PHOSPHORUS LEACHING FROM GRAZED PASTURE SYSTEMS IN AOTEAROA NEW ZEALAND: SOURCES, FORMS,
EXTENT AND RISK FACTORS

C.W. Gray?, W.D. Talbot?!, M.M. Manning?, R. Murray?, A.H.C. Roberts?
‘Ravensdown, 312 Main South Road, Hornby, Christchurch 8042, New Zealand

Abstract

The diffuse loss of phosphorus (P) from agricultural land poses a threat to freshwater quality. While past research
has focused on measuring P loss in surface pathways, less attention has been given to subsurface loss (viz
leaching), probably because many soils have a moderate-high capacity to retain P. Research over the last two
decades has challenged this assumption, revealing that P leaching loss can be important for some soils and land
management practices. However, the impact of P in drainage on freshwater depends on its connectivity to
freshwater and form of P leached. This paper summarises research on P leaching from grazed pasture systems
in New Zealand, reporting on the extent and risk factors affecting P loss. Landowners, advisors and regulators
can use this information to help minimise P leaching loss and its impact on freshwater quality.

Research has identified several often-interacting factors that increase the risk and extent of P leaching.

e  Phosphorus leaching is often proportional to the soil P status. This is because it affects the extent of
mobilisation of dissolved and particulate P into soil solution, which subsequently can be leached.

e The anion storage capacity (ASC) is important, because low ASC soils have limited capacity to retain P
during subsurface flow, resulting in greater P leaching.

e  Phosphorus loss can be higher in soils that contain preferential flow pathways or artificial drains that
enable P in drainage to bypass retention by the soil matrix.

e Continuous P inputs to soils can saturate P sorption sites, especially the walls of macropores or very low
ASC soils, reducing their ability to retain P from drainage water, resulting in greater leaching.

e The source of P can impact leaching e.g., FDE, rich in P particles, are more susceptible to leaching than
P fertilisers containing orthophosphate.

e The timing of P application can be critical, as sources such as soluble P fertilisers can be lost if large
drainage events occur shortly after application.

e Selecting the appropriate P fertiliser product can affect P loss, particularly when soluble P products are
applied to low ASC soils or high-rainfall environments.

e Irrigation management can impact P leaching, so adjusting irrigation based on soil type may reduce
losses.

Introduction

The diffuse loss of nutrients such as phosphorus (P) from agricultural land can negatively impact freshwater
quality (Parliamentary Commissioner for the Environment 2015). Despite P concentrations improving in some
monitored New Zealand streams and rivers (McDowell et al. 2019) it is recognised there are still opportunities
to further reduce P loss through implementation of mitigation measures, supported by voluntary guidelines and
regulation. A key piece of information required to ensure mitigation measures are successful, is knowledge of
the different pathways of P loss from agricultural land. Historically, the majority of studies investigating P loss
from soils have focused on surface and near surface pathways (Heathwaite and Dils 2000). In comparison, there
has been much less research on subsurface (viz leaching) P loss, probably because of the assumption that many
subsoils have a moderate to high capacity to retain P (Correll 1998). However, research over the last couple of
decades in Aotearoa New Zealand and elsewhere has challenged this assumption, demonstrating that P from
leaching can be an issue for some soil types and conditions and specific land management practices. Further, if
there is connectivity between groundwater and surface water or a direct discharge of water via artificial drains
(e.g., mole-tile) to receiving waterways, the P in the drainage water may also contribute to the enrichment of P
in freshwater (McDowell et al. 2015; Monaghan and Smith 2004). Despite the work over the last couple of
decades, many people are unaware that P leaching loss can be an important loss pathway for some soils and
conditions. The aim of this paper is to therefore provide a brief summary of research undertaken on P loss via
leaching in grazed pasture systems in New Zealand, reporting on the sources of P, forms of P in drainage, the
extent of P loss, but importantly highlighting the main risk factors affecting P loss. This information can be used
by landowners, advisors and regulators to assist in the management of P in grazed pasture systems to help
minimise P loss via leaching from land and reduce its impact on freshwater quality.



Sources of P in grazed pasture systems

Phosphorus loss from grazed pasture systems comes from a combination of sources including the soil, P
fertilisers, animal dung, farm dairy effluent (FDE), and pasture plants (McDowell et al. 2007). Soils supply plants
and soil organisms with P but are also often the principal source of P loss (McDowell et al. 2007). Different types
of P fertilisers are applied to soil to replenish plant-available P, but some dissolved fertiliser-P may be lost through
subsurface flow before it can be retained by the soil or used by plants and soil organisms (McDowell and
Monaghan 2015). Farm dairy effluent contains a range of essential plant nutrients, including P, that can be lost
through subsurface flow before it can be used by plants and soil organisms (McDowell et al. 2019). Dung from
grazing animals contains P, although the amount returned to the soil and therefore the amount of P that
potentially could be lost depends on animal type and diet (Haynes and Williams 1993). Plants can also be an
important source of P loss when grazing animals tear forage (Mundy et al. 2003), releasing the soluble P that is
stored in cell vacuoles (Pate 1976).

Forms of P measured in drainage water

Along with total P (TP), typically three forms of P are measured in drainage water: Dissolved Reactive P (DRP),
Dissolved Unreactive P (DURP), and Particulate P (PP). The forms are defined by whether the P is present in the
dissolved or particulate fraction (the distinction made by filtration through a 0.45 pum filter membrane), and
whether the P is present in an inorganic (reactive) form (reactivity in an acid-molybdate solution) or organic
(unreactive) form (Haygarth and Sharpley 2000).

Dissolved Reactive P and DURP both have P present in the dissolved fraction. Dissolved Reactive P is the most
immediately bioavailable form of P in drainage water and is largely comprised of orthophosphate ions (Robinson
et al. 1994). In contrast, DURP is thought to be made up of largely organic forms of P, some of which (i.e., diesters
such as phospholipids) are considered to have a low sorptive capacity in soils. This means that they can have a
relatively high mobility in some soils (McDowell et al. 2021; Pizzeghello et al. 2016; Toor et al. 2003). Further,
some forms of organic P have been shown to be as bioavailable in water as orthophosphate (Li and Brett 2013),
although other forms still require transformation by hydrolysis to orthophosphate (Thompson and Cotner 2018).

The other form of P in drainage water is PP, which, depending on its source, includes both reactive and unreactive
forms that are either part of a solid or attached to a solid. Particulate P comprises crystalline P, absorbed P, and
P in organic matter that requires transformation to orthophosphate before it is bioavailable in drainage water
(Nash et al. 2019). The enrichment of drainage with PP is indicative of preferential flow in soils via macropores
(fissures or biopores > 0.03 mm in diameter). This is because PP is usually filtered out during matrix flow
conditions (Dils and Heathwaite 1999). It has been found enrichment of PP in drainage is particularly important
at the start of the drainage season (Gray et al. 2020), mostly after prolonged dry periods where soil can be
washed or slaked from the sides of macropores or other preferential flow pathways e.g. mole fissure and channel
network (Monaghan et al. 2005). Particulate P has also been found to be the dominant form of P in drainage
from soils amended with FDE (McDowell et al. 2019; Toor et al. 2005), thought to be related to the high
proportion P-rich particles (> 60% of TP) that have been measured in FDE (Houlbrooke et al. 2008) and from soils
receiving cattle dung (McDowell et al. 2021; McDowell 2008).

How much P is lost via leaching?

A focus of research has been around quantifying how much P is lost via leaching from grazed pasture systems
and the factors that affect loss. This has been undertaken in laboratory to field scale studies, measuring P in
drainage collected using a range of methods including lysimeters (different sizes and depths), mole and pipe
drains and to a lesser extent Teflon cups.

A wide range of P concentrations and loads has been reported (Table 1), although the variation in P loss is not
unexpected given that often a combination of different interacting factors can contribute to P loss at any one
time in a farm system. What is apparent from these studies is that in general, P loss from grazed pasture systems
in relative terms tends to be greater from surface than from subsurface pathways. Although as will be described
in the next section, within subsurface pathways, the risk of P loss is greater in soils dominated by preferential
(macropore) flow than matrix (through soil aggregates) flow. This is related to the effect soil properties and the
contact time between the drainage water and the soil have on P loss.

In addition, despite lower P losses in subsurface flow, studies have reported that DRP and TP concentrations
sometimes exceed guidelines recommended for good surface water quality in lowland New Zealand rivers, which



are 10 ug DRP L and 33 pg TP L respectively (ANZECC, 2000) or the proposed National Policy Statement on
Fresh Water standard for New Zealand for DRP of 18 pg L'? (Ministry for the Environment 2019). However, it is
important to note that despite P being detected in drainage water, the potential for the P to then impact on
freshwater is contingent on several factors. The transfer of P into surface water via groundwater relies on deep
drainage of leachate through the soil and vadose zone, and a good connectivity between ground and surface
water bodies (McDowell et al. 2015). Or for soils where there are artificial drains (e.g., mole-tile) in place, a
connectivity to the receiving waterway (Monaghan and Smith 2004). Even then, the form of P in surface water
i.e., inorganic or organic P, dissolved or particulate, along with in-stream physical characteristics, will determine
its bioavailability and potential effect on water quality.

What factors affect the risk of P leaching loss?

Phosphorus loss in runoff is reported as occurring from a combination of background or soil losses and incidental
losses (Haygarth et al. 2000). Background losses are P that has had an opportunity to react with the soil and is
lost in both surface and subsurface flow events that occur throughout the year. Incidental P losses occur when a
concentrated source of available P (e.g., fertiliser, FDE application) and a flow event coincide, sometimes leading
to a large but often short-term P loss. Incidental P losses are affected by management decisions such as the
concentration, rate and timing of fertiliser/FDE application, the form of P fertiliser applied, source of P, the
depth/rate of FDE application, type and rate of irrigation. Both background and incidental P losses are also
affected by factors such as rainfall and soil properties which affect the transport of P from the soil to water
(McDowell et al. 2005).

Soil P status

Soil fertility is often the biggest factor affecting P loss, with the risk proportional to the soil P status (e.g., Olsen
P concentration) (McDowell et al. 2021). This is because it affects the extent of mobilisation of dissolved and
particulate forms of P into soil solution, which subsequently can be lost in surface or subsurface runoff. However,
while there are New Zealand studies that have related soil Olsen P concentrations to P loss in surface runoff (e.g.,
Gillingham and Gray 2006; McDowell et al. 2003a,b), we are unaware of New Zealand studies that have
investigated this with respect to P leaching, although there are overseas examples (e.g., Djodjic et al. 2023; Nigon
et al. 2022; McDowell and Sharpley 2001; Smith et al. 1998; Heckrath et al. 1996).

Anion storage capacity

One of the most important soil properties affecting the mobility and potential loss of P is the anion storage
capacity (ASC) (i.e., amount of Fe and Al oxides in the soil). This is particularly important in soils where subsurface
flow moves through soil aggregates i.e., matrix flow (Carrick et al. 2014). This is because soils with low ASC (i.e.,
<15%) such as sands or organic soils only have a limited capacity to sorb orthophosphate during subsurface flow.
This was highlighted in a study by McDowell and Monaghan (2015) that compared P leaching losses in drainage
collected to 35 cm from three grazed sites in Southland, that had soils with different ASC (Table 1). Over an 18-
month period, the drainage volume was similar among all three sites (521-574 mm) however, the dissolved P
load leached from a Podzol (ASC 55%) was 1.7 kg ha™, compared to 87 kg P ha from an Organic soil (ASC <5%)
(Table 1).

Preferential flow pathways

Subsurface P loss has been found to be important in soils that have coarse textures and high stone contents
(Carrick et al. 2013), and in some soils with high subsurface clay content (Cox et al. 2000; Jensen et al. 1998),
particularly if drainage occurs soon after P application (Nash et al. 2019). The presence of stable macropores in
these types of soils can enable preferential flow of drainage, bypassing the soil matrix, resulting in less
opportunity for sorption and retention of P from drainage water (McDowell et al. 2019b; Toor et al. 2005; Cox et
al. 2000). Carrick et al. (2014) for example reported strong preferential flow and leaching of P (up to 1.4 kg TP
ha') from a young stony soil that had a subsoil dominated by stones (>60% below 15 cm depth) that received
constant-rate irrigation (Table 1). Losses can also be important in soils that have an artificial drainage network
(i.e., mole-pipes) that can intercept vertical preferential flow from macropores and transport the P directly into
waterways (Monaghan and Smith 2004). Houlbrooke et al. (2008) reported in a study carried out in the
Manawatu 2.55 kg P ha™ was lost in drainage from a mole-pipe that included a badly timed FDE irrigation event
under ‘standard’ practice when the soils were wet, compared to 1.68 kg ha™ lost via deferred irrigation that
excluded the badly-timed event.



Saturation of P sorption sites

There is evidence that long-term inputs and sorption of P in the subsoil of very low ASC soils and the walls of soil
macropores (e.g., Sinaj et al. 2002) can lead to sorption sites becoming saturated in P, reducing their ability to
sorb P from drainage water, resulting in enhanced P losses (Hooda et al. 2001). Several overseas studies have
shown this to be particularly important for soils that have received inputs of organic P such as manure (Liu et al.
2015). In a trial at the Lincoln University dairy farm, McDowell et al. (2019b) showed over a 14-year period,
annual application of 30 kg of P ha from SSP + 10 kg ha of P from FDE to a free draining, low ASC soil greater
P loss (1.461 kg ha' yr?) than from the same soil that received the same amount of P but only from SSP (0.245
kg ha? yr?). Losses were also much higher than from a moderately well-drained soil located at the trial site that
received the same rates of either SSP or FDE + SSP (0.12 kg hal yr?, for both treatments) (Table 1). The enhanced
P loss was attributed to several factors including high preferential flow rates through soil macropores, but also
due to a gradual saturation of P sorption sites on the walls of the macropores over the 14 years of P from FDE
application.

Source of P

There is evidence that the source of P applied can affect the amount of P loss in subsurface flow. Several studies
have reported greater P loss from soils amended with FDE compared to water-soluble P fertiliser (McDowell et
al. 2019; Carrick et al 2014). Toor et al. (2004) for example reported the average TP load in drainage measured
over two years from a flood irrigated stony silt loam soil under pasture, amended with SSP (45 kg P ha*) and FDE
(45 kg P ha') was 1.95 kg ha yr. This compared to 1.10 kg ha yr? for the same soil amended with only SSP
(90 kg P ha') (Table 1).

Comparison has also been made of the relative loss of P from soils amended with cattle dung and SSP (e.g.,
McDowell et al. 2008) (Table 1). McDowell et al. (2021) for instance compared P loss from a stony soil with a low
ASC (<15%) that had been amended with dung or SSP fertiliser at 45 kg P ha', and SSP and dung at 90 kg ha™™.
Higher P losses were measured from the soil amended with dung than SSP, largely due to the greater leaching of
P as DURP and PP in the dung treatment. It was suggested this was because the DURP and PP contained in dung
have a lower affinity for soil P sorption sites than the orthophosphate, the main form of P in SSP fertiliser, and
when applied at the same rate, DURP will be preferentially leached. The study also measured the relative
movement of different species of organic P through samples of the aquifer gravels which underlaid the site the
soil was located. It found most species of organic P were poorly sorbed and leached at a faster rate than
orthophosphate, increasing their risk of enriching groundwater. As previously discussed, many species of organic
P are as bioavailable as orthophosphate, hence may present a risk to water quality.

Timing of P application

The application of P fertiliser is obviously critical in maintaining fertility in soils. When applied using best practice
(e.g., 4R Nutrient Stewardship; (FANZ 2023)), the direct loss of fertiliser P from grazed systems have been
estimated to be small (<10%) (Nash et al. 2019; McDowell et al. 2007). One of the 4Rs is the application of P
fertiliser at the right time. Although timing has been shown to be important in affecting P loss in New Zealand
systems where surface flow dominates, timing of P fertiliser application in relation to drainage will also
undoubtedly be important in determining how much P potentially could be lost, especially from P fertiliser
applied to soils where preferential flow through macropores is important, or soils have very low ASC. This is
because orthophosphate contained within P fertilisers such as SSP is highly water soluble. So while the P
contained in fertiliser after application is diffusing into soil solution and eventually into the soil matrix, which is
a relatively quick process occurring withing a couple of days (Degryse and McLaughlin 2014), there is a risk of P
loss should a large drainage event occur, resulting in preferential flow in soil macropores (Nash et al. 2019).
Several authors have defined this risk period to last from 7 to 60 days (with a mean of 21-days) depending on
the soil type and climatic conditions, and the loss is exponential (McDowell and Catto 2005). But typically, the
longer the interval between the application of P fertiliser and a drainage event, the smaller the P loss.

As noted already, the application of FDE to soils at times when they are wet particularly at high rates, may lead
to preferential flow and significant P loss, especially if the soils have mole-pipe drains (Houlbrooke et al. 2008;
Monaghan and Smith 2004).

P fertiliser product
Another one of the 4Rs is the application of the right product. In unavoidable situations where soils are located
in high rainfall environments, soils are dominated by macropores or have very low ASC, the use of less water-



soluble P fertilisers (e.g., RPR, serpentine super) may well be appropriate to help minimise P leaching from soil.
This was investigated by Simmonds et al. (2016), who found significantly smaller losses of both DRP and DURP in
drainage from a very low ASC (<2%) acid Organic soil that had been amended with RPR instead of SSP when it
been limed to > pH 5.5.

Irrigation management

Another management factor that can influence subsurface P loss from soils is irrigation (Carrick et al. 2014; Toor
et al. 2004). Irrigation increases soil moisture and the likelihood of drainage if the soil’s water holding capacity
or consideration of subsequent rainfall or irrigation events are not taken into account after P application (Trout
et al. 2007). A study conducted in Central Otago examined P loss in drainage over three years on a stony fine
sandy textured soil with low ASC (<15%) under uniform irrigation (McDowell 2017). Following soil mapping at
the site and adjustment of irrigation rates to match the soil types beneath the irrigator (variable rate irrigation),
P loss decreased by about 80%, highlighting the role appropriate irrigation management can play in mitigating
subsurface P loss (Table 1).

Summary

Over the past two decades, research has revealed the potential risk of P loss from land to water through leaching
in grazed pasture systems. The extent of this loss is influenced by various interacting factors, such as soil P status,
the soil ASC, flow pathways (i.e., matrix, preferential), presence of artificial drainage, extent of P saturation,
source of P, timing of P application, types of P fertilisers used, and irrigation practices. The extent of P loss is
variable, although typically lower than P losses in surface flow. Despite this, effective management of P loss
through leaching in grazed pasture systems is crucial for safeguarding freshwater quality in New Zealand. An
understanding of the sources, forms, and influencing factors of P leaching can aid landowners, advisors, and
regulators in developing strategies to minimize P loss and mitigate its impact on water quality.
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Soil properties Soil Order | Trial type Date P inputs (kg ha yr) and/or treatment Drainage DRP TP load/loss TP Reference
(NzsC) conc. conc.
(mm) (mglL?) | (kghatyr?) | (mglL?)
ASC 30%; very stony Brown Lysimeter 2018 14 P fert, Lucerne dryland 307 0.006 0.120 0.043 | Gray etal. 2020
2019 9 P fert, + 14 dung, Lucerne dryland 124 0.015 0.044 0.038
2018 11 P fert, 28 FDE, 6 dung, Lucerne irrigated 493 0.008 0.207 0.046
2019 36 P fert, 62 FDE, Lucerne irrigated 252 0.011 0.055 0.031
ASC 21% Recent Lysimeter 2001-14 | 40P fert 285 0.019* 0.245 0.057* | McDowell et al. 2019b
ASC 25% Recent 30 P fert + 10 FDE 319 0.050* 1.461 0.171*
ASC 16% Pallic 40 P fert 231 0.007* 0.117 0.032*
ASC 19% Pallic 30 P fert + 10 FDE 204 0.010* 0.122 0.037*
ASC <20%; >60% gravels at 40 | Recent Lysimeter 2015 30 P fert, low irrigation + urine 289 0.003 0.070 0.024 | Gray et al. 2016
30 P fert, low irrigation - urine 352 0.006 0.124 0.035
30 P fert, med irrigation + urine 316 0.010 0.087 0.029
30 P fert, med irrigation - urine 372 0.003 0.153 0.041
30 P fert, high irrigation + urine 324 0.003 0.093 0.029
30 P fert, high irrigation - urine 367 0.010 0.167 0.045
ASC 23%; stone content 10% | Brown Lysimeter Received flood irrigation 92 mm 8 times/yr 836 0.76 Toor et al. 2004
in topsoil and 46% in subsoil 45 P fertiliser (superphosphate)
Received flood irrigation 92 mm 8 times/yr 854 1.10
90 kg P fertiliser (superphosphate)
Received flood irrigation 92 mm 8 times/yr 850 1.95
45 kg P fertiliser (superphosphate) + 45 kg
FDE
ASC 4%; stone content of 54% | Recent Lysimeter 28 FDE, constant-rate irrigation c. 170 - 03-14 - Carrick et al. 2014
in topsoil and 64% in subsoil
95 P fert, 8.8 FDE + cow urine, periodic c. 900 - 0.2-0.4 -
irrigation
ACS 12%; >35% gravels within | Recent Lysimeter 2012-14 Grazed, dairy; 45 kg P/ha/yr; irrigated c. 500 1.69-2.1# McDowell et al. 2021
50 cm (700mm), 5 mm every 4-5 days over 6
months
Recent Lysimeter 2015 Control 200 0.71 McDowell et al. 2021
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45 Dung 200 1.24
45 P fertiliser 200 0.86
90 P fertiliser + dung 200 2.43
ASC <10% Organic Teflon cup Site developed out of scrub for 2 yr and 992 877 McDowell and
used for winter forage cropping Monaghan 2015
47-61% Podzol Teflon cup Site developed into pasture for 10 yr 1131 1.77
25-62% Intergrade | Teflon cup Been in pasture for 2 yr 9.0°
ASC 15%; Olsen P 14 Recent Teflon cup | 2015 Sheep-cattle grazed pasture; 12 1331 0.52 1.33## Smith et al. 2016
Recent 2015 cattle-grazed winter forage crop; 141 P 1293 0.51 1.03##
ASC < 15%; stone content 10% | Semi-arid 2010-13 35 P fertiliser, uniform rate irrigation 408# 0.011 0.42 0.051 | McDowell 2017
in topsoil and 70% in subsoil
2013-16 | 26 P fertiliser, variable rate irrigation 256# 0.007 0.03 0.016
ASC17% Recent Lysimeter Control 0.128 McDowell 2008
Dung 0.353
30 kg P Fertiliser 0.165
30 kg P Fertiliser + dung 0.692
ASC 5% Podzol Lysimeter 50P and 100P from SSP 16.5 and Redding et al. 2006
34.4
50P and 100P from RPR 0.15and 0.4
Edendale Pallic + | Mole-pipe | 1996-99 Nil fertiliser N 193 0.062 0.34 0.19 Monaghan et al. 2005
Brown
100N 0.029 0.16 0.11
200 N 0.041 0.43 0.17
400 N 0.047 0.26 0.18
Tussock Creek Pallic Mole-pipe | 2001-03 Control 215 0.092 0.437 0.232 | Monaghan et al. 2016
Nil grazed 225 0.033 0.247 0.135
Restrict grazing 4 hr 207 0.078 0.221 0.165
Northland Granular Mole-pipe | 2000 Irrigated + 125 N and 24-35 P 393 0.08 2.2 0.57 Unpublished data;
Monaghan et al 2002
Waikato Gley Mole-pipe | 2000 100 Nand 65 P 258 0.035 0.44 0.17 Barkle 2008




12

Massey Pallic Mole-pipe | 2003 oP 220 0.06 0.65 0.29 Houlbrooke et al. 2008
35 kg FDE 236 0.40 2.55 0.96
Massey Pallic Mole-pipe | 2005 control 124 0.073 0.296 0.239 | Hanly et al. 2008
Massey Pallic Mole-pipe | 2006 125kg N 394 0.30 Hanly 2012;
unpublished
2007 117 0.11
2008 353 0.20
Massey Pallic Mole-pipe | 2009 Standard grazing (7 hr day graze, 12 hr 373 0.89 Christensen 2013
night graze); 60 N; 60 P
2010 Standard grazing (7 hr day graze, 12 hr 316 0.28
night graze); 75 N
2011 Standard grazing (7 hr day graze, 12 hr 329 0.21
night graze); 80 N
Massey Pallic Mole-pipe | 2009 Controlled grazing 373 0.87 Christensen 2013
2010 Controlled grazing 316 0.39
2011 Controlled grazing 329 0.18

*Median values (mg/L)

A total dissolved P (DRP and DURP) (kg/ha) collected over 18 months

##Total dissolved P (kg/ha) collected over 15 months
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