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Preface

The central role of diffuse phosphorus (P) losses in eutrophication of surface waters
has long been recognized. Eutrophication impairs ecological quality and biodiversity
of aquatic ecosystems, restricting the use of surface waters for drinking water ab-
straction and recreation. Diffuse P losses have thus become a major worldwide envi-
ronmental concern. In Europe the Water Framework Directive (WFD) will oblige river
basin authorities to oversee the improvement of ecological quality which in many
river basins implies substantial reductions in agricultural P losses. The abatement of
diffuse P losses and the choice of mitigation strategies will increasingly rely on the
identification of source areas in landscapes that contribute most P to surface water
bodies. River basin managers and local environmental authorities currently need
tools to assist them in mapping critical source areas of P loss and models to predict
the effects of the various mitigation options for reducing P losses. Many and diverse
mitigation options for reducing P losses have been suggested. Their effectiveness
depends on local conditions, as do the costs of implementation and side effects.
Hence, there has been a growing interest in cost-benefit analyses to assist managers
and policymakers in choosing the best mitigation options.

The previous International Phosphorus Workshops (1995 Wexford, 1998 Antrim,
2001 Plymouth, 2004 Wageningen) have greatly contributed to increasing our knowl-
edge of the relations between agriculture and P losses, of P transfer from soil to wa-
ter and of the effects of mitigation measures. The 5th International Phosphorus
Workshop takes place in Silkeborg, Denmark, 3-7 September 2007 and is jointly or-
ganized by the National Environmental Research Institute and the Faculty of Agricul-
tural Sciences, both from the University of Aarhus. The workshop follows up on the
latest developments, focusing on strategies for abating P losses to the aquatic envi-
ronment. The scope of the workshop is holistic and comprises P cycling and P loss
from agriculture, tools for predicting and mapping the risk of P loss, effectiveness of
different mitigation options, and the impact of P on the aquatic environment.

These proceedings include extended abstracts of both oral and poster presentations
from the IPW5. We wish to thank all contributors for their high quality input and all
participants for travelling to Silkeborg. We are very grateful for all the help we have
received in organizing the workshop. Our very special thanks go the workshop secre-
taries Anne Sehested and Margit Schacht for their patient labours with the proceed-
ings and Anne-Dorthe Villumsen and Birgit S@rensen for their organizational efforts.
We gratefully acknowledge the generous financial support from the University of Aar-
hus and the Danish Research Council for Technology and Production.

Goswin Heckrath Gitte H. Rubaek Brian Kronvang
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IPW5: Keynotes

How important is phosphorus in surface waters for complying with
the EU Water Framework Directive?

S. Rekolainen(1), G. Phillips(2), N. Friberg(3), and J. Carstensen(4)

(1) Finnish Environment Institute, (2) Environment Agency of England and Wales, (3)
Macaulay Institute, Scotland, (4) National Environment Research Institute, Denmark
seppo.rekolainen@environment.fi

Introduction

Surface waters in Europe are affected by several anthropogenic pressures causing
eutrophication, acidification, accumulation of toxic substances, physical alterations
and degradation of littoral habitats. The EU Water Framework Directive (WFD) is a
European policy response to combat these processes that lead to deterioration of
ecological water quality. According to a recent WFD report, in many EU Member
States more than 50% of their water bodies are at risk of not achieving good
ecological status by 2015 (COM(2007) 128 final:
http://ec.europa.eu/environment/water/water-framework/implrep2007/index_en.htm).
In many water bodies, eutrophication caused by excessive nutrient loading is
reported to be the sole or main reason for this risk.

Diffuse pollution, mostly originating from agricultural land, is the highest source of
both phosphorus and nitrogen to surface waters in many countries. This may partly
be caused by an increase in agricultural pollution, but also due to the reduction of
point sources due to improved wastewater treatment. However, in the south and east
of Europe only half of the population is connected to a wastewater treatment facility
and only 30 to 40% of the wastewater is processed with secondary or tertiary
treatment (EEA 2005). Thus, phosphorus and nitrogen originating from municipal
wastewater still remain a problem in large parts of Europe.

Both phosphorus and nitrogen play a role in eutrophication; phosphorus is mainly the
limiting factor in fresh waters, as nitrogen is it in marine waters. However, nutrient
limitation may differ from this general pattern on a seasonal, interannual and spatial
scale for both fresh and marine water bodies. Consequently, successful
eutrophication control requires both phosphorus and nitrogen load reductions.

This paper summarizes recent results obtained by an EU co-funded research project
REBECCA (Relationships between ecological and chemical status of surface
waters). The project investigated and assessed many other pressures (such as
hydro-morphology, organic pollution, toxic substances), but only relationships
between nutrients and ecological status indicators are summarized here.
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Phosphorus and lakes

It has long been known that phosphorus concentration correlates well with
eutrophication indicators, e.g. chlorophyll (e.g. Vollenweider and Kerekes, 1980).
Present study compiled data from more than 1000 European lakes and the results
showed higher slopes for TotP-Chlorophyll relationship compared to earlier studies,
yielding higher chlorophyll concentrations per unit phosphorus. Results also showed
evidence of non-linearity around TotP concentration of 100 g I™* (see Figure 1).
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Figure 1. Total phosphorus — chlorophyll a relationship in European lakes. Legend
refers to H=high alkalinity, M=moderate alkalinity, L=low alkalinity, D=deep,
S=shallow, VS=very shallow. Regression line obtained from a LOESS fit of data
points.

Significantly different TotP-chlorophyll relationships were found for lakes grouped by
depth and alkalinity. Probably, as a result of light limitation, deep lakes had the
lowest yield of chlorophyll per unit of TotP, low and moderate alkalinity shallow lakes
the highest. Reduced TotN:TotP ratios were most pronounced in humic lakes,
suggesting that in these lakes TotN rather than TotP was the best predictor of
chlorophyll.

Phosphorus and rivers

In general, rivers are more often affected by numerous simultaneous pressures (e.qg.
by organic pollution, nutrient loading, hydromorphological alterations and toxic
substances) compared to lakes and coastal waters. This fact caused much
unexplained variability in all analyzed relationships between any pressures and
ecological indicators in rivers. The best ecological indicators for eutrophication
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(nutrient concentrations) was found to be benthic diatom indices, most often
predictive power was slightly better for phosphorus than for nitrogen species. The
high variability makes these indicators unlikely to be used on their own to design
nutrient loading reductions and other mitigation measures, but more as one of the
multiple biological indicators of nutrient stress.

Phosphorous and coastal waters

Generally, total nitrogen shows better correlation with biological indicators in coastal
waters than phosphorus, except for low salinity coastal areas such as the Bothnian
Bay. Many coastal areas shift from phosphorus limitation in spring to nitrogen
limitation during summer and fall. Although nitrogen is the most important element for
phytoplankton biomass, the availability of phosphorus has implications for the
community and succession of phytoplankton. For example, the phytoplankton
diversity (expressed by numerous indices) decreased with increasing nutrient levels,
including the phosphorus concentrations.

Conclusions

To be compliant with the Water Framework Directive, water management and water
pollution control have to be based on improving the ecological quality of water
bodies, measured using different biological indicators. Thus, assessments and
calculations of required mitigation measures, e.g. levels of nutrient load reductions,
require knowledge and understanding of functional and often non-linear relationships
between biological indicators and various pressures.

Improvement of ecological water quality in European waters requires reductions for
many pressures, often simultaneously. However, in many countries and regions,
eutrophication is the most important problem, and often the largest source of
nutrients is agriculture. Due to the important role of phosphorus in surface water
eutrophication, much can be achieved by significant reductions of phosphorus loads
from agriculture.

Acknowledgements

All analyses were performed within the EU FP6 research project REBECCA
(Relationships between the ecological and chemical status of surface waters,
Contract SSPI-CT-2003-502158).

References

European Environment Agency, 2005. The European Environment — State and Outlook
2005. Copenhagen.

Vollenweider, R.A. & Kerekes, J., 1980. The loading concept as a basis for controlling
eutrophication philosophy and preliminary results of the OECD programme on
eutrophication. Prog. Wat. Tech. 12, 5-38.

19



20



IPW5: Keynotes

Phosphorus mobilisation —importance of agricultural practice and
soil properties

Leo M. Condron(), April B. Leytem(2), Gitte H. Rubaek(3), and Barbro Ulén(4)

(1) Agriculture and Life Sciences, PO Box 84, Lincoln University, Lincoln 7647, New Zealand,
(2) USDA-ARS, 3793N 3600E, Kimberley, Idaho, ID 83341-5076, USA, (3) Department of
Agroecology and Environment, Faculty of Agricultural Sciences, University of Aarhus,
Blichers Allé 20, P.O. Box 50, DK-8830 Tjele, Denmark, (4) Water Quality Management,
Department of Soil Sciences, Swedish University of Agricultural Sciences, PO Box 7014, SE-
750 07, Uppsala, Sweden

CONDRONL@lincoln.ac.nz

Introduction

Mobilisation is the primary step in the process of diffuse phosphorus (P) transfer from
soil and comprises solubilisation and detachment mechanisms driven by a
combination of chemical, physical and biological-biochemical properties and
processes (Haygarth et al., 2005). Solubilisation of inorganic and organic P in
agricultural soils is directly linked to P status which in turn is primarily determined by
long-term inputs of P in the form of fertilisers and manures. On the other hand,
detachment of particulate or colloidal P in the soil environment is closely related to
chemical and physical properties that influence infiltration, drainage and erosion
processes, which in turn are affected by the timing and intensity of cultivation.
Accordingly, significant overall mobilisation of P is most likely to occur in long-
established intensively managed agroecosystems with a combination of high P status
and regular cultivation.

This overview will highlight recent advances in our understanding of P mobilisation
processes in soil in relation to land use and management. The focus will be on
specific key aspects of P mobilisation, including the influence of manure amendment
on P mobility, detachment and subsurface transfer of P within the soil profile, and the
influence of water management on P mobility. Consideration will be given to
interactions between different types of soil and various aspects of agricultural
practice on the potential for P mobilisation, and how these contribute to the control
and mitigation of diffuse P transfer from sail.

Manure amendment and P mobility

It has been well documented that repeated application of manure to soils increases
total and soluble P concentrations as well as P saturation indices in relation to the
amount of P added. The addition of manure P also influences the forms of P found in
soils as well as alter soil chemical properties which ultimately affect P solubility.
Precipitation of P in manure amended soils has been shown to occur mainly as
tricalcium phosphate and octacalcium phosphate and conversion of P to more stable
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forms such as variscite and hydroxyl apatite are inhibited (Sato et al., 2000; Sharpley
et al., 2004; Varinderpal-Singh et al., 2006a). This can result in manure amended
soils having a higher P availability, although not necessarily solubility compared with
fertilizer amendments (Varinderpal-Singh et al., 2006b; Leytem and Westermann,
2005). The application of manure results in increased soil organic carbon which in
turn can inhibit precipitation of stable calcium P minerals by adsorption of organic
acids onto calcium mineral surfaces (Leytem and Westermann, 2003; Inskeep and
Silvertooth, 1998), while the addition of carbon to soils with manure application can
stimulate short-term microbial activity and immobilization of P (Leytem et al., 2005).

Detachment and subsurface transfer

In structured soils, P originating from the topsoil or from manure or residues on the
soil surface may be lost via water flowing through macropores and by-passing vacant
P sorptions sites in the subsoil (Heckrath et al., 1995; Stamm et al., 1998).
Phosphorus losses through tile-drainage systems in these soils is therefore directly
and immediately affected by manure application and tillage operations if drainage
flow is initiated by heavy rainfall shortly after application (Schelde et al., 2006).
Surplus P added to soil is mainly found in the clay fraction in the topsoil (Rubesek et
al., 1999). Detachment of colloids from the topsoil in response to precipitation is a
natural phenomenon, which is affected by both intrinsic and dynamic soil properties
such as clay content, mineralogy, organic carbon content, ionic strength of the pore
water and soil-water potential (Kjaergaard et al., 2004, Seta and Karathanasis, 1996;
Pojasok and Kay, 1990; Flury et al., 2002 ). Tillage affects detachment of colloids by
increasing dispersion and by changing the active flow volume allowing a larger
contact area of the infiltrating water in the P rich topsoil. It has also been
demonstrated that chemical properties such as electric conductivity is inversely
related to detachment of colloids in leaching experiments on structured soils (de
Jonge et al., 2004a). At the same time the balance between soluble P release and
particulate P detachment in overland flow from clay soils can be influenced by
chemical properties such as ionic strength (Ulén, 2003). Furthermore, the capacity of
topsoil and subsoil to attenuate mobilised P in fine textured and stoney soils is
influenced by the presence and characteristics of preferential flow channels and
consequently significant amounts of colloidal-P can be transported in tile drains
(Singj et al., 2002; Ulén, 2004; de Jonge et al., 2004b). There is a need to further
investigate and quantify the relative importance of P losses related to overland flow
and P lost through leaching with macropore flow in structured soils.

Water management and P mobility

Water management in agricultural production can have profound effects on P
mobilisation in the landscape. The three basic practices with the largest impacts are
surface irrigation, tile drainage, and controlled drainage or subsurface irrigation.
During an irrigation event, overland flow detaches, transports and deposits sediment
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and P, together with P in vegetation and manure. Mundy et al. (2003) reported that
flow-weighted P concentrations and loads were about 100% higher from pasture cut
to 47mm above ground than pasture standing at 155mm. Irrigation can also induce
leaching of P through the soil profile in coarse textured and stoney soils. Thus
Condron et al. (2006) found that irrigation of pasture improved the utilization of
applied fertilizer P but also resulted in significant leaching of P through the soll
profile. Installation of artificial drains significantly improves the structural stability of
the soil, water quality in recipient streams may be adversely affected by the
accelerated rate of nutrient transport, and the circumvention of critical storage areas
such as buffer zones. Kinley et al. (2007) found that mean total P concentrations in
tile drainage exceeded USEPA guidelines at 82% of the fields monitored. Dils and
Heathwaite (1999) showed that total P concentrations in tile drain discharge were low
(< 100 pg P L™) and stable during base flow periods (< 0.5 L min™), but elevated P
peaks exceeding 1 mg P L™ were measured in drain-flow during high discharge
periods (> 10 L min™®). Subsurface irrigation is also used to raise the water table
close to the soil surface during certain times of the year. Sanchez-Valero et al. (2007)
reported increased P loads in tile drainage from controlled drainage/subirrigation
plots compared to free drainage plots, which were attributed to an increase in P
solubility rather than by the addition of P from the subirrigation water. Other studies
have found a decrease in P loading in drain outflow under controlled drainage which
was related to the decrease in drain outflow rate (Wesstrom and Messing, 2007,
Wahba et al., 2001).
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Introduction

The critical source area (CSA) concept is embedded in much of our thinking about
how we represent the risk of diffuse sources of nutrients, especially phosphorus (P),
being delivered to watercourses. Examples range from simple P Index approaches
(e.g. Ghurek et al., 2000; Heathwaite et al., 2003a), to screening tools designed to
work at large scales (e.g. Heathwaite et al., 2003b; Anderson et al., 2005), to
process-based models of diffuse P delivery (e.g. Whitehead et al., 2006). Recent
work (Brazier et al., 2006) has sought to explicitly address the uncertainties inherent
in representing the delivery of nutrients to watercourses where there is limited data
on which to base predictions.

This paper will examine the implications of the delivery of pollutants from diffuse
sources to water from the perspective of the measures needed to protect
watercourses from these inputs. We will show how it is possible, using a
parsimonious approach, to identify and prioritise landscape units (e.g. fields) where
the consequences of land management activities are most readily transmitted to
watercourses. In doing so, we will show how the CSA concept may be developed
further by linking the delivery of diffuse pollutants to water to an understanding of the
ecological response of the waterbody to such inputs (Lane et al., 2006; Reaney et al.,
submitted). Unless we can evaluate the implications of diffuse pollutants for the
‘response’ of the waterbody (e.g. the quality of habitat for fish), our understanding of
the CSAs of diffuse pollutant risk will continue to remain isolated from our
understanding of the ecological health of receiving waters.

The concept of relative risk — a parsimonious approach to diffuse pollution
There exists a circular argument in the way that models of diffuse pollution and field
measurements relate to one another: complex process-based models need data for
calibration but current technology is not able to supply the data at the appropriate
spatial and temporal scales (Kirchner 2006). Consequently, we resort to interpolation,
extrapolation or downright guesswork; this introduces uncertainties that are rarely
dealt with explicitly and so constrains the quality of the models. The complexity of P
delivery is a good example here (Beven et al., 2005).
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The question we pose is, if we do not have the tools to measure the delivery of
diffuse pollutants to water at appropriate scales, is it possible to adopt a
parsimonious approach that uses the best available technology and data but in a way
that looks at the relative risk of a diffuse source pollutant reaching a waterbody in
terms of its connection to that waterbody. The SCIMAP approach (www.scimap.org)
is built on the CSA concept but uses ‘minimum information requirement’ (MIR)
ground rules to represent diffuse pollution in a probabilistic framework (Lane et al.,
2006). It poses the question: what do we really need to know and what is the
minimum information requirement to get there? It is based on the principle of the
network index (Lane et al., 2004).

New research has demonstrated a unique relationship between the signature of a
catchment in terms of its fine sediment connectivity and fish habitat response (Lane
et al., submitted"). And we have shown that the spatial structure of landscape
connection may be controlled by a relatively small number of topographically-defined
locations (Lane et al., submitted?). Such locations are likely to be critical for the
delivery of diffuse pollutants to water. We have shown that the approach works well
for the delivery to water of pollutants such as fine sediment via surface runoff (Figure
1). New work will be presented that has developed the approach further to consider
the connectivity between P sources in catchments and the P signal in receiving
waters.
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Figure 1. Delivery index predictions for the R. Eden Catchment, NW England. The
drainage network is shown in blue. The delivery index expresses the likelihood of
surface hydrological connectivity between source and receptor and is shown only for
those river reaches where field data have shown that the instream habitat should be
suitable for brown trout. The index is expressed as standard deviations from the
catchment average: negative standard deviations indicate lower delivery index values
than the catchment mean. The index has been shown to discriminate between
locations where field records show brown trout fry were present or absent: a low
delivery index is related to higher fry abundance (Lane et al., submitted?).
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Introduction

Studies have demonstrated some phosphorus (P) loss reduction following
implementation of remedial strategies. For instance, Jokela et al. (2004) and Baker
and Richards (2002) reported improved water quality in Lake Champlain and Erie,
respectively, as a result of decreased P inputs following implementation of Best
Management Practices (BMPs) in their catchments. However, there has been little
coordinated catchment scale evaluation of P-based BMPs, to show where, when, and
which work most effectively to minimize degradation. Research is needed to
evaluate spatial and temporal variability in system response to BMP implementation.
This will allow us to answer the critical questions; how long before we see an
environmental response and where would we expect the greatest response?

Results and discussion

To remediate deteriorating Great Lakes water quality, BMPs were targeted to
agricultural nonpoint sources. Between 1975 and 1995, in the Maumee and
Sandusky River tributary catchments of Lake Eire, conservation tillage increased
from virtually nothing to 50% of cropland (mainly no-till soybean and come corn);
75,000 hectares (<5% of total farmland in the catchments) were taken out of
production (i.e., Conservation Reserve Program), and applied fertilizer and manure P
decreased (Baker and Richards, 2002). These measures translated into significant
decreases in total (TP; 40%) and dissolved P (DP; 77%) concentrations averaged for
catchment tributaries between 1975 and 1995. Overall, BMPs, decreased fertilizer
and manure applications, which were the main factors affecting P reductions.

Even so, the question still remains as to whether P-based measures, will actually
decrease soil and runoff P levels and how long will it be before significant decreases
are seen, especially to levels below water quality thresholds? The effect of P-based
manure applications on soil and runoff P was evaluated for an Othello silt loam (Typic
Endoaquults) under a corn-soybean rotation that had received poultry litter for the
last 20 years and as a result had high soil test P (~400 mg kg™ as Mehlich-3 P).
Poultry litter applications were N-based, to meet crop N requirements (40 to 116 kg P
ha™ yr''); P-based, to supply crop P uptake (20 to 58 kg P ha™ yr); and soil test P
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threshold, where no litter was applied as Mehlich-3 P was >200 mg kg™. Although
the loss of DP and TP in runoff increased each year since the three strategies were
implemented, due to increased annual rainfall and runoff volumes, the effect of P-
based and soil test P strategies on decreasing P loss compared to N-based was
evident after three years (2002; Table 1).

Table 1. Runoff and P loss as a function of basing poultry litter applications on crop N
requirement (N-based), crop P requirement (P-based), and soil test P as Mehlich-3 P
for 0.1 ha plots in Coastal Plains region of Maryland.

Treatment * 2000 2001 2002 2003 2004
Rainfall, cm 7.7 37.1 32.2 64.3 108.3
Runoff, cm 0.05 1.25 4.00 4.50 8.00
Soil test — Mehlich-3 P, mg kg™

N-based 401 477 480 512 558
P-based 401 433 450 463 488
Soil test P 401 410 394 366 320
Decrease, % 2 -- 14 18 29 43
Dissolved P runoff, g ha™

N-based 0.33 29 466 2050 3112
P-based 0.05 34 72 268 1063
Soil test P 0.07 19 52 144 517
Decrease, % * 79 34 89 93 83
Total P runoff, g ha™

N-based 2.37 185 2067 2509 3493
P-based 1.08 170 1361 1633 1386
Soil test P 1.35 124 1016 1300 689
Decrease, % * 43 33 51 48 80

1 P applied in poultry litter averaged 75, 35, and 0 kg P ha™ for N-based, P-based, and soil
test P treatments.
2 percent decrease in runoff P loss from soil test P compared to N-based litter treatment.

In the fifth year of treatment, DP and TP losses were a respective 83 and 80% lower
from the soil test P than N-based approaches (Table 1). Over the same time, surface
soil (0 to 5 cm depth) Mehlich-3 P decreased with the soil test P threshold approach
only (401 to 320 mg P kg*) and as a consequence, corn and soybean yields were
not affected by any management approach (Table 1). This research shows that while
implementation of P-based management can decrease runoff P, it took three years
for these effects to be evident. Even five years after implementing nutrient
management changes, both mean annual TP concentrations (1.85 and 1.07 mg L™
for P- and soil test P-based approaches) in runoff and surface soil (488 and 320 mg
kg™ for P- and soil test P-based approaches) were still above respective
environmental thresholds for flowing waters and soils (0.05 mg L™ for total P and 75
mg kg™ for Mehlich-3 P; Gibson et al., 2000).
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In a Swedish study conducted in lysimeters containing a sandy soil over 3 yrs, it was
found that increasing input of P with manure (up to 320 kg P ha™ during the period),
unexpectedly decreased P leaching significantly (Bergstrém and Kirchmann, 2006).
In contrast, leaching of N increased with increasing manure inputs. Similarly, Djodjic
et al. (2004,found that in three of five soils, which had received different P inputs
during 40 yrs, P leaching loads tended to decrease with increasing P inputs. This
indicates that it may take quite a long time for a new fertilizer strategy to have any
effect on water quality. Crop yields in the replacement treatment of these soils were
lower than in the surplus treatment (Djodjic et al., 2005). However, use efficiency of
surplus P applied was very low, indicating that only a small portion of the surplus P
was used by the crop. Although these results are contradictory, to maintain optimum
yields and limit P surpluses, balanced P inputs are the most prudent approach.
However, additional management measures are also needed to reduce P losses.

Conclusions

The lag time between BMP implementation and water quality improvements can be
several years. Despite our knowledge of controlling processes, it is difficult for the
public to understand or accept this lack of response. When public funds are invested
in remediate programs, rapid improvements in water quality are usually expected.
Thus, assessment of effectiveness of P-based BMPs must consider re-equilibration
of catchment and lake behavior, where nutrient sinks may become sources of P with
only slight changes in catchment management and hydrologic response.
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Introduction

Phosphorus (P) inputs affect surface water quality and these effects change with
scale. In this paper we examine the use of (i) empirical data and (ii) Bayesian
networks to investigate the impacts of pastoral farming systems. We attempt to
answer the question — which processes offer the highest probability of efficiently
mitigating P losses and impacts?

In some ways, intensive pastoral farming systems are simple. Often they have only a
few soil types, are located on flat to rolling topography, and are infrequently disturbed
by grazing animals or mechanical traffic. The system is often simpler in Australasia:
cows rotationally graze paddocks every 20-60 days depending on the time of year
and similar amounts of P fertiliser are applied each year (provided nutrient budgeting
is adhered too). Add to this that we know the deposition rates of dung for cattle,
sheep and deer, and we can start to estimate the quantity of P returned to paddocks
or waterways (if accessible) throughout the year. Given the similarity and routine of
soil management, the potential of a paddock to lose P can therefore be categorized
into inherent loss from the soil, P lost associated with dung deposition or fertiliser
deposition, and P loss associated with animal traffic (treading) and grazing
(defoliation).

Empirical approach

If we assume a similar topography, we can begin to estimate the relative importance
each source of P loss for a given runoff volume via empirical data. At a small scale, P
losses via overland flow and subsurface flow can be generated via simulated rainfall.
However, relevance to field conditions depends on the rainfall intensity and duration
used since we know these affect P losses and forms (dissolved vs. particulate). Data
for pastoral dairy systems in the South Island of New Zealand have utilised a median
rainfall intensity to generate overland and sub-surface flow and estimates of P losses
from various sources. For example, the concentration of P loss in overland flow from
ungrazed pasture and soil can be determined as = [0.0240lsen P (mg kg™)/P
retention (%)] + 0.02, where P retention is that left behind after buffering with a
known concentration of P at pH 4.5 (Saunders, 1964). For dung deposited on

33



pasture, P loss in overland flow declines exponentially with time, varying from 3-6 mg
P L™ 1 day after deposition (depending on the initial P concentration in dung) to
about 0.2 mg P L™ 6 days later. P loss in overland flow associated with P-fertiliser
depends on its water solubility, but, like dung, declines exponentially with time since
application for 30-60 days, after which P concentration is similar to that before
application. Outside of this 30-60 day period, additional studies have examined the
effect of typical animal treading rates (20-30 imprints m™ for 24 h grazing) and
defoliation. Treading tends to increase P losses exponentially via sediment
disturbance beyond 24 h grazing time, while defoliation increases P losses for about
7 days compared to ungrazed pasture.

The positive or negative trends with soil and animal management means that the
probability for one source to be dominant is slim, but possible if, for example, an
overland flow event should occur soon after fertilisation. At the moment, using an
empirical approach has enabled us to quantify or account for sources of P loss in
uniform systems and determine the most efficient mitigation practice. An example is
given in Table 1. Estimated loads are similar to the actual loads and modelling would
indicate that simply switching to a poorly water soluble P-fertiliser would decrease
loads significantly off these paddocks without much additional cost (reactive
phosphate rock tends to be about 10% dearer than superphosphate). However in
another year, decreasing soil Olsen P concentration would be more effective. This
could be done in combination with an alternative fertiliser strategy and could save the
farmer additional money by applying less P.

Table 1. Actual and estimated total loads (kg P ha*), and loads from various
sources, of P lost from grazed paddocks in a dairy farm on the West Coast of the
South Island of New Zealand.

Year Actual Estimated

Total Treading/defoliation Soil Dung Fertiliser Total
2002 7.7 12 25 19 45 7.8
2003 2.9 20 45 30 5 2.9

These empirical relationships form the basis of our understanding of P loss
processes and are often incorporated into models for scientists or end users like
OVERSEER Nutrient Budgets 2° (McDowell et al., 2005). Of course this is only
applicable to pastures that are grazed uniformly. Concepts, such as critical source
areas that dictate that certain areas of a catchment contribute disproportionately
more than others, suggest that empirical relationships will be influenced by scaling.

Bayesian networks

While linking field scale models such as OVERSEER to catchment scale outcomes is
the holy-grail of nutrient research, unfortunately, there is often insufficient information
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to validate such models and routing P through stream systems has proven difficult. It
is widely recognised that in-stream processing occurs, but the multitude of processes
are often represented by a simple decay, usually linear, function. Process based,
Bayesian Networks offer the opportunity of combining the best features of both
empirical and conceptual modelling to develop catchment scale models that integrate
collective research and experience.

Bayesian networks are increasingly being used to study multi-factor problems, such
as water quality. Bayesian networks represent uncertainty in knowledge and use
probability theory to manage uncertainty by explicitly representing the conditional
dependencies between the different knowledge components. Bayesian networks are,
in essence, cause and effect diagrams with the relationships represented as
probability tables. Consequently, Bayesian Networks provide an intuitive graphical
visualisation (i.e. conceptual model) of the knowledge including the interactions
among the various sources of uncertainty.

Bayesian networks have recently been used to investigate the effects of “Better
Management Practices” on P exports from individual farms in south-eastern Australia
where little empirical data exists. Developed using social survey techniques and
calibrated using both empirical relationships from other areas and expert opinion,
these networks show that, with current technology, some farmers have already
eliminated the majority of P exports that are under their control. In other cases the
networks suggest options for improvement and quantify P export reductions from one
or more management changes. Importantly, the networks identify the key processes
affecting nutrient exports on individual farms.

Conclusions

Bayesian networks are not data intensive and allow integration of qualitative
information and knowledge with the types of quantitative information generally
included in integrated models. Readily available data can be used with an associated
confidence interval and this confidence interval can be combined and associated with
the final model output. The potential for combining in Bayesian networks the
empirical data underlying tools such as OVERSEER with qualitative information on
in-stream processing and social information such as farmers’ attitudes towards
adoption of “Better Management Practices” offers the realistic possibility of
integrated, cross disciplinary, decision support tools.
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Introduction

Wetlands and riparian areas have received much attention due to their ability to
retain nutrients or transform nutrients into less harmful substances thereby mitigating
nutrient loadings on downstream recipients. This has led to a variety of initiatives
such as re-establishment of former wetlands and shallow lakes, remeandering of
rivers whereby riparian areas are hydraulically reconnected with the adjacent river.
Furthermore, establishment of buffer strips, construction of different types of
wetlands and ponds have been extensively used to reduce nutrient loads on
downstream recipients.

In this context phosphorus provides a good example because wetlands and riparian
areas in its widest sense are used to solve or mitigate several environmental
problems related to agriculture such as enhanced leaching of phosphorus due to
enhanced use of fertilizer, erosion from sloping fields, inappropriate tillage practise,
bank erosion and enhanced phosphorus transport in running waters due to heavy
stream and river maintenance.

The effectiveness of wetlands and riparian areas in retaining phosphorus is strongly
related to the form of phosphorus and the processes involved. This paper goes
through some of the most important phosphorus retention mechanisms taking place
in riparian corridors.

Restored wetlands and shallow lakes

Denmark offers a good example concerning P retention in restored systems. A
wetland restoration programme was initiated as part of The Second Action Plan on
The Aquatic Environment. The aim was to restore 16,000 ha of wetlands and shallow
lakes between 1998 and 2003. At present approximately 7,000 ha have been
restored, but the programme has been prolonged and new projects are still
appearing. Although the action plan focused on nitrogen reduction, net releases or
leaching of phosphorus was not allowed as a consequence of the restoration project
(Hoffmann and Baattrup-Pedersen, 2007). The wetland monitoring programme also
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Introduction

A modified type of grassed waterway (GWW) with large hydrodynamic roughness
has proven its ability to reduce sediment load and runoff under conditions where best
management practices on the delivering fields prevent harmful sediment inputs,
which would otherwise damage the grass cover (Fiener and Auerswald, 2003a;
2003b). It is unknown, however, how such a GWW affects the dissolved reactive
phosphorus (DRP) load in runoff. The large amount of living and dead biomass
needed to maintain the hydrodynamic roughness may be an additional source for
DRP and thus partly counteract beneficial effects on streams with respect to nutrient
input and eutrophication.

Material and methods

The effect on DRP was tested in a landscape-scale study, where DRP in runoff of
two paired watersheds with and without GWW was continuously measured over five
years (Fig. 1). The paired watersheds were largely identical in land use, soil,
topography and predicted DRP concentration in runoff, when using either CREAMS
(Knisel, 1980) or AGNPS (Young et al., 1987) (Table 1). Details of pairing the
watersheds and of runoff measurement are given by Fiener and Auerswald (2003b).

Figure 1. Topography of the sub-watersheds with and without grassed waterway;
location of measuring system (flow direction from West to East).



In addition to the watershed monitoring, DRP was measured over one year in
precipitation and in the throughfall under growing grass and crops within the
watersheds (Weissroth 2000). The influence of straw cover on the fields between the
crop growth periods was examined in laboratory rainfall simulations with and without
straw cover (0.48 m2 plots, rainfall intensity 26 mm h™*, nine simulations during ~%s-
year, total rainfall 156 mm).

Table 1. Land use, soil, topography, predicted dissolved reactive phosphorus DRP
concentration, mean measured DRP concentration and mean annual particulate
phosphorus loss for paired watersheds with and without grassed waterway (Fig. 1).

Upper sub-watersheds Lower sub-watersheds
E01/02 EO06 E02/03 EO5
. . without .
without GWW  with GWW GWW with GWW
Arable land [%6] 75 79 94 85
Set-aside areas [%0] 23 21 4 13
field borders structures [%] 8 3 4 3
at the divide [%0] 14 4 0 0
along the thalwegs [%] 0 13 0 10
(grassed waterway)
Field roads [%0] 2.0 0.7 1.3 2.1
No. of fields 2 2 2 3
Crop rotation ¥ WW-M-WW-p  WW-M-WW-p WW-M-WW-P  WW-M-WW-P
Soil texture silty loam silty loam  silty loam silty loam
Mean slope [%0] 7.1 9.3 7.3 9.0
DRP-CREAMS ? [mg L] 0.31 0.31 0.30 0.31
DRP-AGNPS [mg LY 0.22 0.17 0.21 0.16
DRP+SD?¥ [mgL'] 0.61+0.21 048+0.32 0.35+0.22 0.41+0.24

Particulate P loss + SD?  [mgm? 13.0+24.9 0.5+0.8 17.1+30.8 20+2.1

1) ww = winter wheat, m = maize, p = potatoes;

2) Mean DRP predicted with CREAMS (Knisel, 1980) and AGNPS (Young et al., 1987) with
a spatial resolution of 12.5 x 12.5 m;

3) Mean measured DRP and standard deviation (total n = 674);

4) Mean annual particulate phosphorus loss from 1993 to 1998 with standard deviation
between years.

Results

Measured mean DPR concentration in rain gauge precipitation was 0.06 mg L™ (SD
0.13). Mean DRP concentration of wet-only sampler precipitation was 0.02 mg L™
(SD 0.03) with summer values about twice as high as winter values.

The DRP in the throughfall for all tested grasses and crops was highly variable and

highly enriched in P as compared to rain. High concentrations (up to 5 mg L™)
occurred especially during the flowering of the respective crop and after frost events.
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There was no significant difference, however, between the throughfall under the
grass cover (mean 1.2, SD 1.3, n = 32) and under the crop cover (mean 0.8, SD 1.0,
n = 35). DRP concentration in runoff from soil surfaces with and without straw cover
was also in a similar range, mostly between 0.6 and 0.8 mg L™.

Considering the similar througfall concentrations in GWW compared with crops and
the lack of significant effects of straw cover, the GWWs should not alter the DRP
concentration of the runoff. This was proved for the tested watersheds (Table 1),
although runoff was much less in the GWW watersheds. Such GWWs will thus
reduce the DRP load analogous to the reduction in total runoff.

Conclusions

The DRP in surface runoff of complex watersheds is composed of plant cover
throughfall, runoff from bare surfaces and runoff from soil surfaces covered with plant
residues. The DRP concentrations did not vary largely among these components.
Hence, moderate differences in the contribution of the different components to total
runoff have little impact on overall DRP concentration. Consequently,
hydrodynamically rough GWWs, which provide a dense vegetation cover throughout
the year but cover only a small area along the path of concentrated flow, are unlikely
to alter the DRP concentration. This was confirmed in a long-term field-scale study
with paired watersheds. Such GWWs will thus reduce the DRP load analogous to the
reduction in total runoff. The extent of runoff reduction and its drivers have been
elaborated already in many studies (e.g. Fiener and Auerswald 2003b). They also
allow qualifying the effects of GWWs on DRP retention.

Furthermore, GWWs also lower the sediment routing and hence particulate losses
were also lower in the GWW watersheds (Table 1). The effect of GWWs on sediment
routing is larger than their effect on runoff reduction. In consequence, particulate
losses declined more than DRP losses. GWWs are thus a highly effective measure to
reduce dissolved and particulate phosphorous load downstream in addition to their
numerous other beneficial effects (Fiener and Auerswald, 2003a).

References

Fiener, P. & Auerswald, K., 2003a. Concept and effects of a multi-purpose grassed
waterway. Soil Use Manag. 19, 65-72.

Fiener, P. & Auerswald, K., 2003b. Effectiveness of grassed waterways in reducing runoff
and sediment delivery from agricultural watersheds. J. Environ. Qual. 32, 927-936.

Knisel, W.G., 1980. CREAMS: A field-scale model for Chemicals, Runoff, and Erosion from
Agricultural Management Systems. USDA-ARS Cons. Res. Rep. 26.

Weissroth, M., 2000. Okosystemanalyse zur Befrachtung des Oberflachenabflusses mit
geldstem Phosphat aus landwirtschaftlich genutzten Flachen anhand langjahriger
Freilandmessungen. Shaker, Aachen.

167



Young, R.A., Onstad, C.A., Bosch, D.D. & Anderson, W.P., 1987. AGNPS, Agricultural non-
point-source pollution model - A watershed analysis tool. USDA-ARS Cons. Res. Rep. 35.

168



IPW5 Session: Monitoring P Loss 2

Effects of freezing and thawing on DRP losses from buffer zones

Jaana Uusi-Kamppa
MTT Agrifood Research Finland, Plant Production Research, 31600 Jokioinen, Finland
jaana.uusi-kamppa@ mtt.fi

Introduction

In Finland, agriculture is estimated to be the main cause of eutrophication and blue-
green algal blooms in shallow fresh waters and coastal waters. Although only 7% of
the total land area in Finland is in agricultural use, the contribution of agricultural P to
waters is estimated to be 2,600 t yr' representing 63% of the anthropogenic P
loading (Finnish Environmental Institute, 2004). One way to mitigate P losses is to
plant uncultivated buffer zones (BZ) between fields and surface-water bodies. The
BZs have been found to fairly well retain eroded material, total P (TP), and particulate
P (PP) from the surface runoff, while the retention of dissolved Molybdate-reactive P
(DRP) with BZs has been under less consideration. This paper presents factors
affecting DRP losses in surface runoff from a clay soil with BZs under spring cereals
(1991-2001), grazing (2002—2005), and direct sowing (2006).

Experimental design

A six-plot experimental field was established on Typic Cryaquept/Vertic Cambisol soil
at Jokioinen in SW Finland (60°48’ N and 23°28' E) in 1989 (Uusi-Kamppa, 2005).
Four 10-m-wide BZs (two grassed buffer zones = GBZ, and two vegetated buffer
zones = VBZ) were planted below the 60-m-long cropland source area in 1991 while
two 70-m-long field plots were cultivated without buffer zones (NBZ). The field area
was fairly even, whereas the buffers were on a steep slope, varying between 12%
and 18%. On the GBZ the buffer area was harvested annually, whereas on the VBZ
the buffer area with scrub plants and herbs was not harvested. Results from the plots
with the GBZ or VBZ were compared with the NBZ plots.

The effects of freezing and thawing on P losses from BZs were studied in two
laboratory experiments. In the first study, a maximum potential for P release from
frozen and thawed plant biomass was estimated from plant leachates. Plant samples
were harvested from the GBZ, VBZ and NBZ in October 2003. Plant residues were
leached with deionized water and after that freeze-thaw-cycles ('18°C; *4°C) were
repeated four times. In the second study, simulated rain was applied to plant-soil
samples (10 cm depth) both before and after freezing and thawing in autumn 2006.
Rain simulations were conducted at room temperature (about *20°C) using deionized
water (DRP<0.02 mg L, T = "22°C) and with a rainfall intensity of 20 mm h™. A
modified Murphy and Riley (1962) method was used for TP and DRP (filter pore size
0.2 yum) determinations from surface runoff and plant leachates. The PP
concentration was calculated as the difference between TP and DRP.
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DRP in surface runoff

In the study with spring sowing and autumn ploughing, DRP surface runoff was
highest from the VBZ plots in spring (Figure 1). On the VBZ buffer area, the
concentration of Olsen-P was also high (60 mg L) in the 2-cm-deep surface soil
layer vs. 33 mg L™ on the GBZ (Uusi-Kampp4, 2005). The high loss of DRP from
VBZ was most likely due to P leaching from the soil surface and decaying grass
residues on the VBZ in spring. Although the PP losses (<0.5 kg ha™) from the
pasture were moderate, the DRP losses were larger than from the cereal field. In
spring 2003, exceptionally high DRP concentrations (>1.0 mg L™) were measured in
surface runoff water from the grassed field. One reason for the high DRP
concentrations and losses may have been the sudden onset of winter with snowfall in
autumn 2002, when the grass was still green, after a dry and warm summer. Some P
was probably leached from plant tissues broken by frost. Also after destroying the
grass in August 2005, the DRP load was high in the following spring. The mean DRP
losses were 0.2—0.3 kg ha™* from the direct sown field between October 2006 and
March 2007.

DRP, kg ha™
0.9

| I

0.3 4

0.0 A - L
1991 1992 1993 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

B No-BZ / Grazed-BZ O Grassed BZ O Vegetated BZ with scrubs and herbs

Figure 1. Losses of DRP in surface runoff from a spring cereal field (1991-2002),
pasture (2003—-2005), and spring barley and winter wheat (2006). Mean of two
replicates with error bars showing maximum and minimum values.

According to the results of the plant leachates, potential P losses from the GBZ, VBZ
and NBZ were also high (1.6, 3.1 and 1.7 kg ha™, respectively). Overall, between 60
and 80% of the biomass P was leached during freeze-thaw cycles and over 90% of
the leached P was in the form of DRP. Most P was extracted after the first freeze-
thaw cycle, with levels three times those before freezing. These findings explain the
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high DRP losses from the grass field in spring. On the harvested GBZ, the grass was
mostly green, whereas on the VBZ much of the aboveground biomass had matured.
Sturite et al. (2007) suggested that most probably DRP is leached from the frost-
injured plants that were green when the winter arrived.

Before freezing of the plant-soil-systems, the DRP concentrations in surface runoff
were 0.65, 0.27 and 0.35 mg L™ from the NBZ, GBZ and VBZ, respectively (Table 1).
After the freezing and thawing, there was a three-fold rise in DRP concentrations on
the NBZ and VBZ, and up to seven-fold on the GBZ. Bechmann et al. (2005)
reported an approximately 100-fold increase in runoff DRP concentrations from a
frozen soil with catch-crops.

Table 1. Mean concentrations of DRP (mg L) in surface runoff from the plant-soil-
systems under the rainfall simulation before freezing (BF) and after freezing (AF).

NBZ GBz VBZ
BF, runoff (0—20 mm) 0.646 0.271 0.347
AF, runoff (0-10 mm) 1.743 1.990 1.076
AF, runoff (2040 mm) 0.859 1.351 1.091
AF, runoff (40-60 mm) 0.684 0.951 0.884
AF, runoff (60—-80 mm) 0.566 0.955 0.794
AF, runoff (80-100 mm) 0.485 0.744 0.714
AF, runoff (100-120 mm) 0.466 0.656 0.756

Conclusions

While buffer zones effectively retain TP and PP losses, the retention for DRP may be
poor, and sometimes BZs may be sources of DRP. Freezing and thawing was found
to increase the DRP losses. The high DRP concentrations and losses in spring runoff
were most likely due to P leaching from the soil surface and frost-broken plant
tissues. Therefore, the harvesting of buffer zones annually is recommended. More
research is needed on how to increase DRP retention in the buffer zones.
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Introduction

Diffuse losses of phosphorus (P) from agricultural land may lead to eutrophication of
surface waters and impact ecosystem health. Expanding our understanding of the
mechanisms by which P is lost from agricultural soils is critical.

Colloid-facilitated transport is known to be important in P loss from agricultural soils
(Heckrath, et al., 1995; Stamm, et al., 1998; Heathwaite et al., 2005) but our
understanding of this mechanism as a means of P loss through subsurface pathways
is limited. The objectives of this study were to assess the contribution of colloids to
Total P (TP) and Molybdate Reactive P (MRP) in leachate from an arable soil, to
explore the possibility of using fluorescent polystyrene microspheres as a tracer for
natural colloids, and to investigate the transport characteristics of different sizes of
tracers through the soil.

Methodology

Aqueous suspensions of fluorescent microsphere tracers of four different sizes (0.2,
0.4, 0.8 and 1.2 um) were applied to intact cores (30cm @ x 60cm depth) of clay
loam soil with a history of biosolids application, and to three undisturbed soil blocks,
(each a 50cm cube) of a similar soil. A series of simulated rainfall events (15 min at
30 mm h*) was then applied to each. The cores allowed gross analysis of P fractions
in the leachate, while the blocks were used to ascertain the spatial distribution, both
of flow and tracer transport using a 10 x 10 flow cell array to split the flow of leachate.

Because P is thought to associate with different particle size fractions (Heathwaite et
al., 2005), TP, MRP and fluorescent microsphere in leachate from the cores was
analysed for the following fractions: <0.2 um, 0.2-0.45 pm, 0.45-1.0um and >1.0 um.
This allowed investigation into the role of colloid- and particle-facilitated transport in
subsurface P loss together with the usefulness of fluorescent microspheres in tracing
the movement of natural colloids and particles through soil.

Leachate from each flow cell in each block was analysed for the four sizes of
microsphere. Comparison of the transport characteristics of each size of

173



microsphere, along with measurements of microsphere retention within the soil
column provided further insight into the mechanism of colloidal transport.

Colloidal P in soil leachate

In this study, significant percentages of total TP and MRP in the leachate from the
intact cores were found to be associated with both colloidal and particulate size
fractions (Table 1).

Table 1. Average P size distributions in leachate from four intact soil columns.

Corel Core2 Core3 Core4 | Mean
TP (mg P I'* Leachate) 107.3 143.6 107.8 545.7 226.1
MRP (mg P I'* Leachate) | 46.8 34.2 29.1 130.9 62.4
% TP >1.0 um 53.4 715 36.4 32.1 48.4
% MRP >1.0 pm 18.9 30.8 30.1 30.9 27.8
% TP >0.45<1.0 pm 3.4 4.8 6.6 25.3 10.0
% MRP >0.45<1.0 pm 7.8 11.0 3.7 34.7 14.9
% TP >0.2<0.45 um 3.9 2.7 3.5 6.0 4.0
% MRP >0.2<0.45 pm 7.1 4.6 6.2 59.9 7.6
% TP <0.2 um 39.3 20.9 53.5 36.5 37.6
% MRP <0.2 um 66.2 53.6 11.8 22.5 49.7

Whether the MRP concentrations are a true measure of bio-available P in colloidal
form or are overestimates due to the release of P from calcium phosphates by
acidification during analysis (Hudson, et al., 2000), these findings may have
considerable implications for our reliance on MRP <0.45um as a measure of
bioavailable P in the aquatic environment.

Colloidal tracers and TP

Comparison of the breakthrough characteristics of fluorescent microspheres and TP
showed some clear relationships. The 1.2um, 0.8um, 0.4pm and 0.2pum
microspheres had significant linear correlations to the >1.0um, 0.45-1.0um, 0.2-
0.45um and <0.2um TP fractions respectively, showing that the microspheres are a
suitable proxy for tracing the movement of natural colloids through soil.

Colloids and preferential flow

In all three soil blocks, more than 60% of leachate was collected from less than 20%
of the block, with more than 65% of each size of microsphere being detected in the
leachate from those same flow cells. This confirms the importance of preferential flow
in colloid transport. It was also found that the greatest concentrations of microsphere
were detected in the flow cells where the highest peak flow rates occurred (Figure 1),
rather than those showing the greatest flow volume. This suggests that flow rate may
be the dominant factor in the mobilisation and transport of colloids and particles
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within the soil column.
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Figure 1. Microspheres and peak flow rate in active flow cells during a single
simulated rainfall event on an intact soil block.

The relatively low concentrations of 1.2um and 0.2um microspheres in the leachate,
combined with relatively high concentrations of 1.2um microspheres in the top 5 cm
of the soil block and lower, much more evenly spread concentrations of 0.2um
microspheres through out the soil profile, indicate that particle size is an important
factor in subsurface transport.

Conclusions

Significant proportions of both TP and MRP were found to occur in association with
colloids and patrticles in soil leachate, with more than 50% of MRP and 60% of TP on
average being transported in association with material of radius greater than 0.2um.
Tracer investigations have indicated that this material may be easily transported
through agricultural soils via preferential flow pathways, especially during periods of
elevated flow rates, when transport occurs in greater concentrations.
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Introduction

The DESPRAL soil P dispersion test was used to estimate the SMP within 17
headwater (first-order) catchments across several geoclimatic regions in England
and Wales. These samples were taken from several locations using a consistent
sampling strategy, within each catchment and mapped digitally in order to gain a
better understanding of P mobilisation in relation to other catchment features such as
hillslope, soil surface wetness and manure applications. Relationships between base
flow index, and soil clay content are discussed as means of understanding the role of
simple variables in controlling P mobilisation. The DESPRAL index values are also
discussed in relation to the catchment flow weighted mean concentration of total
phosphorus at the catchment outlet, for which high resolution time series data are
presented. These data provide insight into the processes by which P delivery is
controlled, and may be used to refine and develop models currently used to predict
phosphorus movement in the UK.

Methods

Catchments were selected on the basis that they were headwaters, and therefore we
could minimise the impacts of in-stream processes on the estimates of load. Soil
samples from across 11 catchments were sampled for Olsen P, DESPRAL index
(filtered and unfiltered), water soluble phosphorus, suspended solids and total
phosphorus. The despral samples also contained a subset of either 30 s or 280 s
samples, as defined by the DESPRAL methodology (MAFF, 1982). Flow weighted
mean concentrations (FWM) for the data rich catchments (i.e. “rich” time series) were
estimated by linear interpolation of total phosphorus measurements. For the data
poor catchments (<10 storm events), FWM estimations were made using the 2-strata
approach (Kronvang, 1996). The resultant datasets of DESPRAL index values, and
FWMs were then be used to obtain delivery coefficients for each of the catchments.
Delivery coefficients are calculated as in Equation 1. Soil parameters were also
extracted from UK national datasets e.g HOST (CEH, UK) for investigation of
correlative data that could explain any potential variations in P mobility.

The delivery of phosphorus is calculated as:
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Annual Flow weighted Mean (mg ™)
DESPRAL Index Value (mg I™)

Delivery =

Results

DESPRAL values were recorded for all catchments, and each value was associated
with a spatially digitised so that the data could be associated with other datasets. The
DESPRAL index values were highly variable and ranged from 0.10 mg/l to 2.63 mg/I
across the 17 catchments for total phosphorus, and 0.03 mg/I to 0.23 mg/| for
dissolved phosphorus. The values show good relationships with soil texture class
(Figure 1b) and altitude. For example, at Colworth catchment, where a large number
of field soil samples were collected (20) DESPRAL values increased towards to lower
end of the catchment (Figure 1a).

Legend 5000

K}‘" - 4500
A

4000

Colwarth DESPRAL

3500
3000

2500

e @
=
=
L zCcL zc

500 [

Mean+SE
Meters| Ls szt st T Mean+1.96*SE
0 255 510 1,020 Texure Class

Figure la. Distribution of DESPRAL index values across the Colworth catchment and
1b.
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Table 1. Data collected during the PEDAL project showing the flow weighted mean
concentrations, the average DESPRAL values for each catchment and the calculated
delivery coefficients.

Catchment Name Average Flow V\_/eighted DESPRAL Mean Deli\_/e_ry
mean concentration (mg/l) TP (mg ™) Coefficient
Redesdale 0.25 0.18 1.39
Cools Cottage 0.10 0.44 0.23
Colworth 0.30 0.56 0.54
Cliftonthorpe 0.72 0.28 2.58
Childs Ercall 0.33 0.95 0.35
Waveney 0.66 0.73 0.90
Sydling St Nicholas 0.26 0.60 0.43
Weaver 4.10 0.39 10.41
Den Brook 0.64 0.94 0.68
Drewston 0.09 0.67 0.13
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Conclusions

Flow weighted mean concentrations and DESPRAL index values were determined
for a range of headwater catchments from different geoclimatic locale across
England. These values were determined through both intensive and sparse data
monitoring techniques. The delivery coefficients were highly variable. DESPRAL
values correlated well with soil textures classes, but also with altitude and slope. This
may mean that in areas where sediment is trapped, P mobilisation is enhanced, and
may provide a way to map P mobility.

This work will form the basis of a toolkit and fuzzy modelling toolbox (e.g Scharer,
2006) which may be used to study other catchments and therefore plug the gaps in
our existing knowledge of delivery, and will subsequently help to identify and
constrain uncertainties in our knowledge of phosphorus transport. Prior to this study,
very little data was available to describe the delivery of phosphorus to the catchment
outlet. Now that the dataset has been collated, further analysis of the control
parameters may be undertaken. This will yield better understanding of the controls
that determine delivery in agricultural landscapes.
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Introduction

The environmental basis for making nutrient management decisions is largely based
on data from rainfall simulations performed at the plot scale (0.2 to 10 m? DeLaune
et al., 2004; Kleinman et al., 2004, Elliot et al., 2006). However, agricultural
producers typically manage fields at the 1 to 100 ha scale, and eutrophication is the
result of phosphorus (P) transport at the catchment scale (300 to 1,000,000 ha). Few
studies have been able to study P transport at the plot, field and catchment scales.
The objective of this research was to develop a better understanding of up-scaling of
P transport from the plot to catchment.

Experimental design

Rainfall simulations occurred on three sizes of plots (2, 5 and 10 m?) that were
nested within two fields (2.2 and 2.7 ha), which were in turn nested within a series of
three catchments on the same drainage ditch, draining approximately 300, 2230, and
4300 ha. The north field and set of plots had been in a continuous no-tillage corn-
soybean rotation for approximately 15 years. The south field and set of plots had
also been in a continuous no-tillage corn-soybean rotation for the same period, but
were converted to a rotational tillage (i.e. soil tilled before corn) in the year in which
this project began (2004). Both fields were cropped to corn during this study period.
Rainfall simulation protocol was 50 mm hr! for 50 min, and 75 mm hr* for 15 min.
Runoff and nutrient data from the fields and catchments were collected daily during
the growing season (April to November) and from natural storm events.

Results of scaling from plot to watershed scale

The runoff coefficients of the fields were lower than the plots (Table 1). Sharpley and
Kleinman (2003), using the variable source area hypothesis of overland flow
generation, observed a greater percentage of smaller plots contributing to runoff than
larger plots. The same relationship is likely to be true for scaling from plot to field, as
observed with the current data. Increasing scale from field to catchment resulted in
increased runoff coefficients, since the catchments capture discharge from surface
and subsurface processes in this tile-drained landscape. This observation was true
for data collected for multiple years within this and adjacent catchments (Figure 1).
Similar runoff coefficients have been observed in other watersheds ranging from 2 to
48,000 ha (Gentry et al., 2007).
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Table 1. Runoff coefficient, soluble P (SP) and total phosphorus (TP) loads at the plot,
field and catchment scales.

Mean P Loads
Seasonal P Loads for Normalized
Runoff P Loads' Events Only* on Precipitation”
Coefficient SP TP SP TP SP TP
Plots Unitless g/ha g/ha/event g/ha/mm precip
N2 0.49 29.3 185 0.687  4.46
S2 0.31 1.04 147 0.021  3.36
N5 0.48 17.7 119 0.364 2.26
S5 0.40 2.05 85.9 0.046 2.01
N10 0.38 7.06 58.3 0.153 1.33
S10 0.39 1.06 231 0.023 5.54
Fields
North 0.06 79.0 430 6.08 35.9 0.147  0.798
South 0.04 11.9 777 0.99 70.7 0.022 1.44
Catchments
AME 0.21 40.5 180 1.11 4.79 0.079 0.352
ALG 0.24 235 1050 9.25 41.8 0.448 1.99
AXL 0.67 527 1420 13.1 46.5 1.00 2.71

TSeasonal loads calculated from daily samples collected April 1, 2004 to November 15, 2004.

*Mean event loads calculated as the sum of loads occurring after runoff producing storms,
divided by the number of storms.

Normalized P loads calculated by dividing the seasonal P load by the seasonal precipitation
observed within the selected catchment.
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Figure 1. Runoff coefficients from plot, field and catchment scale data collected
during the 2004, 2005 and 2006 monitoring years.
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The mean event soluble phosphorus (SP) and total phosphorus (TP) loads were
calculated for all runoff events during the study period (Table 1). Mean event SP
loads were greater in the north field than the south field, which was reflected in the
plot data. SP loads increased with increasing drainage area in the catchments. Plot
data tended to overestimate TP loads from fields and catchments, likely due to
greater erosion rates from the plots than fields. TP loads increased an order of
magnitude between AME and ALG. Flow velocities at the AME site are nearly
always slower than at ALG or AXL. Sediments from ALG and AXL have a greater
particle size distribution and lower organic matter content than the AME site (Smith et
al., 2005). Tile outlets with very high sediment and nutrient concentrations flow into
this ditch between AME and ALG, contributing to greater TP loads. Soluble P and
TP loads were normalized based on precipitation from rainfall simulators for plots or
from all the natural storms for the field and catchment scales (Table 1). Normalized
SP loads were greater from the plots in the north field than the south field, which is
what was observed at the field scale. Normalized SP loads increased, from 0.08 to
1.0 g ha™ mm™ precipitation, with increasing catchment size for the ditch sites. This
was likely due to inputs from tile outlets, and greater flow velocities for the ALG and
AXL sites than the AME site.

Conclusions

Rainfall simulation experiments on small plots may produce similar magnitude of
normalized P loads observed at the catchment scale, but this interpretation needs to
be cautioned due to different processes involved in P transport at these scales.
Rainfall simulations should only be used to study surface processes, whereas data
from the catchment scale integrate both surface and subsurface transport processes.
Modeling efforts are vital for identifying practices that will improve water quality, but
these efforts must be ground-truthed so that the personnel involved with these efforts
understand all the processes occurring in the catchment, and to better understand
potential problems (i.e. problematic tile outlets) in the catchment.
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Introduction

Phosphorus (P) losses in runoff from cropland can contribute to water quality
degradation in freshwater lakes and streams (Correll, 1998). Phosphorus-based
nutrient management techniques have been widely adopted to minimize
environmental damage from P in runoff and frequently include use of P loss risk
assessment tools. Phosphorus loss risk assessment tools such as P indices are
often developed largely from small plot-scale data showing the relationships between
various site and management variables and runoff P losses. Little information is
available on how small plot runoff composition compares with field or subwatershed
scale measurements.

This study was conducted to compare runoff composition measurements at the
subwatershed scale with those from natural runoff at the small plot scale, and to
investigate the validity of using small plot data to develop field-scale P loss risk
assessment tools.

Experimental procedures

Sediment (TS), soluble P (TDP), and total P (TP) in natural runoff from small plots (1
m?) located in two subwatersheds (7.2 and 12 ha) instrumented to measure and
sample runoff events were compared with similar measurements from the
subwatersheds over an 18-month period. Small plots were replicated four times in
each subwatershed. The subwatersheds, cropped with either corn [Zea mays (L.)] or
alfalfa [Medicago sativa (L.)], were located at the University of Wisconsin-Platteville
Pioneer Farm (42°42' N, 90°22' W). Initial soil test P (Bray-1) values at the 0-15-cm
depth were 37 and 19 mg kg™ in the corn subwatershed and small plots, respectively,
and 114 and 136 mg kg™ in the alfalfa subwatershed and small plots, respectively.

Scale effects on runoff characteristics

Phosphorus and sediment concentrations and runoff volumes from the corn and
alfalfa subwatersheds and small plots are summarized in Table 1. Runoff P
concentrations were generally similar in small plots and subwatersheds, but varied by
crop and season. For the 18-month period, there were 12 runoff events in both the
corn subwatershed and small plots and 10 runoff events in both the alfalfa
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subwatershed and small plots. To separate winter and summer runoff events,
January through March was designated as winter and the rest of the year as
summer. In both subwatersheds, most of the runoff volume occurred in the winter.
The small plots had greater runoff volumes per unit area in all cases compared to the
subwatersheds.

Table 1. Phosphorus and sediment concentrations in runoff and runoff volumes from
corn and alfalfa subwatersheds and small plots from June 2004 to December 2005 at
the Pioneer Farm, Platteville, Wisconsin, USA.

Field Season n' Scale TDP? TP® TS' Runoff
------- mg L L m?
Corn Total 12  Subwatershed 2.45 4.19 2509 44.4
Small plot 1.83 2.96 1190 219
Winter 4 Subwatershed 3.18 3.80 330 324
Small plot 2.13 2.93 370 184
Summer 8 Subwatershed 0.45 5.24 8425 11.9
Small plot 0.26 3.14 5460 35.3
Alfalfa Total 10  Subwatershed 1.24 1.53 130 64.7
Small plot 1.78 2.39 220 181
Winter 6 Subwatershed 1.23 1.54 126 57.5
Small plot 1.75 2.33 180 163
Summer 4 Subwatershed 1.26 1.52 169 7.20
Small plot 2.10 2.99 550 17.6

TSmall plot values are the average of four replications in each subwatershed
*Total dissolved phosphorus

$Total phosphorus

"Total solids (sediment)

""Number of runoff events

Over the entire measurement period, the corn subwatershed had higher P and
sediment concentrations compared to the alfalfa subwatershed. The corn
subwatershed P concentrations were higher than in the small plots. This difference is
consistent with differences between corn subwatershed and small plot soil test P
values. The TDP concentrations were higher in the winter than the summer for both
scale sizes. The fact that this seasonal change in TDP concentration was seen at
both scales of measurement adds validity to use of small plot data for constructing P
indices. Total P and total solids (sediment) concentrations were greater in corn than
in alfalfa at both measurement scales.

Phosphorus runoff from small plots and subwatersheds were compared on an event
by event basis using regression analysis. Results showed that runoff volumes at the
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two scales were related (R?= 0.73) for both the corn and alfalfa subwatersheds. For
individual runoff events, TDP concentrations at the two scales of measurement were
strongly correlated in the corn subwatershed (R?=0.90), but not in the alfalfa
subwatershed (R?=0.10). Statistical analysis (using repeated measures) of mean
TDP values for the entire measurement period showed no significant differences
between small plot and subwatershed scales of measurement.

Conclusions

Runoff P concentrations were similar in small plots and subwatersheds, but varied by
crop and season. The seasonal and crop effects on runoff P and sediment
concentrations were reflected at both scales of measurement. The agreement of
small plot and subwatershed runoff dissolved P and sediment P concentrations
supports use of small plot data in constructing P loss risk assessment tools.
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Introduction

The pathways of phosphorus (P) transfer in agricultural catchments are relatively well
understood, but quantification of the transfer of P from agricultural land is necessary
to improve the development and performance of models used for prediction and
management of water quality, and to allow assessment of the role of agricultural
phosphorus in diffuse pollution and stream biogeochemistry (Heathwaite et al.,
2005). Traditionally, studies have focussed on the hillslope plot and catchment as
observation scales. Limited data and process understanding therefore exist for
intermediate scales, and as a result, we currently have a poor understanding of how
and why data and processes change with spatial scale (Brazier et al., 2005). The
objectives of this study were: (i) to undertake a programme of field monitoring to
provide data to quantify event-based P transfers at multiple spatial scales within a
small agricultural catchment, and (ii) to compare the P transfer characteristics of
different scales of observation to determine differences and linkages between scales.

Field monitoring design

A number of spatial scales (circa 0.002 — 30.6 ha) were monitored over two
hydrological years in a small mixed agricultural headwater catchment with silty clay
loam soils, at ADAS Rosemaund, Herefordshire, UK. The observed scales included
nested hillslope patches of 37, 74 and 111 m hillslope lengths, a 1.9 ha hillslope, two
field areas of 2.5 and 3.7 ha, and a 30.6 ha catchment outlet. Continuous stage and
turbidity monitoring of runoff through a hillslope surface flume, three field drains and
the stream catchment outlet were integrated with event-based monitoring of runoff at
the hillslope patch scales, and event-based sampling for total P (TP) and total
dissolved P (TP<o.45um)-

Results

Transfers of P within the catchment were monitored at multiple spatial scales in six
events over the 2004-2005 and 2005-2006 hydrological years. Differences in TP and
TP<0.45ym behaviour were observed both between scales and between events, and
the relative importance of each of the observed pathways in catchment P transfer
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also varied between events. In two of the monitored events, no surface runoff was
observed within the catchment.
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Figure 1. P transfer data for different spatial scales within the catchment, 15-4™
December 2005. H = hillslope patches, LF = hillslope surface runoff (1.9 ha), LD =
hillslope drainflow (1.9 ha), FA = arable field drainflow (2.5 ha), FG = grass field
drainflow (3.7 ha), J = catchment outlet streamflow (30.6 ha).

Figure 1 shows rainfall and P data for a storm event monitored on 1%-4™ December
2005. Data for the hillslope patch scales (H) were found to be strongly correlated to
the data for the hillslope scale (LF), but the linkages are less clear between the other
scales. Analysis of event summary data shows that although surface runoff had the
highest recorded peak TP concentrations, lower runoff volumes for this pathway
meant that peak TP fluxes were slightly lower in surface runoff than in drainflow (LD)
from the hillslope (Table 1). Surface runoff contributed lower TP loads to streamflow
at the catchment outlet (J) than drainflow, and had lower TP yields than all the
observed P transfer pathways. The highest TP loads were from the arable field drain
(FA), and TP yields were also highest in drainflow from this scale. The TP<g 45um
fraction was much more important in drainflow from grassland than drainflow from
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arable land, with the highest peak TP<o.4s.m concentrations and TP<o.45,m loads
measured in the grass field drain (FG), although the arable field drain still had higher
TP<O.45pm y|e|dS

Table 1. Table of P characteristics for an event in the catchment on 15-4" December
2005, for hillslope to catchment scales of observation.

TP TP<O.45um
Scale Peak Peak Load Yield Peak Peak Load Yield
P, FX kg (kghat) TPosm  FIUX ey kg hat)
(mglY) (mgs? (mglh) (mgs?
LF 4.1 4.1 0.12 0.06 1.0 0.4 0.01 0.01
LD 1.2 4.2 0.55 0.29 0.5 1.1 0.10 0.05
FA 3.7 21.4 2.23 0.89 0.8 2.3 0.51 0.20
FG 1.4 12.7 1.12 0.30 1.2 4.4 0.62 0.17
J 2.4 115.6 13.0 0.43 1.1 42.8 5.63 0.18

No significant differences were found in point data or event P transfer characteristics
for different hillslope patch scales, suggesting that hillslope P transfer in this
catchment is not always scale dependent. However, significant differences were
found in TP characteristics for sub-catchment and catchment scales. Where
significant differences were observed, some characteristics between scales were
found to be strongly correlated, suggesting that transfer of event data between scales
may be possible for this type of small agricultural catchment.

Conclusions

Phosphorus transfers were monitored during six events at multiple spatial scales
within a small agricultural catchment. The resulting data have allowed the pathways
of P transfer to be quantified, and have indicated the variability in P transfer
characteristics between events and between scales. In the largest event monitored,
P transfer was dominated by drainflow, with surface runoff being a relatively
unimportant transfer pathway. Significant differences were observed in event data
for hillslope to catchment scales, but strong relationships suggest that linkages exist
between scales.
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Introduction

This paper describes an overview of the ‘Grassland sediment and colloid
Phosphorus (P) (GrasP) project that is using an inter-disciplinary collaborative team
approach, involving soil scientists, geomorphologists, analytical chemists,
hydrologists and mathematical modellers. The team is working at the plot, field and
catchment scales in South-west England to help the UK government (Defra) better
understand how intensive grassland management influences sediment and colloidal
P losses to surface waters. Despite the topical nature of phosphorus, sediment and
colloid transfers, surprisingly there are some critical deficiencies in our existing
knowledge on aspects of their fate and transport, particularly in relation to intensive
grassland systems, exemplified by the dairy pastures common in North-west Europe
(Haygarth et al., 1998). There are four innovative research areas that the GrasP
project is addressing: 1) the inadequacy of current soil erosion inventories for
intensively managed grasslands, 2) the limitations of current operational definitions of
soluble and particulate fractions and the importance of colloidal P loss from
intensively managed grasslands, 3) the role that organic matter — particularly
agricultural amendments - plays in sediment and colloidal P loss, and 4) the need for
improved integration between field observations and modelling to better understand
the uncertainties and complexity of processes controlling sediment and colloidal P
loss at the plot, field and catchment scales.

Inadequate soil erosion inventories for intensively managed grasslands

There has been little research conducted on erosion from intensively managed
temperate pastures. This is surprising considering: 1) the high return frequencies of
potentially erosive maritime rainfall on steep sloping grasslands, 2) the high nutrient
turnover in intensive grassland systems, and 3) the wide extent of intensive
grassland systems across the world. The potential for high sediment and colloid
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yields from intensive grasslands has been overlooked because grasslands appear to
have high rates of vegetation cover that we associate with low erosion rates. It has
been demonstrated by Quinton (2001) that particle selectivity can account for higher
than expected phosphorus loss from an arable site, we suggest that this is also true
for intensive grassland systems. Grassland erosion is more likely to be caused by
sheet and interrill erosion than distinct rilling or gullying and has hence attracted little
attention from farmers and researchers. Poached and overgrazed areas, which are
sources of colloidal P and sediment during winter months, quickly recover during
spring and summer months. Current analytical often omit the detection of fine
colloidal material and the organic fraction of sediments, which we hypothesise are
important components of eroded material from intensive grasslands (Bilotta et al.,
2007). In addition, inputs of excreta and recycled animal manures in combination
with the high organic matter content of grassland soils are overlooked as potential
sediment sources in intensive grasslands.

Limitations of current operational definitions of soluble and particulate
fractions and importance of colloids

Sediment is defined as material that is transported from land to surface and ground
waters and can include clay (<2 pm), silt (2-60 um), sand (60 um — 2 mm), pebbles
(2-60 mm), cobbles (60-256 mm) and even larger material. Whereas, colloidal
material is defined as particles in the size range 1 nm — 1 pm. The operational
definition of ‘dissolved’ and ‘particulate’ phases is based on separation using a 0.45
pm threshold. We believe that current field and analytical techniques used to assess
sediment and colloid budgets result in errors because of confusion over terminology,
inadequate sampling, use of inappropriate membranes (Haygarth and Sharpley,
2000) and inaccurate means of separating and quantifying particles (Gimbert et al.,
2005). The widespread use of the 0.45 um membrane to separate ‘sediment and
particles’ from ‘solute and dissolved’ fails to determine the important range of
material between 0.1 and 1 um. We believe this range is an important component of
the material lost from intensive grasslands that is not characterised by conventional
techniques and plays a key role in contaminant mobilisation from intensive
grasslands. Sediment fractions and colloidal material comprise a continuous range
of particle sizes and analytical techniques use operationally defined thresholds that
need to be considered in the interpretation of their results. In this study we will
present results from flow field-flow fractionation that has enabled improved
characterisation of colloidal material.

Role of organic matter in sediment and colloidal losses

Intensive grassland soils contain high levels of organic matter (Bellamy et al., 2005),
due in part to deposits of excreta and recycled animal manure. The fate of these
sources of organic material in intensive grassland systems is poorly understood. We
believe that these sources contribute to the overall colloidal and sediment budget of

194



IPW5 Session: GrasP

intensive grassland systems. It is therefore, important that we improve our
understanding of the sources of these materials, the relative importance of soil
processes and agricultural land management activities and the timing and response
of different transport pathways (surface and subsurface). One way of increasing our
understanding of the relative contributions of deposited organic material, decaying
organic matter and soil is through the use of tracers (Granger et al., 2007). In this
project we have used a suite of novel tracing technigues that will improve our
knowledge of the importance of agricultural amendments — specifically the role of
slurry within grassland systems. These techniques include: natural abundance of
(*3C) carbon tracer which allows carbon and associated phosphorus to be followed
as well as natural fluorescence of protein-like substances characteristic of animal
wastes and manures, and fluorescent-labelled particles matched to slurry
characteristics by size and density.

Improved integration between field observations and modelling

Computer based mathematical models add value to the scientific process when they
are combined with field based observations, enabling the evaluation of our system
understanding. Improved dialogue between field based scientists and modellers is
required to translate the uncertainties in the observations we make and that exist in
our perceptual models and mathematical model inputs and parameter sets (Krueger
et al., 2007). The temporal and spatial variability of potentially dominant processes in
intensive grasslands requires careful and time consuming observations. There is a
need to balance the processes included in models with the need to account for
process variability and model uncertainty to enable development of parsimonious
model structures based on the data available. In this project we have learned from
the observations that we have made in the field, resulting in strong interactions
between model development and data collection. This integration will improve our
perceptual understanding and ability to predict colloidal P and sediment transfers
from intensive grasslands.
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Introduction

Grasslands cover a large proportion of the temperate land-mass including significant
areas of Europe, North America, New Zealand and Australia. In the UK, for example,
grasslands occupy approximately 65% of the agricultural area (Peeters, 2004). Much
of this grassland is intensively managed and has been ‘improved’ in some way.
Improvement of grassland can involve a whole range of modifications, from regular
additions of fertiliser and weed-control treatments, to tillage and re-seeding, to
installing subsurface drainage. These improvements are designed to enhance plant
growth and herbage yield and increase the productivity of livestock and dairy farming.
In temperate climates such as the UK, a major factor limiting the growth and
utilisation of grass in grassland systems is excess water due to poor drainage
(Armstrong and Garwood, 1991). Waterlogging of soils can lead to the development
of anoxic conditions (Dils and Heathwaite, 1999), can decrease the rate of nutrient
mineralization (Scholefield et al., 1993), and can slow the warming of the soil during
the spring (Farr and Henderson, 1986). This in turn can retard the growth of plant
roots and inhibit their function, reducing the overall plant growth and herbage yield
(Farr and Henderson, 1986). Furthermore, wet and saturated soils are more
susceptible to damage (such as compaction, pugging and poaching) by grazing
animals which can also reduce pasture herbage yield (Bilotta et al., 2007).
Consequently, subsurface drainage has been widely used as a strategy to alleviate
these problems (Robinson and Armstrong, 1987). During the last decade, however,
there has been increasing concern over the environmental impacts of subsurface
drainage. One particular area of concern which remains a controversial and poorly
understood issue relates to the influence that subsurface drainage has on the
transport of contaminants, such as sediment and phosphorus (P), from intensively
managed grasslands to surface waters. The objectives of this study were to
determine the effects of subsurface drainage on grassland hydrology and the export
of sediment and phosphorus to adjacent water courses.
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Experimental design

The work presented here is based on results from a field experiment designed to
investigate the influence of subsurface drainage on sediment and P export from
intensively managed grasslands. The experimental site, run as part of the Rowden
Experimental Research Platform at the Institute of Grassland and Environmental
Research, in Devon (UK), comprises four one-hectare paired lysimeter plots (two
drained and two undrained). The lysimeter plots were monitored for overland flow,
subsurface throughflow and/or subsurface drainflow, as well as sediment flux and
total P flux, over the 2005-2006 hydrological season. Plots were equipped to monitor
surface flow and drained flow in isolation, so that the effect of land drainage, common
to intensively grazed land on heavy soils, could be assessed not only in terms of the
threat posed to water quality from individual hydrological pathways, but also in terms
of the overall effect of subsurface drainage (i.e. drained versus undrained land) on
the sediment and P export budget.

Results

Data from individual storm events (e.g. see table 1) suggest that subsurface drainage
causes a reduction, by as much as 50%, in the total quantity of suspended sediment
and TP transferred from the 1 ha grassland plots.

Table 1. An example of a budget for hydrological, sediment and phosphorus fluxes
from drained and undrained 1 ha grasslands during an individual rainfall event on 07
March 2006. Minimum and maximum values are calculated using discharge
uncertainty intervals developed by Krueger et al. (2007). Estimated values are
calculated using discharge from a classical non-linear stage-discharge relationship.

07/03/06 Storm Event Undrained Plot Drained Plot

Budget (13) (12)

Rainfall Depth (mm) 11.43 11.43

Total Event Discharge Min Estimated Max Min | Estimated Max

(000 L) 90 103 120 42 52 60

% of Total Event 100 100 100 51 a7 49

discharge via the Interflow

Pathway

% of Total Event 0 0 0 49 53 51

Discharge via the
Drainflow Pathway

Total Suspended Solids 55 6.2 7.2 2.6 3.0 3.6
Exported (kg)

Total Phosphorus 17 19 22 8 9 11
Exported (g)

% of Total Suspended 100 100 100 74 71 73

Solids Transferred via the
Interflow Pathway

% of Total Phosphorus 100 100 100 71 68 70
Transferred via the
Interflow Pathway
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Conclusions

These results challenge existing environmental concepts which often suggest that
subsurface drainage can act as a preferential pathway which enhances sediment and
P transport from land to surface waters (e.g. Chapman et al., 2001; Dils and
Heathwaite, 1999). These findings will have important implications for those involved
in land-use and mitigation of effects on water-quality.
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Introduction

The impacts of diffuse agricultural pollution on river systems arising from the
application of slurry and inorganic fertilisers are widely acknowledged. Particulate,
colloidal and dissolved phases of slurry may be important sources of organic material
and vectors of phosphorus. However, the mobilisation, transport and dynamics of
each of these phases have not been quantified. Knowledge of these processes is
essential to assess the effectiveness of catchment sensitive farming procedures for
slurry application and to support their future refinement (Water Code, 1998).

The objectives of this study are to: apply tracers to elucidate the transport of
particulate, dissolved and colloidal slurry phases through experimental grassland
plots and to consider their significance for phosphorus transport.

Experimental design

Slurry (grass- and maize-derived with artificial fluorescent tracer) was applied, at a
rate of 21 m*ha™, to four of the 1-ha Rowden experimental platforms (Devon, SW
England) in April 2006. Surface and subsurface drainage waters from both drained
and undrained grassland plots were sampled prior to slurry application and during
subsequent rainfall events. Three novel applications of tracing techniques were used
to explore the movement of the various phases of slurry: 1) natural fluorescence
(dissolved phase), 2) fluorescent-labelled particles (matched to slurry particulates),
and 3) carbon isotopes (dissolved and particulate). The carbon isotopes thus provide
an independent assessment of both the natural and artificial fluorescence methods.

Natural fluorescence may be used to detect the presence of animal waste in water

(Baker, 2002). Technological advances enable fluorescence to be analysed rapidly
on small water samples with extreme sensitivity. During analysis fluorescent organic
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molecules are excited with UV light (wavelengths 200-400nm). Fluorescent centres in
optical space are produced by the molecules emitting energy as they return to their
ground state. Distinct fluorophores are produced by aromatic proteins (tryptophan
and tyrosine) and high molecular weight organic molecules (humic-like and fulvic-like
substances). The relative intensities of these fluorophores will reflect the source of
organic matter whereas their absolute intensities will reflect their concentrations
(Baker, 2002). Emission-excitation matrices of farm wastes have strong tryptophan-
like and tyrosine-like fluorophores indicating the usefulness of the technique for
detecting farm waste in water (Baker, 2002). Fluorescence intensity is also
influenced by the absorbance of the water samples produced by dissolved organic
matter. Absorbance was measured and used to correct the fluorescence data.

Artificial fluorescent particles were used to trace the movement of particulate
slurry. The particle size distribution of the slurry was determined and a commonly
occurring size thought to be important for phosphorus transport was identified.
Fluorescent particles of this size (with a density equivalent to organic matter) were
produced. Electrical and chemical properties of the slurry are more difficult to mimic-
hence the importance of any corroborative evidence from the carbon isotope method.

Naturally occurring carbon isotope (**C) tracer may be used to trace organic
matter in the fluvial environment. As organic forms of phosphorus are linked to
carbon (Bol et al., 2006) slurry derived organic phosphorus may be traced by tracing
slurry derived carbon. By applying C,4 plant (maize) derived slurry (enriched in *3C) to
the grassland plots enrichment of *3C in drainage waters should indicate the
presence of the applied slurry (see Granger et al., 2006 for details).

Preliminary results

Results are shown which illustrate the breakthrough of the different phases of slurry
over selected hydrological events. A signal consistent with a contribution of the
dissolved component of slurry to the drainage waters is illustrated for a small
hydrological event in Figure 1. This event was monitored in the subsurface drainage
waters of Plot 4 in May 2006. During the first 12 hours of this event both tryptophan-
like and tyrosine-like fluorescence increase in intensity over the rising limb of the
hydrograph and then flatten off. An important observation is that total dissolved
phosphorus (TDP) also increases in concentration for the first 3 hours of this period.
This is consistent with the natural fluorescence signal detecting the contribution of
the phosphorus rich dissolved phase of slurry. Total phosphorus (TP) tends to
increase at a faster rate over the first 12 hours of the event. As suspended sediment
concentration (SSC) peaks early in the event the increasing TP may reflect high
concentrations of TDP.
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Figure 1. Natural fluorescence, TDP, TP and SSC in subsurface drainage water of
Plot 4 during a small flow event,May 2006 (illustrating dissolved phase slurry tracing).

Results from an event simultaneously monitored in subsurface drainage waters of
Plot 9 (slurry applied) and Plot 12 (no slurry applied) also illustrates the natural
fluorescence signal of a contribution of dissolved phase slurry. Tryptophan-like and
Tyrosine-like fluorescence intensities and TDP remain relatively constant preceding
and during the event on Plot 12. However, on Plot 9 there is a strong increase in
fluorescence and TDP during the event, confirming the results from Plot 4.

The movement of the particulate phase of the slurry was successfully traced using
fluorescent-labelled particles. Data collected from the subsurface drainage waters of
Plot 9 during a large event in May 2006 are presented in Figure 2. During this flow
peak clear responses were observed in fluorescent particle counts and the
concentrations of total and volatile suspended solids. It is also significant that TP also
shows a similar pattern. Preliminary carbon isotope data also show an enrichment of
13C during this event which is consistent with a contribution of slurry particles.
Furthermore, the corresponding peak in TP during the event suggests that
phosphorus-rich slurry particles are being traced. Interpreting data from tracing slurry
in surface/interflow drainage waters (0-30 cm) has been more difficult owing to fewer
samples of this more episodic and, at low flows, less spatially connected hydrological
pathway.
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Figure 2. Artificial fluorescent particles, TP, Volatile solids and SSC in subsurface
drainage waters of Plot 9 during a large event, May 2006 (illustrating particulate
slurry phase tracing).

Conclusions

The novel tracing applications presented in this paper suggest that dissolved phases
of slurry may be successfully traced using natural fluorescence while particulate
phases may be traced using artificially labelled fluorescent particles and naturally
occurring carbon isotopes. Preliminary carbon isotope data corroborate the results
from the artificial fluorescent particle tracing. Isotopic analysis of the dissolved carbon
is currently being carried out and will be used to corroborate the signals from natural
fluorescence. The close correspondence between TDP and natural fluorescence and
TP and the artificial fluorescent particles is consistent with the tracing of phosphorus-
rich dissolved and particulate slurry phases. Extension of the tracing methods to
provide a quantitative assessment of the contribution of slurry to the quality of
drainage waters is currently being investigated.
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Introduction

After decades of environmental modelling, it is still debatable how robust process
descriptions can be inferred from incomplete and imperfect field observations. For
the phosphorus (P) transfer problem, we have recently proposed an efficient model
development strategy to address this issue (Krueger et al., 2007). Essentially, we
argue that the conceptualisation of P transfer processes requires a ‘top-down’
strategy aiming at the dominant modes of system behaviour, where these can be
supported by field observations. At the same time, models should be evaluated by
including uncertainties in model structure, parameters and data.

In this study, we applied our model development strategy to data collected from
intensively managed grassland plots at the Rowden Experimental Platform (SW
England). Discharge, rainfall, suspended solids, total P, and total dissolved
(<0.45pum) P were measured for two drained and two un-drained hydrologically
isolated 1ha plots during the 2006 water year. As one of few grazed grassland field
lysimeters in existence, the experimental setup provides a unique opportunity to
study storm dynamics of sediment and P transfer at the hillslope scale. This scale of
measurement could be considered one sub-unit of the catchment scale where water
quality management decisions will be required by international legislation such as the
EU Water Framework Directive (2000/60/EC). Discharge and rainfall was measured
at 1min resolution, water quality samples were taken at 30-60min intervals during
seven storms of 0.5-1.5d duration. At the drained plots, both the drain pathway
(85cm) and the surface pathway (including sub-surface flow down to 30cm) were
measured. The un-drained plots have only the surface pathway (down to 30cm).
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Identification of model processes

The modelling problem of P transfer from the experimental plots can be described in
a simplified form of three successive sets of processes: hydrology, sediment
dynamics and P dynamics. In the following, we explore to which extent these three
compartments could be inferred from the available data, both independently and
sequentially.

Hydrologically, the information content in the 1min flow monitoring data for the plots
was sufficient to identify a simple bucket model. This model was able to simulate the
observed hydrographs for both the drained and un-drained pathways. To account for
model input uncertainty, the time series of four rain gauges were used to define
multiple rainfall scenarios. Data from a detailed experiment to assess the relationship
between stage and discharge which spanned the whole range of observations was
used to quantify discharge uncertainty intervals. These were utilised to assess the
performance of model simulations.

As an initial hypothesis for the sediment dynamics of the plots, suspended solids
concentration could potentially be modelled as a function of discharge, wetness and
the slope of the hydrograph. However, when suspended solids concentration was
plotted against the above factors, no consistent relationships were found, especially
not between events (see Figure 1). The sediment dynamics during rising
hydrographs showed erratic behaviour but appeared more consistent during
recessions. Therefore, alternative hypotheses of the controls of sediment dynamics
during the critical high flow periods have to be developed. Hypotheses could include
soil dispersion and re-suspension in the drains and gravel filled ditches that surround
the plots. Importantly, these are hypotheses which could not be rigorously tested
using the available field observations. In general, measuring these processes at the
plot scale remains difficult.

For the P dynamics of the plots, a simple process formulation could be identified from
the data. Total P was modelled as a function of suspended solids, a reasonable
approximation given that dissolved P accounted for no more than 20% of total P in
the samples taken and no relationship between dissolved and total P was apparent.
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Figure 1. (a) — (c) Suspended solids concentration plotted against discharge for an
example of one drained (dual pathway) and one un-drained plot; seven different
events are identified by different markers. (d) — (f) Suspended solids concentration
plotted against 'wetness’ as expressed by an Antecedent Precipitation Index

(API; =k - API,_, + P with index value API; and rainfall P; at the ith timestep and a

recession factor k of 0.9 d™) for the example plots and events. (g) — (i) Suspended
solids concentration plotted against discharge for the example plots; data during
hydrograph recessions are drawn as solid lines, data during rising hydrographs as

dashed lines.

Conclusions

With detailed storm event observations at the well defined 1ha plot scale we
approached the limits of understanding the dynamics of sediment and P transfer. The
data, however, was sufficient to describe the hydrological behaviour of the plots and
guantify the data uncertainties. Between sediment and P dynamics robust
relationships could be found, although these did not take data uncertainty into
account since our current measurements (e.g. repeated samples) were sparse. The
most important ‘missing’ part in the P transfer problem appeared to be the link
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between hydrology and sediment dynamics. Employing our model development
strategy (Krueger et al., 2007), we presently lack observations to reject competing
model process representations. In this case, all feasible hypotheses must be retained
and evaluated through model ensembles with potentially very uncertain results. As a
concluding remark, the difficulties in robust model identification from typically
available data are likely to increase significantly when we scale up from defined plots
to heterogeneous catchments where multiple and dynamically varying
sources/pathways (often poorly defined) of sediment and P will be common.
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Introduction

In 1990 a methodology was developed to estimate the phosphorus (P) losses to
groundwater in the Netherlands, based on the so-called Phosphate Saturation
Degree protocol (PSD; Van der Zee 1990 a & b), which subsequently has been
adopted in many other countries as an indicator for P loss. The phosphate saturation
degree is based on the phosphate accumulation above the highest groundwater level
in relation to the phosphate sorption capacity of the same layer. In fact, this measure
is an indicator for the potential P loss to groundwater, but does not give any
information on the actual P loss from agricultural land to surface waters. P leaching
from the soil matrix is an important source of P loads to surface waters in flat areas
with shallow groundwater or pipe drains. To locate those agricultural areas that are
the prime contributors of diffuse P losses to the surface waters additional information
is needed (Heathwaite et al., 2003). In order to predict the actual P loss to surface
waters different approaches have been developed and compared in the Netherlands,
namely (a) a comprehensive process orientated approach (b) a metamodel
regression tree approach and (c) a simple approach at field scale. Each of the
methodologies to estimate surface and subsurface losses will be discussed in more
detail.

Methodologies

National approach: STONE

For the evaluation of the impact of Nitrate Action Plans, Environmental studies,
Water Framework Directive and OSPAR reporting activities on the nutrient losses to
groundwater and surface water the process oriented model STONE (Wolf et al.,
2003) has been developed in the Netherlands. The STONE model includes modules
for hydrology (SWAP/NAGROM,; Kroes and Van Dam, 2003; Van Bakel et al., 2007),
fertilizer application rates (CLEAN; Van Tol et al., 2002) and leaching ANIMO
(Groenendijk et al., 2005) which comprises descriptions of the carbon, nitrogen and
phosphorus cycle. Based on a number of data input sources, the Netherlands is
schematized into 6405 unique calculation units. The division into plots is mainly
based on a overlay of agricultural districts, meteorological districts, soil type, crop
type, and drainage conditions. The STONE model is a nutrient emission model. The
output of the model comprises the daily inorganic and organic phosphorus losses to
surface waters caused by subsurface leaching and surface runoff (Fig. 1).
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Figure 1. Diffuse P losses from rural areas at national scale caused by leaching
(Willems, et al. 2006).

Catchment modelling: NL-CAT

In a number of studies on catchment scale some modules of the STONE (Wolf et al,
2003) model are used to calculated the diffuse losses from rural areas. E.g. in the
EC-EUROHARP project ANIMO (Groenendijk et al., 2005) and SWAP were
assembled in the NL-CAT tool (Nutrient Losses at CATchment scale; Schoumans et
al., 2007) jointly with a surface water quantity (SWQN; Smit & Siderius, 2007) and
surface water quality (SWQL,; Siderius et al, 2007) tool in order to assess the
contribution of agriculture to the total load at the outlet of the catchment. This type of
modelling yields detailed results but requires high skills and costs and many efforts
for data acquisition. However, where the tool has been set up, a better understanding
of the catchment is possible and it is much easier to do simple to rather complex
scenario analyses.

Regional approach: Metamodelling; TEMPLE

For screening purposes, a simplified relationship between the main controlling factors
and P-leaching can be derived by relating the calculated phosphorus losses from the
dynamic process-oriented model, like STONE, and the main input characteristics of
that model (SIMPLE; Schoumans et al., 2002). This is called the metamodel
approach. Recently, more sophisticated statistical approaches have become
available to derive such relationships based on ensemble modelling with regression
trees (Breiman, 1996). Figure 2 shows the relationship between the process-oriented
model and the regression tree approach called the metamodel TEMPLE (Tree-based
Ensemble Modeling of Phosphorus Leaching to the Environment’; Walvoort et al.,
2007). Based on this statistical procedure it was shown that the most important
factors that determine the P losses by subsurface leaching are: actual P status of the
top soil (0-0.5 m) and the subsoil (0.5 — 1.2 m), the phosphate sorption capacity of
the top and the subsoil, mean highest groundwater level and the amount of upward
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seepage. In order to assess also the overland flow (runoff), also land use, P
application rate and net precipitation excess are important (Walvoort et al., 2007).
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Figure 2. The relationship between the derived metamodel (called TEMPLE) and the
process-oriented soil nutrient model and hydrological model (ANIMO/SWAP).

Local field approach: PLEASE

Besides predictions of phosphorus losses on a national scale (Action Plans) or
regional / catchment scale (management scenarios in relation to e.g. Water
Framework Directive), there is also an increasing interest in the assessment of P
losses at local field scale. The main reason is that measures to reduce P losses to
the surface water have to be implemented on this scale. Therefore, a procedure
(PLEASE; P losses by LEAching to groundwater and P losses by Soil Emissions to
surface waters) was developed based on measurements at field scale (Schoumans
et al., 2007). The main parameters are the P soil conditions (P source), hydrological
conditions (water transport) and location of the field in relation to the location of the
surface water (connectivity). With respect to the P source of the soil the soil P test
values of the plough layer (0-20 cm) and the layer beneath the plough layer (20-50
cm) of the field are used in relation to the parameters that determine the phosphate
sorption capacity of the soil (oxalate extractable aluminium and iron hydroxides: Alox
and Fe,). For the hydrological conditions the fluctuation in groundwater level is used
in combination with the depths of the trenches and ditches (drainage conditions). For
the influence of the connectivity a relationship is used between the penetration depth
of phosphorus in the soil and the distances of the edges of the field to the surface
waters (ditches, brooks, rivers). For a study area in the sandy district of the
Netherlands the relevant data were available to estimate the P losses from fields
(Schoumans et al., 2007).

Results and discussion: Inter-comparison of the approaches on aregional
scale

The different approaches (STONE, TEMPLE and PLEASE) have been compared on
a regional scale for the Schuitenbeek catchment, a sandy area in the middle of the
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Netherlands. Figure 3a shows the results of the national approach (STONE) for the
catchment (part of The Netherlands enlarged; Willems et al., 2006). Figure 3b shows
the results of the metamodelling approach (TEMPLE; Walvoort et al., 2007). Figure
3c shows the clustering of the results of the field approach (average of combinations
of soil type, hydrological conditions and land use based on PLEASE results;
Schoumans et al. 2007).

Figure 3. The diffuse P loads from on regional scale (Schuitenbeek catchment) based
on different approaches (a: national scale, b: regional scale and c: field scale).

It is obvious that an enlarged part of the Netherlands based on the national approach
(STONE) does not give sufficiently detailed information on a regional scale because
general national input data were used and the discretisation of the area was
insufficient. With the metamodelling (TEMPLE) approach and regional input data a
more detailed figure of the problem areas is shown. Clustering the results of P losses
calculations based on the field approach (PLEASE) shows more or less a similar
detailed view of the problem areas, although some additional problem areas are also
shown compared to the metamodel approach. A validation of measurements of the P
losses within the catchment is necessary in order to address which procedure is best
with respect to the regional scale. Furthermore, the results of the NL-CAT approach
should also be compared. This part of Dutch research in the near future.

Conclusions
In the Netherlands different methodologies and tools have been developed in order to
predict the P losses from agricultural land to surface waters on different scales.

- With respect to P emissions from rural areas a process-orientated dynamic
approach has been developed (STONE), which is used to evaluate the impact
of Action Plans at national scale. This approach is also used for reporting
purposes (OSPAR and national inland Emissions Registrations).

- For regional or catchment scale different approaches are available in the
Netherlands. A process-orientated dynamic approach for the interaction
between land and surface water is available for catchments (NL-CAT) and a
screening metamodel approach called TEMPLE

- Asimple local field approach, called PLEASE, was developed to predicted the
diffuse losses from a field by subsurface losses to surface waters.
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