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Introduction

Excessive P concentrations in streams and water impoundments are a feature of many
agricultural catchments where P amendments are applied to intensively grazed pastures. In
these systems P is lost in runoff, either as part of a solid, attached to a solid, or as a solute (i.e.,
dissolved in water). The terms “particulate” and “dissolved” are commonly used to define P
materials that pass through or are retained by a 0.45 um filter. Particulate P (PP; i.e., >0.45
pm) comprises crystalline P, adsorbed P and P in organic matter. On the other hand, dissolved
P (DP; i.e., <0.45 um) is generally considered to be dominated by inorganic orthophosphate
(H2PO4/HPO4%), the form of P utilised by both terrestrial and aquatic organisms. In well-
managed agricultural systems, unless there is a predisposition to erosion (i.e., high slope, gully
formation, dispersive soils, excessive animal treading damage), P in runoff is generally
dominated by DP that is reactive in an acid-molybdate solution (Murphy and Riley 1962),
known as Dissolved Reactive (DRP).

Phosphorus exports in runoff from pasture-based grazing systems can be conveniently divided
into “systematic” (i.e., base or background) and “incidental” (i.e., management) components
(Haygarth and Jarvis 1999). Phosphorus amendments can contribute directly to “incidental” P
exports soon after their application and to “systematic” exports by increasing soil fertility and
P cycling. While incidental P mobilized directly from amendments can account for a substantial
portion (30-80%) of total farm P exports, when appropriately managed, that figure can be <10%
(Nash and Hannah 2011; Nash et al. 2019). Of more concern appears to be P surpluses and the
increasing P concentrations in the so-called “legacy P (Kleinman et al. 2011) that represents
a recalcitrant baseline underpinning systematic exports.

Tools for assessing P export potential are often informed by empirical relationships between
soil test P (STP) and P concentrations developed from rainfall simulation studies (Vadas et al.
2005). The use of simulated rainfall and small plots (i.e., <100 m?) to study and estimate the
effects of legacy P on P exports has been justified on the basis that those systems mimic the
processes responsible for DP mobilization and saturated excess overland flow, rather than
quantify DP exports per se (McDowell et al. 2003a; McDowell et al. 2003b; Sharpley and
Kleinman 2003; Dougherty et al. 2008; Burkitt et al. 2011). We evaluate the influence of
experimental protocols in small-scale rainfall simulation studies on inferences related to P
source (i.e., Soil Test P (STP) and runoff P concentrations.
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The processes responsible for dissolved P mobilization

Studies of P runoff from pasture soils under natural rainfall are generally consistent in
describing an early spike in DP mobilization, then a decline as a storm stabilises at a slightly
lower rate and runoff DP concentrations are diluted with growing flow rate (e.g., Figure 1).
That proposition is supported by irrigation (Nash et al. 2007b; Nash and Barlow 2009) and
flume studies (Barlow 2003; Doody et al. 2006).
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Figure 1.  Within storm variation in total P concentration and flow from a field in the
Darnum region of West Gippsland, Australia on November 6, 1994. Adapted
from (Nash and Murdoch 1997).

For pasture systems, mathematical modelling (Deng et al. 2006), rainfall simulation studies
where water was applied on successive days (Sharpley 1995), and field studies where strong
relationships between overland flow volume and flow-weighted DP concentrations between
storms have not been found (Nash et al. 2000; Nash et al. 2005), all suggest a mixing layer
model could be used to describe P mobilisation. In a single layer mixing model, the depth of
soil and water mixing determines the quantity of P initially available for mobilization, with a
depth of ~ 3 mm expected in many well-managed pastures (Ahuja et al. 1981). It is highly
unlikely that a discrete layer of fixed depth exists in heterogenous pasture soils or even that
true overland flow is the only P transport pathway. The layer of detritus (e.g., decomposing
organic matter including thatch, fragments of dead organisms and faecal material, and
associated biological communities) near the soil surface is probably a reasonable
approximation of a mixing layer that transitions to the soil below. However, while overland
flow may occur, in many systems interflow in the surface detritus is common and functionally
indistinguishable from true overland flow (Nash et al. 2002). Compaction of soil below the
mixing layer by animal traffic would help supress infiltration (Alderfer and Robinson 1947;
Drewry 2006; Houlbrooke et al. 2009), contributing to interflow that manifests itself in the
form of spongy, saturated surface soil that exudes water on compression (e.g., grazing animals).
In these systems P is often exported offsite in a few large storms each year and exports continue



after rain, and therefore true overland flow, has ceased (Nash 2002). A single mixing layer
model in which chemical dissolution occurs is not consistent with these observations.

It is apparent that DP mobilisation occurs in two phases and can be described using a mixing
layer model with chemical transfer. Initially (Process 1), contaminants (e.g., P) are rapidly
mobilized from a layer or zone near the surface due to the physical interaction (i.e., mixing) of
soil and water. Subsequently, a second (Process 2), slower mobilization dominated by diffusion
and hydraulic dispersion (i.e., mechanical mixing by velocity variations at the microscopic
level during advective transport) transfers contaminants into the mixing layer from below and
facilitates solute egress from aggregates, plants, and detritus both within and to the mixing
layer.

Convective transport of dissolved pollutants such as P early in a storm (Process 1) is well
documented (Wallach 1991). Initially high rates of pollutant mobilization decline as labile
supplies are exhausted (i.e., P mobilization is supply limited). The second slower process on
the other hand, Process 2, is rate limited. While slow mobilization (i.e., Process 2) declines
exponentially with diffusion path length, the residual pool of accessible P is greater due to an
overall slower mobilization rate than Process 1 and access to a larger pool of P, especially from
below. It follows that while P mobilization tends to peak early in a storm, it often quickly
stabilises and marginally declines thereafter (Wallach and Shabtai 1992; Shi et al. 2011).

It is noteworthy that in pastures, P mobilization rates are likely to be influenced by infiltrating
water carrying P into the soil and away from the mixing layer (Wallach et al. 2001) or
conversely, return flow, especially from sub-surface interflow (Snyder and Woolhiser 1985),
transporting additional P into the mixing layer (Figure 2) (Govindaraju 1996).
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Figure 2. Field-scale processes contributing to DP mobilization.



Sources of DP mobilized from pasture soils.

Rather confusingly, the term “desorption” has often been used to describe DP mobilization into
overland flow. While “desorption” may have a broader context in relation to DP mobilization
that can include physical processes (e.g., diffusion-controlled desorption) (Sharpley et al. 1981;
Koopmans et al. 2004), it is questionable if the term “desorption” is appropriate for pasture-
based grazing systems. Moreover, using the term “desorption” implies that reactions between
orthophosphate and adsorption surfaces primarily control DP mobilization.

Dissolved P mobilization commences when rainfall or irrigation-water washes over pasture
plants and onto the soil surface. Numerous studies have shown that water can extract significant
concentrations of P from the plant canopy (Timmons et al. 1970; Sharpley 1981; McDowell et
al. 2011), especially after grazing (Mundy et al. 2003). Plant exudates can contribute to a
surface coating of soluble P mixed with dust that can be removed by rainfall. Phosphorus inside
standing detritus and intracellular P are more difficult to mobilize (Dougherty et al. 2004).

On arrival at the soil surface, water is exposed to both inorganic and organic sources of P in
the mixing layer. In pasture-based grazing systems organic P often comprises >50% of total
soil P (Perrott and Sarathchandra 1989; Perrott et al. 1990; Richardson 1994; Stutter et al.
2012; Stutter et al. 2015). Although relationships between organic carbon and P in overland
flow have been demonstrated (Halliwell et al. 2000), estimating the proportion P exports
derived from inorganic (e.g., mineral fertilizer) versus organic P sources (e.g., animal manures)
remains problematic.

The physical location of P released from organic sources in relation to other soil constituents
is also likely to affect P mobilization. While P in the form of orthophosphate (e.g., from plant
exudates) on the surface of detritus may participate in adsorption processes with inorganic soil
components, a considerable portion of P derived from organic sources would likely be
encapsulated by the organic materials themselves. Moreover, at microsites where organically
derived P may be sequestered, anionic organic matter may compete with P for adsorption sites
in ligand-exchange (Holford 1989; Schulthess and Sparks 1991) and, in acidic soils, organic
matter may lower the activity of iron and aluminium (Vijayachandran and Harter 1975), which
would otherwise precipitate P from solution (Thomas 1975; Bloom et al. 1979; Lobartini et al.
1998). There is little quantitative information on these mechanisms.

The role of experimental protocols in rainfall simulation outcomes

Numerous studies have investigated relationships between STP and P exports in simulated
overland flow. For a selection of those studies and their experimental protocols refer to (Nash
et al. 2021). Rainfall simulation experiments can be divided into three classes based on soil or
site preparation. For Repacked trays, soil is often collected from the field, air dried, processed
(e.g., crushed and sieved) and repacked into trays at near field soil bulk density (e.g., (Kleinman
et al. 2004)). Some of the soil layering may be reconstituted (e.g., 0-20 mm) and/or plant cover
established. For Intact turfs, wedges of soil and the associated plant cover are recovered from
the field and placed in trays. And for Field plots, borders of various types are used to
hydrologically isolate plots and collect overland flow in-situ. The plots are often located in
commercial fields or experimental plots. Specific aspects of rainfall simulation experiments
that may affect their ability to accurately estimate the effects of legacy P on P exports are
considered below.



Soil preparation

Soil preparation prior to the application of simulated rainfall is likely to affect relationships
developed using repacked trays. Increased P availability following wetting and drying cycles
is well documented (Frossard et al. 2000; Blackwell et al. 2010) and, even if the soil was
sampled in layers, it is highly unlikely that natural soil P stratification (Dougherty et al. 2006b)
(i.e., the mixing layer and transition zone below it) could be re-established. The “apparent”
mixing layer would contain only a fraction of the total soil P that would exist in the field, much
like field soils that have been cultivated as part of pasture renovation (Dougherty et al. 2006a;
Watkins et al. 2012).

Drying, crushing, and repacking trays is also highly likely to alter soil physical properties
including structure and aggregate stability that affect the diffusion pathways that are important
for rate dependant P mobilization (Process 2) and soil infiltration characteristics that affect
mass transfer of P into and out of the mixing zone (see hydrology below). The anomalies
created by reconstructing the soil profile do not occur to the same extent with intact turfs or
field plots and in part explains why small-scale, high-intensity rainfall simulation may under-
estimate natural runoff P concentrations from pastures (Dougherty et al. 2008).

A lack of significant differences in extraction coefficients (i.e., gradient of a linear plot of STP
against DRP concentration) between repacked trays and field plots (Vadas et al. 2005) has been
used to argue that repacked trays with re-established pasture soils adequately represents, and
compares well with, P mobilization under field conditions. However, a lack of significant
differences is not of itself a measure of similarity. Moreover, it is unlikely that the chemical
and physical attributes of a field soil could be reproduced by regrowing pasture in a glasshouse
(20°C £ 5°C) for <1 yr. prior to experimentation. More so in the absence of “normal soil
biology” and where harvested vegetation is removed. In field-scale studies, pastures that have
been cultivated prior to being resown, do not exhibit pre-cultivation P concentrations in soil
water (Watkins et al. 2012) and runoff (Nash et al. 2007b) until long after pasture is re-
established (i.e., >>1 yr.).

Scale and measurement duration

Effects of flow path length and velocity are two interrelated parameters that affect soil-water
contact time and Process 2, (i.e., P mobilization). The “time of concentration” (i.e., time for
the entire watershed to contribute to measured flow and therefore the time available for soil-
water interaction) (Grimaldi et al. 2012) is a concept used in hydrology to estimate the effect
of a rain event and is related to the time to peak flow and rainfall intensity (Michailidi et al.
2018). In rainfall simulation studies where P exports are often measured for <60 minutes after
overland flow has commenced, the time of concentration is relatively short when compared to
field-scale studies where overland flow persists for hours. Consequently, rapid, supply-limited
P mobilization (i.e., Process 1) would be expected to dominate P export concentrations in
simulated rainfall experiments. However, at the field-scale, most P exports occur in a few major
runoff events each year (Owens and Shipitalo 2006) that often last longer than an hour (Nash
2002). It follows that in the field, P exports are more likely to reflect rate dependant P
mobilization (i.e., Process 2) rather than P mobilized directly from the mixing layer.

Hydrology

In most rainfall simulation studies the hydrology is referred to using terms such as runoff,
surface runoff, overland flow, or saturated overland flow. While the latter description is true
for the outlet, it is unlikely to be the case for other areas of the tray or plot. In small scale
simulation experiments hydrology often varies between replicates within soil types, as



demonstrated by good relationships between STP and P concentration, and poor relationships
(i.e., R?<0.02) between STP and P loads (Pote et al. 1996). As P concentrations in runoff
reflect net P mobilization, understanding the hydrology of simulation experiments is important
for interpreting their outcomes (Kleinman et al. 2006)

A schematic diagram describing the possible hydrology of experimental trays is presented in
Figure 3a. Itis likely that infiltration excess overland flow, saturation excess overland flow and
interflow are occurring simultaneously in different locations (Nash et al. 2002). The
predominant hydrology will vary with soil infiltration rate and hydraulic conductivity (i.e.,
water transmission rate) (Nash 1984), and the degree of anisotropic behaviour (i.e., variation
in soil behavioural characteristics, such as hydraulic conductivity, when the direction of
measurement is changed, for example from the vertical to horizontal plane).

Hydrological variability associated with small-scale rainfall simulation experiments has been
used to justify prewetting soils shortly (i.e., ~1-2 d.) before both tray-based (Burkitt et al. 2011)
and plot-based experiments commence (Pote et al. 1996) (Table 2). Prewetting would be
expected to move P from the mixing zone into subsoil storage. In that case, the simulation is
assessing the short-term (i.e., < 2 day) ability of Process 2 to resupply P into the mixing layer
for a soil at near field capacity. Again, soil P buffering would be expected to affect that re-

supply.

Where field plots are used, the characteristics of the site (e.g., topography, initial soil water
content) determine which of saturation excess- or infiltration excess-overland flow or
interflow, is most prevalent (Figure 3b) (Srinivasan et al. 2007). Pedological features are also
critically important in gaining an understanding of the response of plot runoff to applied rainfall
(as simulated or natural rainfall) (Needelman 2002; Buda et al. 2009).
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Figure 3. Cross-sectional profiles of possible hydrology in (a) trays and (b) plots used
in small-scale rainfall simulation experiments.
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As an approximation, early in experiments, infiltrating water would be expected to transport P
from the mixing layer into the soil. Conversely, later in an event, especially where subsoil
conductivity is impaired, for example by grazing animals, or subsoils have low saturated
hydraulic conductivity compared to topsoils, shallow (i.e., <100mm) interflow may re-emerge
at the surface, diluting the overland flow and near surface interflow. Both overland flow and
interflow increase with scale (e.g., run-on from areas higher in the catchment increases with
scale) (Nash et al. 2002). It follows that different site preparation (e.g., pre-watering) and
experimental protocols (e.g., scale) can emphasise different hydrological processes and thereby
experimental outcomes, albeit with similar numerical outcomes in some cases (Sharpley et al.
1982; Cornish et al. 2002). Because of the effects of scale (McDowell and Sharpley 2002),
simply extending the duration of experiments is unlikely to replicate field-scale hydrology and
mobilization processes.

Soil test P methodology

Numerous soil tests have been used to infer DP export potential (Sims 1993; Sims 2000;
Maguire and Sims 2002; Nash et al. 2007a). Agronomic soil tests (i.e., 0-10 cm) were designed
to relate soil fertility to plant growth/yield (i.e., predict response to additional fertilizer). They
generally measure “quantity”, the concentration of soil P that is potentially available for uptake
during the crop cycle, or “intensity”, the immediately available P (i.e., P activity or
orthophosphate P concentration in soil water) in soil solution (Moody and Bolland 1999). In
Australasia, Olsen P and Colwell P are the two most common agronomic soil tests. Both use
bicarbonate solutions (0.5 M NaHCO3 at pH 8.5) to extract P. The shorter duration (30 min.)
Olsen P test measures both P quantity (i.e., supply) and intensity (i.e., concentration), while the
Colwell P (16 hr) predominantly measures P quantity (Moody and Bolland 1999).

As P mobilization is both a function of the P concentration in solution and ability to resupply
that P, neither test would be expected to reliably predict short-term (i.e., <48 hr) mobilization
of DP by water or changes in P availability over the year, especially those attributable to
organic sources and organically mediated P availability (Fox et al. 1990). The so-called
environmental tests include water soluble P and dilute (0.01M) calcium chloride extractable P
that both measure P intensity, and P sorption saturation that estimates the extent of soil binding
sites occupied by P, and therefore, P desorption potential (Kleinman 2017). Given that most
small-scale rainfall simulation studies appear to be focussing on short-term P mobilization from
the mixing layer (Process 1), there should be strong relationships (e.g., R>>0.7) between STP
and DP in runoff and even stronger relationships for the environmental tests, much as a single
layer mixing model would suggest (Sharpley et al. 1981). None of the common soil tests
consider organic sources of P and their possible indirect (i.e., effects on P sorption)
contributions to P exports.

Concluding discussion

An ability to estimate the systematic (i.e., background) component of P exports is necessary
for evaluating the effects of legacy P and optimising mitigation measures. While it is widely
acknowledged that empirical relationships between STP and P concentrations derived from
small-scale simulation studies do not quantitatively translate well to the field-scale, by
necessity, STP is currently the tool of choice for assessing systematic P export potential.

Despite the differences in experimental protocols (Table 2), most small-scale rainfall
simulation studies find good relationships between STP and P concentrations in runoff. Being
of short duration, such studies replicate the rapid mobilization of P early in a storm (i.e., Process
1) in a similar way to laboratory adsorption experiments. Their time scale evens out some
hydrological variation, albeit atypical of most field-scale hydrology. And intensive soil
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sampling around the time of rainfall simulation, minimizes temporal and spatial variation that
would be expected in the field (Mountier and During 1967; Morton et al. 2000; Department of
Natural Resources and Environment 2002; Simpson et al. 2015).

The limited set up conditions imposed by rainfall simulation protocols constrain the evaluation
of factors and mechanisms that have produced STP v DP relationships. Consequently,
extrapolation to larger scale is precarious (Shepherd et al. 2013), especially given that the
simulation data from which such equations are derived do not represent the time-dependant,
rate-limited process (i.e., Process 2) accounting for most P exports, or field scale hydrology
(i.e., transport mechanisms). It is therefore not surprising that most field-scale studies yield
poor quantitative relationships (i.e., R? <0.2) between STP and systematic P concentrations.

All else being equal, one would expect DP concentrations in runoff to increase with an increase
in STP. But in the field all things are rarely equal. Farming systems are complex with
interrelated capital (e.g., soil type, topography), management (i.e., history, grazing strategy)
and environmental (e.g., climate) components that are conditionally dependant on one another.
Is it possible to encapsulate that complexity in a single metric (i.e., extraction co-efficient or
soil test) derived from small-scale rainfall simulation experiments that can be used to estimate
systematic P concentrations and loads, even within a soil type, without reference to hydrology?

There are modelling platforms (e.g., Bayesian Belief Networks) that use cause and effect
relationships and probability theory that can be used to iteratively develop conceptually sound
mechanistic (i.e., quasi process) models (McDowell et al. 2009; Nash et al. 2010; Nash and
Hannah 2011; Nash et al. 2013b; Lucci et al. 2014). Importantly, these systems can interface
with conventional modelling (Pollino and Henderson 2010; Barton et al. 2012; Nash et al.
2013a; Phan et al. 2016; Bicking et al. 2019). Small-scale rainfall simulation studies have
potentially an important role to play in providing input to such modelling efforts. However,
more detailed analyses of the hydrology and other scale dependant processes (i.e., the system
components), rather than simply reporting apparent relationships, is needed. The emphasis
needs to be more on “how and why”, rather than “what” happened and working iteratively
towards a more process-oriented approach.

REFERENCES

Ahuja, LR, Sharpley, AN, Yamamoto, M, Menzel, RG (1981) The depth of rainfall-runoff-soil interaction
as determined by 32P. Water Resources Research 17 969-974.

Alderfer, RB, Robinson, RR (1947) Runoff from pastures in relation to grazing intensity and soil
compaction. Journal of the American Society of Agronomy 39 (11), 948-958.

Barlow, K (2003) Paddock to farm scaling of phosphorus export from irrigated agriculture - Farm drains
as a source or sink of phosphorus. PhD 'thesis', University of Melbourne.

Barton, DN, Kuikka, S, Varis, O, Uusitalo, L, Henriksen, HJ, Borsuk, M, de la Hera, A, Farmani, R,
Johnson, S, Linnell, JD (2012) Bayesian networks in environmental and resource management.
Integrated Environmental Assessment and Management 8 (3), 418-429. 10.1002/ieam.1327

Bicking, S, Burkhard, B, Kruse, M, Miiller, F (2019) Bayesian Belief Network-based assessment of
nutrient regulating ecosystem services in Northern Germany. PLoS ONE 14 (4), e0216053.
10.1371/journal.pone.0216053

Blackwell, M, Brookes, P, de la Fuente-Martinez, N, Gordon, H, Murray, P, Snars, K, Williams, J, Bol, R,
Haygarth, P (2010) Phosphorus solubilization and potential transfer to surface waters from
the soil microbial biomass following drying-rewetting and freezing-thawing. Advances in
Agronomy 106 1-35.

Bloom, PR, McBride, MB, Weaver, RM (1979) Aluminium organic matter in acid soils: buffering and
solution aluminium activity. Soil Science Society of America Journal 43 488-493.



Buda, AR, Kleinman, PJA, Srinivasan, MS, Bryant, RB, Feyereisen, GW (2009) Effects of hydrology and
field management on phosphorus transport in surface runoff. Journal of Environmental
Quality 38 (6), 2273-2284. 10.2134/jeq2008.0501

Burkitt, LL, Dougherty, WJ, Corkrey, R, Broad, ST (2011) Modeling the Risk of Phosphorus Runoff
Following Single and Split Phosphorus Fertilizer Applications in Two Contrasting Catchments.
Journal of Environmental Quality 40 (2), 548-558. 10.2134/jeq2010.0146

Cornish, PS, Hallissey, R, Hollinger, E (2002) Is a rainfall simulator useful for estimating phosphorus
runoff from pastures - a question of scale dependency. Australian Journal of Experimental
Agriculture 42 953-959.

Deng, Z-Q, de Lima, JLMP, de Lima, MIP, Singh, VP (2006) A fractional dispersion model for overland
solute transport. Water Resources Research 42 (3), 10.1029/2005wr004146

Department of Natural Resources and Environment, 2002. Phosphorus for dairy farms. Government
of Victoria, Melbourne, Victoria, Australia.

Doody, D, Moles, R, Tunney, H, Kurz, |, Bourke, D, Daly, K, O'Reagan, B (2006) Impact of flow path
length and flow rate on phosphorus loss in simulated overland flow from a humic gleysol
grassland soil. Sci. Total Env. 372 (1), 247-255.

Dougherty, W, Davies, P, Chittleborough, DJ, Cox, J, Nash, DM (2006a) Soil phosphorus de-
stratification to reduce export of phosphorus in surface runoff a sub-catchment used for
intensive grazing. In '18th World Congress of Soil Science'. July 9-15, 2006, Convention Centre,
Philadelphia, Pennsylvania, USA Available

Dougherty, W, Nash, D, Chittleborough, D, Cox, J, Fleming, N (2006b) Stratification, forms, and mobility
of phosphorus in the topsoil of a chromosol used for dairying. Australian Journal of Soil
Research 44 277-284.

Dougherty, WJ, Fleming, NK, Cox, JW, Chittleborough, DJ (2004) Phosphorus transfer in surface runoff
from intensive pasture systems at various scales: A review. Journal of Environmental Quality
33 (6), 1973.

Dougherty, WJ, Nash, DM, Cox, JW, Chittleborough, DJ, Fleming, NK (2008) Small-scale, high-intensity
rainfall simulation under-estimates natural runoff P concentrations from pastures on hill-
slopes. Soil Research 46 (8), 694-702.

Drewry, JJ (2006) Natural recovery of soil physical properties from treading damage of pastoral soils
in New Zealand and Australia: A review. Agr. Ecosyst. Environ. 114 159-169.

Fox, TR, Comerford, NB, McFee, WW (1990) Phosphorus and aluminium release from a spodic horizon
mediated by organic acids. Soil Science Society of America Journal 54 1763-1767.

Frossard, E, Condron, L, Oberson, A, Sinaj, S, Fardeau, J (2000) Processes governing phosphorus
availability in temperate soils. Journal of Environmental Quality 29 (1), 15-23.

Govindaraju, RS (1996) Modeling Overland Flow Contamination by Chemicals Mixed in Shallow Soil
Horizons Under Variable Source Area Hydrology. Water Resources Research 32 (3), 753-758.
10.1029/95wr03639

Grimaldi, S, Petroselli, A, Tauro, F, Porfiri, M (2012) Time of concentration: a paradox in modern
hydrology. Hydrological Sciences Journal 57 (2), 217-228. 10.1080/02626667.2011.644244

Halliwell, D, Vanderzalm, J, Lyall, R, Nash, DM (2000) Is there a relationship between organic carbon
and phosphorus in overland flowfrom flood irrigation grazing systems. In 'National Soils
Conference'. December 3-8, Lincoln University, Christchurch, New Zealand (Australian Society
of Soil Science Inc. Conference (NZSSS/ASSSI): Available

Haygarth, PM, Jarvis, SC (1999) Transfer of phosphorus from agricultural soils. Advances in Agronomy
66 195-249.

Holford, 1 (1989) Phosphate behaviour in soils. Agricultural Science 2 (5), 15-21.

Houlbrooke, DJ, Drewry, JJ, Monaghan, RM, Paton, RJ, Smith, LC, Littlejohn, RP (2009) Grazing
strategies to protect soil physical properties and maximise pasture yield on a Southland dairy
farm. New Zealand Journal of Agricultural Research 52 (3), 323-336.
10.1080/00288230909510517



Kleinman, PJA (2017) The Persistent Environmental Relevance of Soil Phosphorus Sorption Saturation.
Current Pollution Reports 3 (2), 141-150. 10.1007/s40726-017-0058-4

Kleinman, PJA, Sharpley, AN, Buda, AR, McDowell, RW, Allen, AL (2011) Soil controls of phosphorus in
runoff: Management barriers and opportunities. Canadian Journal of Soil Science 91 (3), 329-
338.10.1139/CJSS09106

Kleinman, PJA, Sharpley, AN, Veith, TL, Maguire, RO, Vadas, PA (2004) Evaluation of phosphorus
transport in surface runoff from packed soil boxes. Journal of Environmental Quality 33 (4),
1413-1423.

Kleinman, PJA, Srinivasan, MS, Dell, CJ, Schmidt, JP, Sharpley, AN, Bryant, RB (2006) Role of rainfall
intensity and hydrology in nutrient transport via surface runoff. Journal of Environmental
Quality 35 (4), 1248-1259.

Koopmans, GF, Chardon, WJ, Willigen, P, van Riemsdijk, WH (2004) 'Phosphorus desorption dynamics
in soil and the link to a dynamic concept of bioavailability.'

Lobartini, JC, Tan, KH, Pape, C (1998) Dissolution of aluminum and iron phosphate by humic acids.
Communications in  Soil Science and Plant Analysis 29 (5-6), 535-544.
10.1080/00103629809369965

Lucci, GM, Nash, D, McDowell, RW, Condron, LM (2014) Bayesian Network for Point and Diffuse Source
Phosphorus Transfer from Dairy Pastures in South Otago, New Zealand. Journal of
Environmental Quality 43 (4), 1370-1380. 10.2134/jeq2013.11.0460

Maguire, RO, Sims, JT (2002) Soil testing to predict phosphorus leaching. Journal of Environmental
Quality 31 1601-1609.

McDowell, R, Nash, D, George, A, Wang, QJ, Duncan, R (2009) Approaches for quantifying and
managing diffuse phosphorus (P) exports at the farm/sub catchment scale. Journal of
Environmental Quality 38 1968-1980.

McDowell, RW, Drewry, lJ, Paton, RJ, Carey, PL, Monaghan, RM, Condron, LM (2003a) Influence of soil
treading on sediment and phosphorus losses in overland flow. Australian Journal of Soil
Research 41 949-961.

McDowell, RW, Monaghan, RM, Morton, J (2003b) Soil phosphorus concentrations to minimise
potential P loss to surface waters in Southland. New Zeal. J. Agr. Res. 46 (3), 239-253.
10.1080/00288233.2003.9513550

McDowell, RW, Sharpley, AN (2002) Effect of plot scale and an upslope phosphorus source on
phosphorus loss in overland flow. Soil Use and Management 18 112-119.

McDowell, RW, Sharpley, AN, Crush, JR, Simmons, T (2011) Phosphorus in pasture plants: Potential
implications for phosphorus loss in surface runoff. Plant and Soil 345 (1), 23-35.

Michailidi, EM, Antoniadi, S, Koukouvinos, A, Bacchi, B, Efstratiadis, A (2018) Timing the time of
concentration: shedding light on a paradox. Hydrological Sciences Journal 63 (5), 721-740.
10.1080/02626667.2018.1450985

Moody, PW, Bolland, MDA (1999) Phosphorus. In 'Soils analysis: an interpretation manual'. Eds KI
Peverill, LA Sparrow, DJ Reuter.) pp. 187-220. (CSIRO Publishing: Collingwood, Victoria)

Morton, JD, Baird, DB, Manning, MJ (2000) A soil sampling protocol to minimise the spatial variability
in soil test values in New Zealand hill country. New Zealand Journal of Agricultural Research
43 (3), 367-375. 10.1080/00288233.2000.9513437

Mountier, NS, During, C (1967) Sources of error in advisory soil tests. IV Discussion of total variance.
New Zealand Journal of  Agricultural Research 10 (1), 139-142.
10.1080/00288233.1967.10423085

Mundy, GN, Nexhip, KJ, Austin, NR, Collins, MD (2003) The influence of cutting and grazing on
phosphorus and nitrogen in irrigation runoff from perennial pasture. Australian Journal of Soil
Research 41 675-685.

Murphy, J, Riley, JP (1962) A modified single solution method for the determination of phosphate in
natural waters. Anal. Chim. Acta 27 31-36.

10



Nash, D, Barlow, K (2009) Impacts of irrigated dairying on the environment. In 'Impacts of pastoral
grazing on the environment'. (Ed. R McDowell.) pp. 232-248. (CAB International Wallingford,
UK.)

Nash, D, Clemow, L, Hannah, M, Barlow, K, Gangaiya, P (2005) Modelling phosphorus exports from
rain-fed and irrigated pastures in southern Australia. Australian Journal of Soil Research 43
745-755.

Nash, D, Hannah, M (2011) Using Monte-Carlo simulations and Bayesian Networks to quantify and
demonstrate the impact of fertiliser best management practices. Environmental Modelling
and Software 26 1079-1088.

Nash, D, Hannah, M, Barlow, K, Robertson, F, Mathers, N, Butler, C, Horton, J (2007a) A comparison of
some surface soil phosphorus tests that could be used to assess P export potential. Australian
Journal of Soil Research 45 397-400.

Nash, D, Hannah, M, Halliwell, D, Murdoch, C (2000) Factors affecting phosphorus export from a
pasture-based grazing system. Journal of Environmental Quality 29 (4), 1160-1166.

Nash, D, Murdoch, C (1997) Phosphorus in runoff from a fertile dairy pasture. Australian Journal of
Soil Research 35 (2), 419-429.

Nash, D, Riffkin, P, Harris, R, Blackburn, A, Nicholson, C, McDonald, M (2013a) Modelling gross margins
and potential N exports from cropland in south-eastern Australia. European Journal of
Agronomy 47 23-32.

Nash, D, Waters, D, Bulda, A, Lin, Y, Yang, W, Song, Y, Shu, J, Qin, W, Hannah, M (2013b) Using a
conceptual Bayesian network to investigate environmental management of vegetable
production in the Lake Taihu region of China. Environmental Modelling and Software 46 170-
181.

Nash, D, Webb, B, Hannah, M, Adeloju, S, Toifl, M, Barlow, K, Robertson, F, Roddick, F, Porter, N
(2007b) Changes in nitrogen and phosphorus concentrations in soil, soil water and surface
run-off following grading of irrigation bays used for intensive grazing. Soil Use and
Management 23 (4), 374-383.

Nash, DM (1984) Discharges from land application systems in Victoria. Masters 'thesis', La Trobe
University.

Nash, DM (2002) Phosphorus transfer from land to water in pasture-based grazing systems. Ph.D.
'thesis', University of Melbourne.

Nash, DM, Halliwell, D, Cox, J (2002) Hydrological mobilisation of pollutants at the slope/field scale. In
'Agriculture, Hydrology and Water Quality'. Eds PM Haygarth, SC Jarvis.) pp. 225-242. (CABI
Publishing: Oxon, UK.)

Nash, DM, Hannah, M, Robertson, F, Riffkin, P (2010) A Bayesian Network for comparing dissolved
nitrogen exports from high rainfall cropping in south-eastern Australia. Journal of
Environmental Quality 39 1699-1710.

Nash, DM, McDowell, RW, Condron, LM, McLaughlin, MJ (2019) Direct exports of phosphorus from
fertilizers applied to grazed pastures. Journal of Environmental Quality 48 (5), 1380-1396.
10.2134/jeq2019.02.0085

Nash, DM, Weatherley, AJ, Kleinman, PJA, Sharpley, AN (2021) Estimating dissolved phosphorus losses
from legacy sources in pastures: The limits of soil tests and small-scale rainfall simulators.
Journal of Environmental Quality 50 (5), 1042-1062. https://doi.org/10.1002/jeq2.20265

Needelman, B (2002) Surface runoff hydrology and transport along two agricultural hillslopes with
contrasting soils. The Pennsylvania State University.

Owens, LB, Shipitalo, MJ (2006) Surface and subsurface phosphorus losses from fertilized pasture
systems in Ohio. Journal of Environmental Quality 35 (4), 1101-1109.

Perrott, KW, Sarathchandra, SU (1989) Phosphorus in the microbial biomass of New Zealand soils
under established pasture. New Zealand Journal of Agricultural Research 32 409-413.

11


https://doi.org/10.1002/jeq2.20265

Perrott, KW, Sarathchandra, SU, Waller, JE (1990) Seasonal storage and release of phosphorus and
potassium by organic matter and the microbial biomass in a high producing pastoral soil.
Australian Journal of Soil Research 28 593-608.

Phan, TD, Smart, JCR, Capon, SJ, Hadwen, WL, Sahin, O (2016) Applications of Bayesian belief networks
in water resource management: A systematic review. Environmental Modelling & Software 85
98-111. https://doi.org/10.1016/j.envsoft.2016.08.006

Pollino, CA, Henderson, C (2010) Bayesian networks: A guide for their application in natural resource
management and policy. Integrated Catchment Assessment and Management Centre, Fenner
School of Environment and Society, Australian National University, Canberra, Australia.

Available at
https://www.utas.edu.au/ data/assets/pdf file/0009/588474/TR 14 BNs a resource gui
de.pdf

Pote, DH, Daniel, TC, Sharpley, AN, Moore, PA, Edwards, DR, Nichols, DJ (1996) Relating extractable
soil phosphorus to phosphorus losses in runoff. Soil Science Society of America Journal 60 855-
859.

Richardson, AE (1994) Soil micro-organisms and phosphorus availability. In 'Soil biota management in
sustainable farming systems'. Eds CE Pankhurst, BM Doube, VVSR Gupta, PR Grace.) pp. 50-
62. (CSIRO Publishing: Canberra, ACT, Australia)

Schulthess, CP, Sparks, DL (1991) Equilibrium-based modeling of chemical sorption on soils and soil
constituents. Advances in Soil Science 16 121-163.

Sharpley, A, Kleinman, P (2003) Effect of rainfall simulator and plot scale on overland flow and
phosphorus transport Journal of Environmental Quality 32 (6), 2172-2179.
10.2134/jeq2003.2172

Sharpley, AN (1981) The contribution of phosphorus leached from crop canopy to losses in surface
runoff. Journal of Environmental Quality 10 160-165.

Sharpley, AN (1995) Dependence of runoff phosphorus on extractable soil phosphorus. Journal of
Environmental Quality 24 920-927.

Sharpley, AN, Ahuja, LR, Menzel, RG (1981) The release of soil phosphorus in runoff in relation to the
kinetics of desorption. Journal of Environmental Quality 10 (3), 386-391.

Sharpley, AN, Smith, SJ, Menzel, RG (1982) Prediction of phosphorus losses in runoff from southern
plains watersheds. Journal of Environmental Quality 11 (2), 247-250.

Shepherd, M, Wheeler, D, Selbie, D, Freeman, M (2013) OVERSEER: accuracy, precision, error and
uncertainty. In 'Accurate and efficient use of nutrients on farms'. Eds LD Currie, CL
Christensen.) (Fertilizer and Lime Research Centre, Massey University,: Palmerston North,
New Zealand.)

Shi, X-Z, Wu, L, Weiping, W, Wang, Q (2011) Solute transfer from the soil surface: A review. Soil Science
Society of America Journal 75 1214-1225.

Simpson, RJ, Stefanski, A, Marshall, DJ, Moore, AD, Richardson, AE (2015) Management of soil
phosphorus fertility determines the phosphorus budget of a temperate grazing system and is
the key to improving phosphorus efficiency. Agriculture, Ecosystems and Environment 212
263-277.10.1016/j.agee.2015.06.026

Sims, JT (1993) Environmental soil testing for phosphorus. Journal of Productive Agriculture 6 501-507.

Sims, JT (2000) The role of soil testing in environmental risk assessment for phosphorus. In 'Agriculture
and phosphorus management: The Chesapeake Bay'. (Ed. AN Sharpley.) pp. 57-81. (CRC Press:
Boca Raton, FL, USA)

Snyder, JK, Woolhiser, DA (1985) Effects of infiltration on chemical transport into overland flow. Trans.
Am. Soc. Agric. Eng. 28 (5), 1450-1457.

Srinivasan, MS, Kleinman, PJA, Sharpley, AN, Buob, T, Gburek, WJ (2007) Hydrology of small field plots
used to study phosphorus runoff under simulated rainfall. Journal of Environmental Quality
36 (6), 1833-1842. 10.2134/jeq2007.0017

12


https://doi.org/10.1016/j.envsoft.2016.08.006
https://www.utas.edu.au/__data/assets/pdf_file/0009/588474/TR_14_BNs_a_resource_guide.pdf
https://www.utas.edu.au/__data/assets/pdf_file/0009/588474/TR_14_BNs_a_resource_guide.pdf

Stutter, MI, Shand, CA, George, TS, Blackwell, MSA, Bol, R, MacKay, RL, Richardson, AE, Condron, LM,
Turner, BL, Haygarth, PM (2012) Recovering phosphorus from soil: A root solution?
Environmental Science & Technology 46 (4), 1977-1978.

Stutter, MI, Shand, CA, George, TS, Blackwell, MSA, Dixon, L, Bol, R, MacKay, RL, Richardson, AE,
Condron, LM, Haygarth, PM (2015) Land use and soil factors affecting accumulation of
phosphorus species in temperate soils. Geoderma 257-258 (C), 29-39.

Thomas, GW (1975) The relationship between organic matter content and exchangeable aluminium
in acid soil. Soil Science Society of America Proceedings 35 591.

Timmons, DR, Holt, RF, Latterall, JJ (1970) Leaching of crop residues as a source of nutrients in surface
runoff water. Water Resources Research 6 1367-1375.

Vadas, PA, Kleinman, P, N Sharpley, A, Turner, B (2005) 'Relating soil phosphorus to dissolved
phosphorus in runoff: A single extraction coefficient for water quality modeling.'

Vijayachandran, PK, Harter, RD (1975) Evaluation of phosphorus adsorption by a cross section of soil
types. Soil Science 119 (2), 119-126.

Wallach, R (1991) Runoff contamination by soil chemicals: Time scale approach. Water Resources
Research 27 (2), 215-223. doi:10.1029/90WR01784

Wallach, R, Grigorin, G, Rivlin, J (2001) A comprehensive mathematical model for transport of soil-
dissolved chemicals by overland flow. Journal of Hydrology 247 (1), 85-99.
https://doi.org/10.1016/50022-1694(01)00365-1

Wallach, R, Shabtai, R (1992) Modelling surface runoff contamination by soil chemicals under transient
water infiltration. Journal of Hydrology 132 (1), 263-281. https://doi.org/10.1016/0022-
1694(92)90182-U

Watkins, M, Castlehouse, H, Hannah, M, Nash, DM (2012) Nitrogen and phosphorus changes in soil
and soil water after cultivation. App. Environ. Soil Sci. 2012 10. 10.1155/2012/157068

13


https://doi.org/10.1016/S0022-1694(01)00365-1
https://doi.org/10.1016/0022-1694(92)90182-U
https://doi.org/10.1016/0022-1694(92)90182-U

