar 

concentrations found in the non-grazed plot and the area o f soil in the grazed plot not 

under the dung-pat, 3.7 and 3.9 mg P 1"', respectively and a much higher value o f 9.9 

mg P r '  found in the area o f the grazed plot under the dung-pat. Soil available K and 

Mg concentrations follow similar patterns, with higher concentrations found in the 

soil under the dung-pat (Table 6.2). Increases o f 241% and 163% in K and Mg 

concentrations, respectively, were estimated in the soil o f  the grazed plot under the 

dung-pat compared to the remaining area o f the grazed plot.

Table 6.3 describes the nutrient content o f the dung-pat located in the grazed plot. 

The dung-pat had been deposited approximately 18 days before being sampled. High 

concentrations in Ndung, Ptdung and Mgdung and low concentration o f K̂ ung were 

measured. The high dry matter content (c. 33%) also indicated the age o f the dung- 

pat, with a significant percentage o f its water content leaching into the soil beneath, a 

likely mechanism for nutrient transfer to the soil.
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Table 6.3: Nutrient concentrations and dry matter content of the dung-pat in 
grazed small plot used in rainfall simulation experiment.

Dung characteristic Nutrient concentration

Nitrogen (total) (mg kg’') 8917

Magnesium (total) (mg kg'*) 4458

Phosphorus (total) (mg kg"') 3507

Potassium (total) (mg kg"') 1334

Dry matter (%) 32.89

6.4.2. Rainfall simulation data

Table 6.4 outlines the characteristics of the rainfall simulation used to obtain the 

overland flow samples for the detailed P analyses. A rainfall intensity o f 25 mm h '' 

was chosen as the soil moisture was low and the predicted time to saturation and 

overland generation would have been too long using a lower rainfall intensity. The 

affects of the grazing animal were evident in the grazed plots with higher overland 

flow rates, taking less time for overland flow to begin. This was clearly explained by 

the differences in soil physical properties, in particular the soil bulk density, 

macroporosity and resistance to penetration (Kurz et al., 2006).

Table 6.4: Overland flow rate (mm h'*) and time to overland flow (mins) for 
grazed and non-grazed grassland plots during a rainfall simulation at a rate of 
25 mm h'* (Kurz et al., 2006).

Plot Rainfall intensity 
(mm h '’)

Overland flow rate 
(mm h '‘)

Time to overland 
flow (mins)

Grazed 25 21 14

Non-grazed 25 8 49
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6.4.3. Physico-chemical fractionation

Figure 6.9 shows the concentrations o f the various P fractions (TP, DRP, TDP, PP, 

TUP, DUP and PUP), measured or estimated in the overland flow samples collected 

from the grazed and non-grazed small plots using the rainfall simulator during run 9. 

It shows that for all fractions the concentrations from grazed plots are larger than the 

non-grazed plots, ranging from approximately 190 to 460% o f the non-grazed 

concentrations. The largest o f these differences are found in the particulate and 

unreactive fractions, all over 400% o f the equivalent non-grazed concentrations. A 

comparison o f each fraction from grazed and non-grazed plots as a percentage o f TP 

is given in Table 6.5. It confirmed that a higher proportion (31%) of DRP as an 

overall percentage o f TP was measured in the overland flow from the non-grazed 

plots compared to the grazed plots. A similar trend is seen for TDP with a higher 

overall proportion (13%) measured on non-grazed plots compared with the grazed 

plots. These trends are reversed for the other fractions (PP, TUP, DUP, and PUP) 

with a higher proportion o f these fractions measured in overland flow from the grazed 

plots compared with non-grazed plots, ranging from 35 to 40% higher. The most 

significant treatment effect {i.e. the presence o f grazing animals) is clearly shown in 

the unreactive and particulate fractions, which are mostly made up o f Po (Table 6.5).
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Table 6.5: Percentage of each of the measured P fractions of total P (TP) in the 
overland flow samples collected from the grazed and non-grazed plots during a 
rainfall simulation in run 9 on May 6**' 2004.

% of each P fraction of TP 
Plot _____________________________________________________________

DR? TDP PP TUP DUP PUP

Grazed 44.8 70.7 29.3 55.2 25.8 29.3

65.3 80.8 19.2 34.7 15.5 19.2

?  1.5 -

I N on-grazed p to toverlandflow

iG razed  plot overland flow

J J J J
TP DRP TDP PP TUP DUP PUP

P fraction

Figure 6.9: Concentration of various phosphorus fractions in overland flow 
samples collected from grazed and non-grazed grassland small plots using a 
rainfall simulator in run 9 on May 6**' 2004 (Kurz et al., 2006).

6.4.4, *̂P NMR spectroscopic analysis of NaOH-EDTA extracts

Figures 6.10 and 6.11 illustrate the spectra obtained using ^’P NMR spectroscopy to

examine the Po in the overland flow samples collected from the grazed and non- 

grazed plots.
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Table 6.6: Distribution of organic phosphorus forms in NaOH-EDTA extracts of 
overland flow samples from small plots using a rainfall simulator in run 9 on 
May 6*** 2004, calculated from NMR spectra by peak integration.

" P N M R (% ) Monoeste

Inorganic Orthophospha P"<>sPhonates,
orthophospha  ̂ ^ .  pyrophosphate

te monoesters te diesters  ̂ ratio te__________________________________________ s, etc_________

72.5 24 1.5 2 16.5d
Non
graze 84 13.5 n.d.* 2.5 n.d.*

d
*n.d. = not detectable in sample

Five distinct classes of P compounds were detected, inorganic orthophosphate (8 = 

6.83 ppm), orthophosphate monoesters (5 = 4.95 to 5.69 ppm), orthophosphate 

diesters (5 = 1.89 ppm), pyrophosphates (5 = -3.26 ppm) and phosphonates 

(occurring at 5 = 19.38 ppm). The spectral assignments were based on a number o f 

key studies, which compared spectra o f model P compounds with spectra o f soils 

extracted with NaOH-EDTA. (Newman and Tate, 1980; Makarov et al., 2002; Turner

et al., 2003a; 2003b; Cade-Menun, 2005). Distinct signals at 5.69, 5.37, 5.10, and 

4.95 ppm in the extracts o f the overland flow from both sites indicated significant 

concentrations of wyo-inositol hexakisphosphate. The signal at 1.89 ppm found in the 

grazed overland sample could be assigned to phospholipids, in particular 

phosphatidyl ethanolamine (6 = 1.88ppm). Characterisation o f the overland flow P 

from the grazed and non-grazed plots in NaOH-EDTA extracts revealed that most of 

the P was present as inorganic orthophosphate, 72.5 and 84% respectively (Table 

6.6). This meant that there was almost double the percentage o f Po found in the 

overland flow from grazed plots (c. 26%) to the non-grazed plots (c. 13.5%) (Table
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6.6). This Po was dominated by orthophosphate monoesters for both the grazed 

(24%) and non-grazed (13.5%) plots. Orthophosphate diesters and phosphonates were 

only found in the overland flow samples collected from the grazed plot. Similar 

amounts of other P forms (mostly pyrophosphate) were found in the samples for both 

grazed and non-grazed plots (Table 6.6).

Expanded orthophosphate 
m onoester region show ing peaks 
for inositol hexakisphosphate .

Inorganic
orthophosphate

Orthophosphate 
I  m onoesters

Orthophosphate diesters

Phosphonate
Pyrophosphate

Figure 6.10: Phosphorus-31 nuclear magnetic resonance spectra of overland 
flow sample collected from a grazed plot using a rainfall simulator in run 9 on 
May 6*'' 2004. Insets show close-ups of orthophosphate monoester peaks.
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Expanded orthophosphate 
m onoester region showing peaks 
for inositol hexakisphosphate .

Inorganic
orthophosphate

Orthophosphate 
I  m onoesters

Pyrophosphate
(ppm)

24 22 20 18 16 12 10 8 6 2 0 •2 •6 •6 •10 •12I I 14 •4 •14
(ppm)

Figure 6.11: Phosphorus-31 nuclear magnetic resonance spectra of overland 
flow sample collected from a non-grazed plot using a rainfall simulator on in run 
9 on May 6*'’ 2004. Insets show close-ups of orthophosphate monoester peaks.
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6.5. Discussion

Agricultural grasslands under normal grazing management have been shown to pose 

elevated risk as a source of and pathway for P loss to water (Sharpley and Syers, 

1976; Haynes and Williams, 1993; Haygarth and Jarvis, 1997; Drewry et a l, 1999; 

Drewry and Paton, 2000; Singleton et al, 2000; Smith et a l, 2001; Smith and 

Monaghan, 2003). Kurz et al., (2006) demonstrated that the presence of cattle altered 

the physical properties (bulk density, macroporosity, penetration resistance) of 

grassland soils, thereby changing the hydrological response of these soils, and 

increasing the overland flow rates from grazed grassland plots. The presence of cattle 

also led to increased P concentrations in the overland flow coming off these plots, in

-3 1

particular the Po fractions. The current study used P NMR spectroscopy to examine 

the Po composition of the overland flow in more detail.

6.5.1. Methodological evaluation

Few studies to date have used ^’P NMR analysis to examine the Po composition of 

drainage waters, with high P concentrations required to obtain clear spectra being the

-5 1

principal limitation. The current study was therefore the first to attempt the use of P 

NMR spectroscopy to examine the Po composition of overland flow coming off 

agricultural grassland systems. However, it was only possible to analyse a single 

overland flow sample from each of the grazed and non-grazed plots due to the time 

and effort involved with ^'P NMR analysis. This technique has become a standard 

procedure for investigating Po forms in soils, dung and manures (Tate and Newman, 

1982; Condron et al., 1996; Koopmans et al., 2003; Turner et al., 2003a; 2003b;
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McDowell and Stewart, 2006; Turner, 2004; McDowell and Stewart, 2005), and in 

more recent times has been used to examine Po forms in leachate (Toor et al., 2003; 

2005a), water extractable Po (Turner et al., 2002) and even marine sediments and 

water (Cade-Menun et al., 2005).

31The P NM R spectra o f the overland flow samples in the current study, obtained 

using the Bruker Avance DPX 400 NMR spectrometer, were o f good quality 

considering the P concentrations in the overland flow are naturally low, compared to 

soils and manures commonly analysed. Most studies in recent times have used more 

powerfial NMR spectrometers obtaining better separation o f the orthophosphate 

monoester and diester peaks {e.g. Koopmans et al., 2003; Turner et al., 2003a; 2003b; 

McDowell and Stewart, 2006; Turner, 2006). Nonetheless, it was possible to attempt 

to sub-classify the orthophosphate monoester and orthophosphate diester regions of 

the spectra, although these were interpreted with caution. Central to obtaining the 

clearly separated peaks in the spectra o f the current study was the collection of a 

sufficient volume of overland flow sample with adequate P concentrations and to 

have the resources to freeze dry the large volume o f overland flow samples.

A comparison of the proportion o f Po forms quantified using physico-chemical 

fractionation and the ^’P NMR revealed a discrepancy. The percentage Po measured 

using the ^’P NMR spectroscopy procedure was considerably less (c. 21 and 30% in 

overland flow from non-grazed and grazed plots, respectively) compared to the 

unreactive fraction measured using wet chemical procedures. It appears that
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significant hydrolysis o f the Po might have occurred in the samples during 

preparation for and analysis with the NMR spectrometer. Previous workers (Agbenin 

et al., 1999; Koopmans et al., 2003; Turner et al., 2005) have shown that Po in soil 

samples, orthophosphate diesters in particular, are susceptible to degradation in 

alkaline extracting solutions {e.g. NaOH-EDTA). However, this is an unavoidable 

limitation of the quantification and characterisation of Po, given that alkaline

31extracting solutions are required to extract Po for solution P NMR spectroscopy 

(Makarov et a l,  2002; Turner et a l ,  2003a). Also apparent was greater degradation 

found in the overland flow from the grazed plots, possibly explained by the presence 

of more labile P forms {e.g. orthophosphate diesters, labile orthophosphate 

monoesters) or higher microbially induced enzyme activity in those samples (Toor et 

al., 2003). Hydrolysis o f the Po when the freeze-dried NaOH-EDTA extracts were re

dissolved in 1ml o f 1 M NaOH and 0.1ml D2O prior to analysis in the NMR 

spectrometer may be specifically accountable for the decreased proportions o f Po. 

Nonetheless, the technique still provided trends similar to the physico-chemical 

fractions, reflecting the greater proportions o f Po in the grazed plot overland flow 

sample, offering insights into the potential diversity o f the Po in these samples. The 

current study did not attempt to refine the '̂P NMR spectroscopy technique as a 

means o f examining the Po composition o f overland or subsurface flow samples, but 

does highlight a need for ftirther research, particularly in terms o f  sample storage, 

concentration, extraction and the analysis.
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The overland flow samples used in the current study were not collected at the field 

scale or after a natural rainfall event. There was an obvious trade off between (1) the 

increased flexibility and control of a rainfall simulation experiment at the small plot 

scale to investigate specific processes or treatments and (2) the measurement of P 

losses at field scale which is hoped to provide realistic rates of P loss but comes with 

the increased difficulty of being able to explain the processes (or the interaction of 

many processes) that govern P losses at larger scales. Clearly, as the experimental 

scale increases the number of processes that can affect the P concentration in the 

overland flow is also likely to increase, and so the amount (concentrations, quantities) 

of P lost at different scales of study will vary. The reductionist approach used in the 

current study, has been used in many studies to date and has been primarily aimed at 

testing specific hypotheses at the soil-water interface to further the understanding of 

specific P loss processes (see review of Hay garth et al., 2005). The concentrations of 

P being lost at the small plot scale in the current study may not reflect the potential P 

losses at the field or catchment scale. For example, Kurz et al., (2002) measured P 

concentrations in the stream water draining the small catchment in which the small 

plots of the current study were located. Their study carried out between 1996 and 

1997 found a mean DRP concentration of 0.124 mg P f ’ (ranging from 0.005 to 0.670 

mg P r ') , a lower mean concentration compared to the concentrations shown in 

Figure 6.9. Again, it must be stressed that it is difficult to make direct comparisons of 

P losses at the small plot, edge of field and catchment (in stream) scales, and the 

potential impact of this P on receiving water bodies of concern (McDowell et al., 

2004; Brazier et al., 2005; Haygarth et al., 2005), and that this was not the intention
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of the current study. Interdisciplinary and multi-scaled approaches have been 

suggested as a way forward in our attempts to develop knowledge based mitigation 

strategies aimed at minimising P loss from grassland soils (Haygarth et al., 2005).

The great advantage of the experimental design of Kurz et al. (2006) was that it 

allowed a comparison of treatments, i.e. the effect of the presence or absence of cattle 

on soil physical properties and the consequences in terms of the relative impact on 

soil hydrology and nutrient concentrations. The presence of a dung-pat covering 

approximately 20% of the grazed plot and the high intensity rainfall simulation 

required to generate overland flow must also be highlighted as other potential scale 

effects influencing the concentrations of P measured in the overland flow; both can 

be considered to represent extreme conditions. Hopefully, by using the same rainfall 

intensity in both the grazed and non-grazed plots, the relative differences in the P 

measurements will still somewhat reflect the potential differences at larger scales. In 

field scale studies (Kurz, 2002; Kurz et al. 2002; 2003) elevated unreactive P 

concentrations were found immediately after grazing events, suggesting that many of 

the same processes affecting P loss are operating at both the small plot and field, even 

though the P concentrations were not so similar.

6.5.2. Phosphorus composition of the overland flow

The main effects of the grazing animal in the current study were clearly demonstrated 

by increased proportions of Po forms and fractions in the overland flow of the grazed

•3 1

plots. The P NMR spectroscopy showed a dominance of inorganic orthophosphate
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in the samples o f both grazed and non-grazed plots extracted with a NaOH-EDTA 

solution. The main difference between the treatments was that a higher percentage of 

orthophosphate monoesters and orthophosphate diesters were detected in the overland 

flow sample from the grazed plot compared to the non-grazed plot. The results of the 

’̂P NMR spectroscopy were similar to the physico-chemical fractionation which 

showed that the majority of the P for both the grazed and non-grazed plots was 

physically found in the dissolved fraction. However, a higher proportion of dissolved 

P was found in the non-grazed overland flow samples. These results were in part 

similar to results of Haygarth et al. (1998) where overland and interflow pathways on 

both drained and undrained grazed grassland soils were dominated by dissolved (69% 

of TP) and reactive (60% of TP) forms of P. Similarly, the overland flow collected 

from the non-grazed plot of the current study was dominated by reactive P forms 

(65% of TP); however, the overland flow from the grazed plot was dominated by 

unreactive P forms (55% of TP). Similarly, Sharpley and Syers (1976) compared P 

loss in overland flow from grazed and non-grazed field plots using natural rainfall 

and also found that the forms of P which were most affected by grazing animals were 

DUP and PP. They calculated that 0.30 kg DUP ha"' was lost from the grazed plots in 

the four weeks after grazing (twice the amount lost in four months from the 

corresponding ungrazed plots (0.15 kg DUP ha"'). They also showed a relatively large 

quantity o f PP (0.31 kg ha ’) was lost and atfributed this solely to the erosive impact 

of the grazing animals, consistent with the large loss of sediment. Smith and 

Monaghan (2003) also demonstrated similar effects of grazing animals with the DRP 

fraction accounting for less than 30% of TP in overland flow, with the remaining
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70% made up of PP and TUP. Toor et al. (2003; 2005a) have also shown the 

dominance of unreactive P fractions and PP forms in leachate (sub surface flow) 

samples but collected under different management regimes, grassland soils amended 

with farm dairy effluent. It should be noted though, that as well as Po, the unreactive 

fraction can also include inorganic P (Pi) forms that are not reactive with molybdate, 

including mineral and organically complexed phosphate (polyphosphates or 

condensed phosphates) (Ron Vaz etal., 1993).

The main difference in the plots as a source of P was probably the dung-pat deposited 

by the grazing animal in the grazed plot, not only increasing soil P concentrations but 

also acting as a direct source of P itself with a concentration of over 3500 mg kg''. 

Most P excreted by grazing animals is returned in the dung with only very small 

concentrations found in urine (Barnett, 1994; Whitehead, 2000; Aarons et a l,  2004; 

Turner, 2004; McDowell and Stewart, 2005). The composition of the P in the dung 

has been shown to vary, largely depending on the concentration of P in the diet 

(Barrow and Lamboume, 1962; Bourke et al, 2008). Many studies have shown Po to 

make-up a large proportion of the P in many animal manures and dung (Barnett, 

1994; Bourke et al, 2008; Turner, 2004; McDowell and Stewart, 2005), with a high 

potential for dung to be directly lost to water (Valk et al., 2000; Ebeling et al., 2002; 

Smith et al., 2004).

The other possible source of P from the grazed plots compared to the non-grazed 

plots was the eroded soil surface as a result of the treading action of the grazing
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animals. This potential P source was likely to be reflected in elevated sediment and 

associated PP concentrations in overland flow from plots where animals had access. 

Increased suspended solid concentrations were measured in most of the overland flow 

samples from the grazed plots compared to the non-grazed plots (Kurz et al., 2006) 

including the samples of the current study. The dominance of orthophosphate 

monoesters in the overland flow Po was expected due to the dominance of 

orthophosphate monoesters in most soil types {e.g. Turner et al, 2003b; McDowell 

and Stewart, 2006; Bourke et ah, 2008) and in cow dung {e.g. Turner, 2004; 

McDowell and Stewart, 2005). It can be hypothesised that those orthophosphate 

monoesters found in the grazed samples that originated in the soil had an association 

with larger particles. Stewart and Tiessen (1987) demonstrated that inositol 

hexakisphosphate (known to make up a large proportion of orthophosphate 

monoesters) strongly sorbs onto clays and sesquioxides. This would strengthen the 

argument that the orthophosphate monoesters in the overland flow from the grazed 

plot were associated with the elevated PUP levels and increased suspended sediments 

as caused by the grazing animal. On the other hand Po forms are known to be very 

mobile in the soil system having weak fixation properties. For example, Toor et al. 

(2003) in a study of Po in leachate carried out detailed analysis of the leachate using 

phosphatase and showed that the orthophosphate monoesters in their samples 

comprised o f labile orthophosphate monoesters (23%) and inositol hexakisphosphate 

(20%). They suggested that this finding had direct implications for water quality as 

both labile orthophosphate monoesters and inositol hexakisphosphate can be directly 

utilised by aquatic microorganisms (Whitton et a l, 1991). Toor et al. (2003) using
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enzyme hydrolysis also showed that 14% of TUP was present as orthophosphate 

diesters. Orthophosphate diesters (e.g. phospholipids, DNA) and phosphonates were 

only found in the overland flow samples collected from the grazed plots. As 

discussed above, the greater degradation of Po in the overland flow sample from the 

grazed plot would suggest that more labile orthophosphate monoesters and in 

particular orthophosphate diesters were coming off the grazed plots. Pyrophosphates 

(the only other Pi identified) were found in almost equal proportions in the overland 

flow from both plots. Turner et al. (2002) describes how relationships between 

functional P groups and soil properties suggests that different processes control the 

presence of P forms in the soil. In particular, DNA and pyrophosphate were strongly 

correlated with the microbial biomass, suggesting that these are active compounds 

linked to biological nutrient turnover. Toor et al. (2005c) accounted for the presence 

of phospholipids, and in particular DNA in faeces to microbial debris that is excreted 

by the grazing animal. They also showed the presence of phosphonates in the faeces 

of dairy cows which had not appeared in their diet on analysis. They suggested that 

there is clear evidence that the phosphonates excreted in the faeces were o f microbial 

origin because the phosphonate forms detected in their study were known to occur in 

the cilia of rumen protozoa such as Tetrahymena spp. where they are thought to 

protect protozoa from hydrolytic enzymes. The use of phosphatase hydrolysis 

enzymes provides an alternative or complementary method for characterising Po 

functional groups, offering more information on the bioavailability of the Po and its 

potential impact on reaching the water body (Turner et al., 2002; Toor et al., 2003: 

McDowell and Koopmans, 2006).
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6.5.3. Implications for phosphorus loss from grasslands to water

The proportion of the grazed area that are affected by dung during any one year will

depend on the stocking density, type of grazing animal, and the daily production of 

dung (Haynes and Williams, 1993; Whitehead, 2000; White et al, 2001). This 

deposition of dung creates a heterogeneous pattern of nutrient return, creating small- 

scale areas of high STP, which could be important as a strong relationship between 

STP concentrations and P loss to water is now widely accepted (Pote et a l, 1999; 

Kurz et al., 2005). Dung-pats are not deposited evenly across grassland ecosystems 

(Haynes and Williams, 1993). Areas close to water, feed troughs, gates into fields and 

areas used for camping with shade and shelter tend to attract grazing animals, with 

more dung deposited and hence higher STP, creating critical source areas with a 

higher risk of losses (Toor et a l, 2005b). The potential transfer of unreactive or Po 

from grazed grasslands presents an obvious risk to the quality of connected water 

bodies. Whitton et al (1991) showed that Po can contribute to the nutrition of aquatic 

organisms, including toxin-bloom producing cyanobacteria. The presence of natural 

enzymatic activity in subsurface flow (Toor et al, 2003) were shown to hydrolyse 

significant proportions of TUP (up to 21%) indicating that Po can itself be 

mineralized in water bodies once favourable conditions, such as increasing 

temperature, are present. McDowell and Koopmans (2006) concluded from the 

results of their study on the bioavailability of DUP in soil leachates, that in soils with 

a dynamic soil Po pool, the concentration of readily bioavailable P in soil solution 

and drainage waters and the potential to damage surface water quality cannot be 

determined by measuring DRP concentrations alone. The results of the current study 

suggest that more Po may be lost from grazed grasslands, and that these Po forms
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may potentially be more labile. Highly labile P forms such as orthophosphate diesters 

and labile orthophosphate monoesters comprise a greater proportion o f the DUP 

given their greater mobility in the soil (Toor et a l, 2003), and consequently may be 

easily lost to water. Sustainable grassland management practices recognising the 

increased potential of grazed grasslands as a source o f and pathway for P loss to 

water are required. Organic P can account for much of the P in agricultural grassland 

systems and needs to be accounted for when investigating the risk o f these systems to 

water bodies.

6.6. Conclusions

The potential impact o f grazing animals on soil physical properties, soil hydrology

and nutrient losses in overland flow under normal grazing management have been

clearly demonstrated by many studies found in the literature and by the analysis o f Po

in the overland flow samples in the current study. The overland flow sample from the

grazed plot had almost twice the proportion of orthophosphate monoesters than the

overland flow from the non-grazed plot. Orthophosphate diesters and phosphonates

^ 1were only found in the overland flow sample from the grazed plot. However, the P 

NMR spectra did reveal that the overland flow from both the grazed and non-grazed 

plots were dominated by inorganic orthophosphate. It might be suggested that the 

overland flow from the grazed plots contained more labile forms o f Po because o f the 

apparent greater hydrolysis o f Po during the alkaline extraction in NaOH-EDTA for

”5 1

the P NMR analysis. Overall, the presence o f grazing animals might lead to greater
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P losses from grassland systems, with Po forms making up a larger proportion o f total 

losses. Significant amounts o f this Po must be considered potentially bioavailable, 

thereby contributing to the eutrophication o f connected water bodies and the growth 

of toxic algae. A more detailed study is required, refining the P NMR spectroscopy 

technique, supporting a greater understanding of Po dynamics in the grazed grassland 

system.
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7. Chapter 7: Phosphorus dynamics of grazed grassland in Ireland - 
integration of “pools and fluxes” studies.

7.1. Introduction

A study of biogeochemical cycles requires a means of assessing a wide array of 

complex interactions within a constantly varying environment. Some details may 

be studied in isolation, but it must be remembered that the primary objective of 

the exercise is to develop an understanding of the overall pattern of distribution 

and movement of nutrients in the ecosystem (Tate, 2000).

Phosphorus (P) is a major nutrient that has many important roles and influences in 

production agriculture and all parts of the biosphere (Ritter and Shirmohammadi,

2001). The fate of P and P cycling in the environment are important factors in 

understanding the potential for, and impacts of, P transport through grassland- 

based catchments. A combination of biological, chemical and physical processes, 

influenced by environmental conditions {e.g. temperature and moisture), together 

with the history and intensity of land use and management, determines the forms, 

dynamics and mobility of P in the soil-plant-animal-water system (Condron,

2002). Figure 7.1 illustrates these processes, including precipitation-dissolution 

and adsorption-desorption, which control the abiotic transfer of P between the 

solid phase and soil solution, and biological immobilisation-mineralisation 

processes that control transformations of P between inorganic and organic forms 

(Frossard et al., 2000).
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Figure 7.1: Forms and dynamics of P in an agricultural soil-plant system.

The starting point of this study was based on the following concept of P cycling in 

grazed grassland: ''The overall pools and fluxes o f  P can be conceptualised in a 

“black box” input/ output, event driven model. The principal inputs are fertiliser 

and animal feeds. The principal outputs being, loss to water and as product, i.e. 

meat and milk. Within the “black box” there are a number o f sub-models that 

relate to the biological, chemical, physical and hydrological drivers that will 

determine P dynamics within, and P losses from grazed grassland' (Jeffrey, 

2000).

The major pools and fluxes of P in the soil-plant-animal system, the impacts of 

management, and consequent effects on P losses and impacts on water quality are 

conceptually illustrated in Figure 7.2. In part, this conceptual overview concealed 

the enormous complexity of the P cycle faced when trying to open the “black
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box”, but it provided an overall aim of trying to understand the P pools and fluxes 

in grazed grassland as a potential source of P loss to water. The soil and dung 

components of grazed grassland were the focus of this study. Central to achieving 

the aim was the characterisation o f the P forms and fractions in soil and dung and 

an understanding o f the interaction between soil and dung in grazed grassland, 

through the decomposition o f dung on the soil surface, and the subsequent transfer 

o f nutrients into the soil. This study has contributed to an improved understanding 

of the P cycle in grazed grasslands.

M a n a g em en t
•Fertiliser

•Seasonality

Grazing
Animal

H erbage

■1
ii

Figure 7.2: Conceptual illustration of P pools and fluxes in grazed grasslands, 
the effects of management, and consequent effects on P losses and impacts on 
water quality.

In Chapters 2 and 3 the P forms and fractions in a grassland soil and fresh dung 

were identified and quantified, making up the largest and most dynamic pools o f P 

in the grazed grassland system. In Chapter 4 dung-pat decomposition was 

examined with an emphasis on changes in P concentration over the decomposition
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period, while in Chapter 5 the impact o f the decomposing dung-pats on the soil P 

forms and fractions was examined, providing data on the integration o f the soil 

and dung P pools. In Chapter 6, grazed and non-grazed grasslands were 

investigated as sources of P that potentially could be lost to water.

In the following section the principal results presented in Chapters 2 to 6 are 

synthesised with reference to the project aims outlined in Chapter 1, linking the 

grazed grassland system (soil and dung P pools) as a source of P, via an 

appropriate hydrological pathway, with the potential to impact Irelands water 

quality. The implications of these findings are discussed, together with priorities 

for future research.

7.2. Synthesis

Knowledge o f the temporal and spatial variation in soil P forms and fractions is 

important for our fundamental understanding of P cycling, the evaluation o f soil 

tests for plant available P, and for risk assessment o f P loss from soil to water. The 

aim o f Chapter 2 was to identify and quantify the P forms and fractions o f a 

grassland soil, while the aims o f Chapter 5 were to examine the seasonal 

fluctuations o f soil P, the role o f microbial biomass in P dynamics, and the impact 

o f grazing on soil P. Figure 7.3 highlights the major seasonal changes in P 

fractions, and the importance o f the processes of mineralisation and 

immobilisation in governing the availability o f P at different times of the year in 

Irelands grasslands. The central role o f the microbial biomass in these processes
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in grassland ecosystems was demonstrated, with an annual P release from the 

MBP fraction calculated as 51 kg ha'* and an annual turnover rate of 0.99. 

Fundamental to P loss from soils is the concentration of available P (Morgan’s P 

in Ireland), with excessive artificial P fertiliser applications leading to higher 

available P concentrations and a higher risk o f P being lost to water. This 

relationship between available P and other soil P fractions is outlined in Figure 7.3 

and Chapters 2 and 5. The impact of grazing on the soil P pool was considerable 

with between 2- and 4.5-fold increases in soil Pm concentrations measured in 

dung-pat affected soils, having important implications for grassland soils as 

sources o f P, and how these grasslands are managed sustainably.

The aim o f Chapter 3 was to identify and quantify the P forms and fractions of 

dung collected from grazing cattle, while the aim of Chapter 4 was to investigate 

the dung P pool during the decomposition period. A high proportion o f P cycling 

in a grazed grassland ecosystem is linked to the return o f dung to the soil by the 

grazing animal with knowledge of the chemical composition o f dung P a key 

factor in determining its potential bioavailability to grassland plants, soil 

microbial populations and its susceptibility to being lost to water. Figure 7.4 

highlights the potential wide range in characteristics P in cattle dung. The 

importance of organic fractions and forms is also highlighted, with P fertiliser 

(positive relationship with herbage P content) identified as the principal 

determinant of not only the quantity o f Pt but also the relative proportions o f Pi 

and Po in the dung (Figure 7.4). The results emphasised that upon cessation o f 

fertiliser P applications, the dung P pool switched from a Pi-dominated to a Po- 

dominated pool, with the “biological cycle” replacing the artificial fertiliser driven
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cycle. The percentage o f Pt made up o f water soluble P ranged between 9 and 

45% with the highest percentages found in those grassland plots that historically 

have received least P fertiliser. The change in the P content of the decomposing 

dung-pats was shown to be principally governed by two main mechanisms, 

reflecting the resuhs of the characterisation study in Chapter 3. The water soluble 

fractions (19-31%) (Figures 7.4 and 7.5) tended to be leached out o f the dung- 

pats over the initial 7 days o f decomposition (Chapter 4), which correlates with 

the amount of water soluble P measured (Chapter 3). The strong relationship 

between the P and dry matter contents o f the dung-pats show that the remaining 

more recalcitrant P forms would be incorporated into the soil with the dry matter 

(Figures 7.4 and 7.5).
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330



PHOSPHORUS DYNAMICS OF GRAZED GRASSLAND IN IRELAND

The aim o f Chapter 5 was to investigate the effects o f decomposing dung-pats on 

soil P fractions, helping to quantify and understand the fluxes o f P between the 

major pools in the grazed grassland ecosystem and their controlling mechanisms 

(Figure 7.5). The impact of dung-pats on soil P and Pm in particular would 

suggest that at a local scale {i.e. that o f the dung-pat), the potential losses o f P 

would result in very high DRP concentrations in overland flow if there was 

appropriate hydrological pathway. The dung pats covered approximately 0.049 m 

of soil and a soil volume (to 10 cm) o f 0.0049 m^ or 4.9 1 of soil. This meant that a 

potential increase in soil Pt concentration o f approximately 500 mg 1“' was 

possible during the decomposition period. The maximum 22% increase in Pt 

measured on day 60 meant that 110 mg o f the potential 500 mg 1“' was measured. 

Increases in concentration compared to the baseline soils were measured in all 

fractions (Pt, Pi, MBP, Pm) except for Po, suggesting mineralisation of the 

significant dung Po (Figure 7.4; Chapter 3) as it is incorporated into the soil. At 

the field scale, the spatial distribution and the potential area covered by dung-pats 

in any one year would lessen the overall impact. However, the continued practice 

o f intensive agriculture {i.e. high use o f P fertiliser and importing of feed stuffs 

into farms), over time, has increased the rate of P recycling through dung, and 

explains the now high uniform soil test P values causing the increased P losses to 

water. The results of the current study would suggest that where camping 

behaviour is located in an area with a hydrological pathway, the concept of a 

critical source area within grazed grasslands becomes a major concern. The 

principal mechanisms of flux that governed the incorporation o f P into soil during 

the decomposition period were principally through physical incorporation and 

leaching (Figure 7.5). However, early in the decomposition period upward
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migration was also measured with the activity o f earthworms and dung beetles 

responsible for moving soil into the dung-pat. Erosion (lateral movement across 

the soil surface) was also identified as possible mechanism of P loss from the 

dung-pat, particularly during periods o f high intensity rainfall (Chapter 4).

332



300 360

(mfl c t j n ^ ^ '*>

Upward
nutrient/dry 

m atter  migration 
(biological activity)

Physical 
incorporation

(dominant 
process after day 
7, related to  dry 
m atter ch an g es)

\ 7
-400

-600

-800

D ay 1 I Soil Pi 

I Soil Po 

I Soil Pm

Dung
Phosphorus

Pool

600 1 

_j 400 

200

-200

I
Clay 1 D^y^O

Pt inputs from 
decomposing dung- 
pats (mg kg-1)
Soil Pt (mg kg-1)

Dung-pat Pt (mg kg-1)

Soil
Phosphorus

Pool

Leaching of
water soluble P 

(19-31% 
between days 1 

and 7; mean TDP 
= 22% of dung- 

pat Pt)

D ay  6 0 I Soil Pi 

I  Soil Po 

I  Soil P m

Erosion (high intensity 
rainfall events)
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The principal aim of Chapter 6 was to identify and quantify the P forms and 

fractions being lost from grazed and non-grazed grassland plots, thereby 

integrating the various P pools and fluxes independently examined in Chapters 2 

to 5. This allowed an examination o f contrasting grassland systems as overall 

sources o f P and their potential for P losses to water (Figures 7.6 and 7.7). The 

results o f this study and those from the wider literature have shown that 

fundamentally, potentially mobile P is lost in two main forms, dissolved (soluble) 

and particulate P (Figures 7.6 and 7.7). Dissolved forms tend to be composed of 

both reactive (inorganic) and unreactive (organic) P, while particulate tends to be 

mostly unreactive P. The relationship between available P concentrations and the 

potential for P to be lost to water is well established (Kurz, 2002; Daly and Casey, 

2005). For example, the DRP concentrations measured in overland flow from an 

intensively grazed grassland field (same field site as current study) was over 4.77 

kg P ha 'yr *• This field received 30 kg fertiliser P ha 'yr * ^nd had an STP of 17 

mg Morgan’s P T*. Total P losses o f this magnitude could be significant in 

agronomic terms with more than 20% of the P applied in fertiliser being 

potentially lost to water each year. Therefore the impact of grazing results in not 

only elevated concentrations o f available soil P which results in higher losses of 

water soluble soil P forms but also the physical actions of grazing (soil 

disturbance, erosion) may help mobilise particulate P forms (Figures 7.3, 7.6 and 

7.7). The erosive nature of high intensity rainfall events were also shown as a 

potential explanation for the disappearance of dung-pats (Chapter 4). In Chapter 6 

almost twice the amount of orthophosphate monoesters was measured in overland 

flow collected from grazed plots compared to non-grazed plots, with both soils 

and dung shown to contain significant quantities of orthophosphate monoesters
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(Chapters 2 and 3). Nonetheless, the importance o f dissolved losses through 

desorption from soils and solubilisation of labile Po forms such as orthophosphate 

diesters (Figure 7.6), cannot be underestimated. The results o f Chapters 2 and 3 

shows that labile Po forms in soils and dung are considerable and cannot be 

overlooked when assessing grasslands as potential sources o f P.

Overall, the results of this study have shown how a combination o f biological, 

chemical and physical processes, influenced by environmental conditions, 

together with the grassland management, determine the forms and fractions, 

dynamics and mobility o f P in grassland systems. The organic fraction o f Pt has 

been shown to make up important component Pt in the soil and dung pools, and 

under normal grazing management practices can account for a significant 

proportion o f the Pt being lost to water. The potential impacts o f grazing animals 

on soil physical properties, soil hydrology and nutrient losses in overland flow 

under normal grazing management have been clearly demonstrated by many 

studies found in the literature and by the analysis of P in the overland flow 

samples in the current study. Grasslands are a major source o f nutrients in Ireland 

and need careful management if water quality targets are to be reached.
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Figure 7.6: Cycling of phosphorus forms in a grassland ecosystem and consequent phosphorus losses from grazed and non
systems.
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7.3 Implications o f the research

An improved understanding o f P dynamics in grazed grassland in Ireland was 

achieved in this study, specifically by providing:

>  A detailed description o f the P dynamics in Ireland’s grassland soils. This 

included a characterisation o f soil Po forms, a description o f the seasonal 

fluctuations in soil P fractions, and the quantification o f the role o f MBP in 

the annual turnover of P.

>  A characterisation o f the P forms and fractions in cattle dung, including the 

effects o f P fertiliser on dung P fractions.

>  A description o f the changes in P, N, K, Mg, dry matter and water contents in 

decomposing dung-pats at different times o f the year, and identifying the 

mechanisms of P release into the soil

>  A description o f the effects o f decomposing dung-pats on soil P fractions.

>  A characterisation of P forms and fractions in overland flow from grazed and 

non-grazed plots.

Identification o f areas that contribute P and under what environmental conditions 

they do so is critical to efficient P management and effective pollution control. 

Grazed grasslands are now widely acknowledged to be major sources o f P in the Irish 

landscape. The ftindamental knowledge outlined in Chapters Two to Six is essential 

to any attempt to develop mitigation measures required by the Water Framework 

Directive.
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Achieving compliance with WFD water quality targets by 2015 presents a challenge 

for agriculture. This is set against the background of current water quality and the 

changes occurring in agriculture. A 2005 European Environment Agency report 

summarises Irish water quality as follows “Eutrophication of rivers, lakes and tidal 

waters continues to be the main threat to surface waters with agricultural run-off and 

municipal discharges being the key contributors”. Currently, the Magette P ranking 

scheme (Hughes et al., 2005) utilises multi-criteria analysis as a basis for relative risk 

evaluation of factors that have an impact on P loss at field and catchment scale (STP; 

timing, method, rate and type of P fertilisation; runoff risk based on soil groups; 

overland flow distance; ratio of land to water; condition of receiving waters; farmyard 

conditions; soil erosion). Validation and improvement of P ranking schemes such as 

this rely on greater level of detail and better understanding of the physical and 

biogeochemical processes involved. The inclusion of new knowledge concerning 

grazed grasslands as a source of P into risk assessment tools such as the Magette P 

ranking scheme will help identify critical source areas and the development of 

appropriate mitigation measures.

7.4 Future research needs

> The results of this study highlight the important role of Po in Irish grasslands

and a potential for Po from dung and soil to be lost to water. The biological

availability of Po derived from grasslands in aquatic systems needs to be

addressed.
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>  The current study measured the effects o f dung-pats at the small plot scale. 

The areas within grazed grasslands that contribute to P loss need to be 

identified, and the contribution of grazed grasslands to P loss at catchment 

scale also need to be addressed. The requirement o f the Water Framework 

Directive for catchment management plans across the country requires larger 

scale approaches to the identification o f critical source areas. Remote sensing 

techniques are improving all the time and may provide an effective tool for 

water quality management.

>  There is uncertainty about whether P modified diets, in particular strategies to 

reduce wjvo-inositol hexakisphosphate, results in dung P with a lower risk o f  

being lost to water. The risk o f P loss from the dung o f animals being fed 

modified diets needs to be addressed.
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