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Abstract

This critical review introduces a template that links phosphorus (P) sources and mobilisation processes to the delivery of P to

receiving waters where deleterious impact is of concern. It therefore serves as a key introductory paper in this special issue. The

entire process is described in terms of a dP transfer continuumT to emphasise the interdisciplinary and inter-scale nature of the

problem. Most knowledge to date is derived from mechanistic studies on the sources and mobilisation of P using controlled

experiments that have formed the basis for mitigation strategies aimed at minimising transfer from agricultural fields. However,

our ability to extrapolate this information to larger scales is limited by a poor knowledge base while new conceptual advances in

the areas of complex systems and fractal dynamics indicate the limitations of past theoretical frameworks. This is compounded

by the conceptual and physical separation of scientists working at different scales within the terrestrial and aquatic sciences.

Multi-scaled approaches are urgently required to integrate different disciplines and provide a platform to develop mechanistic

modelling frameworks, collect new data and identify critical research questions.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphorus (P) transfer from agricultural soil to

water has attracted increased attention in the last

decade, but it remains difficult to achieve a balanced
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consensus on critical issues. The amounts of P

transferred from agricultural soils are small compared

with those added to soil as mineral fertilizer and

manure. For example, total P losses from soil are in

the order of 1 kg ha�1 year�1 (Haygarth and Jarvis,

1999), whereas annual fertilizer and manure inputs are

typically between 20 and 50 kg P ha�1 year�1

(Cameron et al., 2002; Haygarth et al., 1998b). In
ment 344 (2005) 5–14



P.M. Haygarth et al. / Science of the Total Environment 344 (2005) 5–146
terms of the mechanisms of P transfer, several studies

highlighted the importance of soil erosion and

physical transfer of P with soil particles from land

to water, for example on arable soils in the mid-

western USA (Sharpley, 1985; Sharpley and Smith,

1990). Other studies stressed the importance of

fertilizer inputs, soil P concentrations (Heckrath et

al., 1995), and manure inputs (Greatz and Nair, 1995;

Lanyon, 1994). Added complexity arises from con-

fusing terminology for the forms of P and the

processes and pathways of their mobilisation and

transfer: Table 1 provides a reference for key terms

and definitions: it goes beyond that provided by

Haygarth and Sharpley (2000).

This paper presents a critical review of P transfer

research, outlining why we believe progress is being

stifled and offering ways that this can be remedied.

There is insufficient interaction between scientists in

different disciplines, with the result that views

become confined to the scale of focus and the

methodology of each individual discipline. In

particular, debate about control of P transfer is

currently based mainly on data from soil science

and agronomy, yet the problem is manifested,

explicitly, in limnology. This presents a difficulty,

because soils scientists tend to favour reductionist

approaches that test hypotheses, dissecting processes

at increasingly finer scales. In strong contrast,

limnologists favour observational and empirical

approaches, identifying patterns in lotic and lacus-

trine systems that, by their very nature, are

integrated and dlumpedT at the large scale. The

result is that the current research questions that

drive the subject forward are inadequate because

they do not cross disciplinary boundaries.

A coalition of disciplines within the land–water

continuum is required, aimed at producing a truly

integrated approach to the problem. This is in part the

aim of this special issue and also of this introductory

overview paper. If this can be achieved, new and

critical research questions will emerge to define a more

effective approach to P transfer. Here, a template for

linking P transfer from source to impact is provided

using an interdisciplinary and multi-scaled approach.

This simple conceptual framework involves selected

(but by no means complete) use of representative

citations from soil scientists, agronomists, hydrolo-

gists, chemists, ecologists, limnologists, modellers,
policy makers and regulators. By presenting and

discussing the problem in an interdisciplinary context,

we hope to evolve a coherent structure for synthesising

research and understanding of this complex issue.
2. The phosphorus transfer continuum

We adopt a simple source-mobilisation-delivery-

impact structure to organise the discussion. This is

similar to classical dsource-pathway-receptorT models

that are well proven. Its evolution can be traced back

to indexing approaches (Lemunyon and Gilbert,

1993), the arrangement of a European Research

Programme (Withers, 1997), conceptual models (Hay-

garth and Jarvis, 1998, 1999), the structure for an

international conference (Haygarth et al., 2001), and

approaches which also formed the focus of modelling

frameworks (Heathwaite et al., 2003). This four tiered

framework is called the dP transfer continuumT to

emphasise the interdisciplinary and interconnected

nature of the science (Fig. 1).

2.1. Sources

The input of P to soil creates the potential for an

increase in transfer to the wider environment.

Phosphorus sources can be natural (indigenous soil

P and atmospheric deposition) and anthropogenic

(fertilizers and animal feed input to the farm,

fertilizers and manure applied to the soil). Most

research examining diffuse P sources has been

conducted in intensively managed agro-ecosystems,

where continued inputs of P as mineral fertilizers

and imported animal feed result in the accumulation

in topsoil (Condron, 2004; Haygarth et al., 1998a).

Imported feed is particularly important in areas of

intensive livestock production where large quantities

of manure are applied to land (Sharpley and

Tunney, 2000). The spatial distribution of the

various source inputs of P across the landscape

creates a complex and dynamic mosaic of potential

P sources, because the inputs vary within the

dagricultural yearT (e.g. timing of manure and

fertilizer applications) and over longer timescales

(e.g. in response to economic drivers such as reform

of European Union Common Agricultural Policy)

(Heathwaite et al., 2003).



Table 1

Suggested definitions for terminology commonly associated with phosphorus transfer from land to water

Term Definition Example reference

Transfer/transport Generic term that describes phosphorus movement through the land–water continuum. Haygarth and Jarvis (1999)

Loss Specific term often used to describe phosphorus dlossT from soil. This term is discipline

specific and can cause confusion (i.e. loss from soil can equal gain in water). Not

recommended unless the context is made explicit.

Withers and Jarvis (1998)

Source Refers to the raw inputs of phosphorus to the agricultural system, such as fertilizer, feed,

mineralised from soil or atmospheric deposition.

Haygarth et al. (1998b)

Mobilisation This describes the start of the phosphorus transfer, the process by which phosphorus

molecules begin movement from soil. May be either solubilisation or detachment.

Haygarth and Condron (2004)

Solubilisation Biological or chemical process of mobilisation. Turner and Haygarth (2001)

Detachment Physical process of mobilisation that involves phosphorus attached to soil particles and colloids. Fraser et al. (1998)

Incidental A mobilisation process that occurs when rain and runoff interact directly with fresh applications

of phosphorus on the soil surface, such as those from fertilizer, manure or excreta.

Haygarth and Jarvis (1999),

Withers et al. (2003)

Delivery Describes the linkage from the spatial and temporal point of mobilisation

to the point of channelised flow.

Beven et al. (2005)

Impact Describes the biological and ecological effect that results from the presence of

phosphorus in running and standing fresh waters.

Moss (1996)

Phosphorus transfer continuum Describes the four-tiered source-mobilisation-delivery-impact structure in an

interdisciplinary way to help break down disciplinary boundaries

This paper

Developed and revised from some of the original definitions published by Haygarth and Sharpley (2000).
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SOURCES (tier 1) 

Approaches: 
Desk studies, soil batch studies 

Issues: 
Indigenous P 
Anthropogenic P  

Knowledge base:
Comprehensive 

MOBILISATION (tier 2) 
Approaches:
Mechanistic, lysimeters, plots, hypothesis testing 

Issues:
Solubilisation 
Detachment  

Knowledge base:
Comprehensive 

DELIVERY (tier 3) 
Approaches:
Empirical, monitoring, pattern  
recognition, modelling 
Issues:
Hillslope to stream 
Stream to impact 
Fractal Pathways 
Transformations  
Knowledge base:
Limited by complexities of scale 

IMPACTS (tier 4)
Approaches: 
Tracers, empirical, case studies, modelling 

Issues:
Not yet rationalised: The aim of this special issue 

Knowledge base:
Limited  

Increased uncertainty, complexity, scale

Fig. 1. The dPhosphorus Transfer ContinuumT, a simple four-tiered model to describe the research approaches and needs for the continuum of

phosphorus transfer from source to impact.
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2.2. Mobilisation

Mobilisation describes the initial separation of P

molecules from their source. It operates at the soil

profile scale, and includes chemical, biological and

biochemical processes. These processes group into

either solubilisation or detachment mechanisms,

defined by the physical size of the P compounds that

are mobilised. Solubilisation reflects long-term man-

agement history. There is strong evidence to suggest

that the potential for solubilisation increases with

increasing concentrations of extractable soil P. In

particular, there has been substantial interest in

threshold soil P concentrations, above which transfer

in drainage water increases at a much greater rate

(Heckrath et al., 1995). These threshold concentra-

tions have been termed dchange pointsT, and may be

used to assess the potential for P transfer from soil in

runoff water (Blake et al., 2002; Daly et al., 2001;

Maguire and Sims, 2002). These findings indicate that

soil test P concentrations and the degree of saturation

can be used to predict the risk of transfer by surface or

subsurface hydrological flow paths. Other studies
suggest that organic P has an important, but little

understood role in determining solubilisation, espe-

cially in soils with low fertility (Chardon et al., 1997;

Ron Vaz et al., 1993; Turner, 2005; Turner and

Haygarth, 2001).

Detachment of soil particles and associated P is

often linked to soil erosion, which provides a physical

mechanism for mobilising P from soil into waters

(Haygarth and Jarvis, 1999). Soil erosion per se has

been described many times (Quinton, 1997) and in the

context of P transfer is important for particulate loss

(Catt et al., 1994; Fraser et al., 1998). Some studies

showed that soil solution and river water contain a

continuum of sub-0.45 Am sized particles, often

smaller than 10,000 Da molecular weight (Haygarth

et al., 1997; Heathwaite et al., in press). Such work

shows that categorising P into dissolved or particulate

forms based on membrane filtration is an analytical

convenience and, apart from implications for down-

stream bioavailability, may or may not have limited

environmental or mechanistic relevance.

Virtually all the research reported above was

conducted using variations on the controlled plot
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experimental approach. Such work is rarely examined

in the context of the location of the plots in the

landscape or the implications of severing hydrological

flow paths by introducing bounded plots. In addition

to these experimental and up-scaling challenges are

timescale issues. There is a major research need to

understand the relative importance of different P

detachment mechanisms. To do this requires untan-

gling the contribution to P transfer in high magnitude

but usually short-timescale erosion events (Haygarth

et al., 2005), perhaps associated with larger sized

particles, from long-term and more continuous detach-

ment of soil colloids (i.e. smaller particles and

macromolecules). Much of the evidence and mecha-

nistic understanding of detachment at the landscape

scale is, at best, anecdotal and many fundamental

scientific hypotheses remain untested. Further, there

are issues of atmospheric cycling and deposition of P

that has hardly been covered (Neal et al., in press).

2.3. Delivery

The routing of P from the point of mobilisation to

the point of delivery to channelised flow is complex.

It embraces (i) differences in the relative importance

of the controls on P transfer at different scales from

point to plot, field, hillslope and catchment (Brazier et

al., 2005; Harris and Heathwaite, 2005); (ii) temporal

variations and dynamics (Haygarth et al., 2004); and

(iii) differences in the relative contribution from

different P fractions according to the pathway of

transfer and the environmental controls on movement.

Recent analyses of the movement of contaminants in

catchments indicate that the flow paths may be fractal

in nature and that there are some paradoxical proper-

ties of delivery mechanisms to streams (Kirchner,

2003; Kirchner et al., 2000, 2004). Most of the data

have not been collected at the correct scale and lack

the resolution to clarify many of these issues (Harris

and Heathwaite, 2005; Kirchner et al., 2004). Further

complexity arises because P is usually deposited and

entrained during transport (Jarvie et al., 2002c; Neal

et al., 2002) and can change form in space and time.

While some plot scale work has examined the

controls on the transport at scales up to 1 ha

(Haygarth et al., 1998a), scaling-up this work to

delivery to surface and groundwater at the hillslope or

catchment scale is complex (Beven et al., 2005) and
cannot be easily be quantified because of the nature

and complexity of the flow paths (Heathwaite et al.,

2005). During delivery, the extent, nature, and

dynamics of interactions between soluble and partic-

ulate forms in water and sediments play a critical role,

and are an important consideration in developing

effective strategies for mitigation of accelerated P

transfer (Baldwin, 1996; McDowell et al., 2001,

2004).

2.4. Impact

dImpactsT relate to an actual change or perturbation

in a receiving water body resulting from the P transfer.

The overriding impact is eutrophication, a process

defined as ban increase in the fertility status of natural

waters that causes accelerated growth of algae or

water plantsQ (Pierzynski et al., 2000). Elevated

concentrations of P in streams, rivers and lakes may

contribute to eutrophication. Relationships between P

concentrations and phytoplankton growth have been

established for lakes (Vollenweider, 1968), but the

impacts on riverine plant ecology are less clear.

Eutrophication has important health and financial

implications, limiting water use for drinking, fishing,

industry and recreation (Carpenter et al., 1998).

Dissolved P concentrations have increased markedly

in recent decades in Europe, New Zealand, and the

USA (Cameron et al., 2002; Crouzet et al., 1999).

Such changes are linked to large-scale fish kills in

some estuaries caused by increased populations of the

dinoflagellate Pfiesteria piscicida, which in turn has

the potential to adversely affect human health

(Burkholder et al., 1992). The protection of water

quality is an important environmental issue in many

countries. For example, the European Union Water

Framework Directive (2000/60/EC) aims to restore all

waters to dgood ecological statusT by 2015, which will

require specific action to reduce and control diffuse

pollution from agriculture including P transfer. How-

ever, there is considerable uncertainty surrounding the

concentrations of P that limit aquatic plant growth.

Recent studies of large-scale reductions in river P

concentrations have shown no significant improve-

ment in ecological quality (Jarvie et al., 2002a, 2004).

However, more information is required to assess the

long-term ecological impacts and lags associated with

reducing concentrations in rivers, and the potential
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importance of within-river processing linked to

interactions between river sediments and dissolved P

(House, 2003; House and Denison, 2002) and

between species and aquatic plants (Jarvie et al.,

2002b).

Although such impacts might at first appear

obvious, new evidence from high-frequency monitor-

ing of water quality in receiving waters (rivers, lakes

and coastal waters) indicates similar degrees of

complexity there. Analyses of high-frequency data in

such waters (at least daily; preferable hourly or at

scales of minutes) have revealed multi-fractal scaling

properties and the presence of information buried in

the correlation structures (Harris, 2003; Harris and

Heathwaite, 2005; Seuront et al., 1999). So dnoisyT
water quality data, which are often collected at weekly

intervals or longer, should not be averaged to reduce

the dnoiseT, and traditional statistical and empirical

approaches to limnology may be also missing much

important fine scale information (Harris, 2003; Harris

and Heathwaite, 2005).

The challenge for the future (and in part the aim of

this special journal issue) is to trace backwards

through the P transfer continuum (delivery through

mobilisation to source) to link actual processes in

farms and agricultural soils to specific impacts in

waters. We are able to identify, with reasonable

confidence, (i) the sources and mechanisms of P

accumulation in soils and some of the likely pathways

of transfer from agricultural land to water, and (ii)

some aspects of P-associated deterioration of water

quality. However, the hard evidence needed to

quantify the linkage between source, the types of

source, and impact requires significantly more inves-

tigation (McDowell et al., 2004) and to take this

forward, research is starting within a new 5-year

project PARIS (Phosphorus from Agriculture: River-

ine Impacts Study) to link agricultural land use and

practices with high risk of P loss to chemical and

ecological impacts in rivers (Defra, 2003). Some of

the key research questions are how to determine the

causal link between perturbation in the agricultural

landscape (e.g. slurry spreading before rainfall) and its

associated impact on ecological quality of a water

body that is separated from the original perturbation in

space (perhaps hundreds of km) and time (perhaps

tens of years) and is connected through dynamic

processes distributed over fractal flow paths. There
are few examples of such linkages, but three

approaches may progress research in this area further:

1. Sediment tracking and fingerprinting techniques to

demonstrate a direct physical link (Walling and He,

1999).

2. Detailed case studies that integrate across scales

(e.g. www.lec.lancs.ac.uk/cswm/research; Hay-

garth et al., i2005; Wood et al., in press).

3. Mechanistic and empirical modelling at all scales

(Heathwaite et al., 2003; Whitehead et al., in

press).
3. Reductionism and complexity: the need for

different methodologies

Table 2 summarises the range of disciplines

involved in the P transfer continuum and the

associated scales of focus and methodology. It

demonstrates that both reductionist-based (usually

small scale, replicated hypothesis testing) and com-

plexity-based (usually large scale, field observation,

empirical patterns) (Coveney and Highfield, 1995)

approaches are both integral and essential to the

development of the overall P transfer discipline. To a

large extent the key messages from the table are self-

evident, but there are three important issues that we

wish to emphasise.

1. There is a need to recognise the relative strengths

and weaknesses of reductionism and complexity.

The strength of small scale reductionism is that it

allows us to replicate and test hypothesis and

reach conclusions that help isolate mechanisms

with a relatively high degree of certainty. The

weakness is that, if conducted in isolation, there is

no means of gauging how relevant or connected

the reductionist experiment is to the wider world

(or catchment, river or lake). Conversely, com-

plexity based approaches observe patterns that are

relevant to (and indeed are part of) the wider

world and integrate the fine-scale processes into a

manifest emergent pattern. The weakness, of

course, is that it is difficult to explain the

observed patterns and there is great contingency

and uncertainty.

http:www.lec.lancs.ac.uk/cswm/research


Table 2

Different methodologies associated with disciplines and scales for studying the phosphorus transfer continuum

Scale of study Methodology Connection to
impact (i.e.
‘applicability’
and ‘relevance
to society’)

Associated uncertainty 
with methodology

Rivers, lakes,
catchments 

Hillslope 

Field, plot 

Lysimeter,
macro/mesocosm 

Batch, soil ped,
molecular 

Associated disciplines 

Limnology, hydrology;
basis of regulatory
decisions on water
quality

Hydrology, soil science 

Agronomy, soil science,
hydrology; opportunity
for some agronomic
advice to farmers

Soil science, hydrology 

Soil science, 
biochemistry 

High 

Low 

High 

Low 

Complexity based.  Deductive,
empirical observation, integrated
lumping, hypothesis forming
pattern recognition approaches.

Reductionism based.  Inductive
mechanistic, replicated hypothesis
testing approaches.
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2. It is critically important to recognise and exploit

the cyclical interaction between complexity and

reductionist approaches (Kuhn, 1962). Patterns

observed in complexity-based approaches can be

viewed as dhypothesis formingT and help guide

fine-scale hypothesis testing. In turn, conclusions

from these hypotheses reduce the uncertainty in

explanations of complex patterns. If this critical

interaction between the two extremes is achieved

and maintained, it will clarify research priorities

and provide a strong basis for a team based

interdisciplinary approach to P transfer science.

One of the great uncertainties in this work is the

possibility of cross-scale emergence in these very

complex systems (i.e. differences in small scale

pathways and processes which we do not under-

stand may have large scale emergent impacts). This

is very likely to be important in landscapes and

waterscapes which are complex and fractal across a

wide range of time and space scales. At this stage

we simply do not know how important this is likely

to be (Harris and Heathwaite, 2005) and the cross-

comparison of the two approaches both on land

and in the water is the only way to test for these

effects.

3. There are some similarities to the concept of

ddecoherenceT suggested by Addiscott and Mirza
(1998) originally used in context for nitrogen

emissions from soil. Therefore, different properties

seem to dominate their control at different scales.

4. Conclusions and the future

As we cascade through the four tiers of the P

transfer continuum, and scale-up from point sources to

catchment impacts, our knowledge of critical pro-

cesses decreases and uncertainty in the linkages

increases. Clearly we have conducted much research

in tiers 1 and 2 on source and mobilisation, which has

been largely characterised by reductionist hypothesis-

testing approaches. At these scales our understanding

is sufficiently comprehensive for building conceptual

models of our understanding, but there are limits to

which our knowledge can be extrapolated to other

scales. However, we are currently undergoing a

change in research emphasis from mobilisation to

delivery, which involves a large step in discipline

from controlled mechanistic experiments to observa-

tion of complex empirical patterns that are integrated

or dlumpedT at the large scale. This new approach will

take the discipline forward, with complexity based

approaches arising from high resolution data collec-

tion. This is certainly the case for water quality in
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general (Kirchner et al., 2000, 2004), although for P

per se, the degree of progress will be constrained by

our development of electrodes and appropriate tech-

nologies (Le Goff et al., 2004). One particularly novel

and exciting development is described in Scholefield

et al. (2005) who demonstrated concerted diurnal

patterns in riverine nutrient concentrations and phys-

ical conditions.

In djumping the gapT between reductionism and

complexity we must accept that our understanding

becomes increasingly incomplete. Approaches to the

assessment of P delivery and its impact on water

quality are characterised by empiricism that attempts

to integrate information from a range of scales, but in

doing so often becomes disconnected from the

mechanistic information contained in tiers 1 and 2.

To advance our science and ensure sound policy

advice we must urgently seek mechanisms to connect

and integrate these tiers of understanding. Bringing

together disciplines in this special issue may help us

do this.
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