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A B S T R A C T

Phosphorus (P) losses via surface runoff can be large. Soil water repellency (SWR) occurs in warm and dry
conditions. If SWR coincides with P fertiliser applications, the risk of P loss by surface runoff may increase.
Losses during hotter months can be particularly detrimental to surface water quality because warmer waters help
algal growth. We hypothesized that, compared to highly water-soluble superphosphate, the application of P as a
low water-soluble fertiliser would decrease P losses caused by SWR-induced surface runoff. A three-year trial was
conducted on a grazed dairy pasture soil in the central North Island of New Zealand. The soil was classified as
moderate to severely SWR by water droplet penetration time and molarity of ethanol tests. Phosphorus (40 kg P
ha−1) was applied in autumn as superphosphate, serpentine super and as a new fertiliser product similar to di-
calcic phosphate. These fertilisers had water solubilities of 85, 34 and 12 g P kg−1 fertiliser, respectively. Yields
of P lost were<1 kg P ha−1 for the first year, but in the third year> 8 kg P ha−1 was lost from the super-
phosphate treatment due to SWR-induced surface runoff within 21 days after fertiliser application. In contrast, P
losses in the third year from lower water-soluble P fertilisers, serpentine super and the new product, were 2.2
and 1.6 kg P ha−1, respectively. The use of a low water-soluble P fertiliser is therefore recommended to prevent
P losses in areas where SWR-induced surface runoff is likely and unavoidable.

1. Introduction

Soil water repellency (SWR) decreases the infiltration rate of soil,
increasing the potential for surface runoff in response to rainfall
(Bauters et al., 2000). The likelihood of SWR increases as the soil sur-
face dries out in warmer months. It is common for nutrients such as
phosphorus (P) to be applied during hotter months when spreading
machinery can cross the farm easily without compacting the soil or
getting stuck in mud (Dodds and Smith, 2016). However, simulated
rainfall studies have shown that SWR-induced surface runoff can cause
considerable P loss from the soil (Müller et al., 2018). If connected to a
surface water body, the addition of P can cause eutrophication. The
likelihood of eutrophication is enhanced by the delivery of P during
warmer months when conditions for periphyton growth are greatest
and by the delivery of surface runoff-P in dissolved forms, for example
from fertiliser, which are much more available to periphyton than
particulate P (PP) (Godwin and Carrick, 2008).

The occurrence of SWR has been noted in most land covers. Factors
that create SWR, such as wildfire, manure applications, or the presence
of certain waxes (Hosseini et al., 2017; Miller et al., 2017; Roper et al.,
2015), and soil properties that control SWR such as soil moisture, or-
ganic matter, microbial activity, texture, porosity and clay content,
have been well studied (Doerr et al., 2006; Gao et al., 2018; Mao et al.,

2016; Simpson et al., 2019). However, few studies have examined SWR
in grazed pasture soils. Two studies conducted in New Zealand focused
on sloping land grazed by sheep and found that areas heavily trafficked
by livestock were especially prone to SWR-induced surface runoff
(Bretherton et al., 2010; Gillingham and Gray, 2006). Grazing and stock
camping can compact the soil, decreasing infiltration rates and poten-
tially causing infiltration-excess surface runoff (Drewry, 2006). Cattle
compact the soil more than sheep, and in dairy systems, the soil is
maintained at a greater Olsen P concentration (Curran-Cournane et al.,
2011). The risk of P loss increases with soil Olsen P concentration
(McDowell et al., 2003b), and within 21 days of the fresh application of
highly water-soluble P fertilisers (Nash et al., 2019). Therefore, P losses
associated with an increase in soil P concentration, freshly applied
water-soluble P fertilisers, and soil compaction will likely be ex-
acerbated under SWR. However, no field data exist to show this.

Strategies to prevent the loss of P in surface runoff could be as
simple as reducing the P applied when SWR is likely, or alleviating SWR
with strategies such as applying surfactants (Madsen et al., 2013;
Oostindie et al., 2008), lime (Roper, 2005), clay minerals (Diamantis
et al., 2017) or cultivating the soil (Doerr et al., 2006). These are more
expensive than simply avoiding times of SWR and applying P at other
times of year (Roper et al., 2015). However, applying P when the soil is
wetter increases the potential for P losses by saturation-excess surface
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runoff conditions. Other research has also shown that splitting appli-
cations can increase P losses due to a greater chance of surface runoff
coinciding with fertiliser applications (Burkitt et al., 2011).

The addition of P as reactive phosphate rock (RPR) has been shown
to decrease P losses compared to superphosphate by 10–80% at the
plot, field, and catchment scales (McDowell et al., 2010; McDowell
et al., 2003a). This decrease is caused by a combination of low water
solubility and greater density of fertiliser particles, reducing the avail-
ability of P to loss and anchoring it to the soil surface should surface
runoff occur (Hart et al., 2004; McDowell and Catto, 2005). However,
these findings were produced because of saturation-excess surface
runoff in winter. In contrast, infiltration-excess surface runoff in
summer, of which SWR-surface runoff is a subset, has a higher energy
resulting in greater soil erosion (Kleinman et al., 2006), which may
decrease the benefit of applying a low water-soluble P due to loss of PP.

The following study examines P losses in surface runoff from a
grazed dairy pasture known to exhibit SWR-induced surface runoff. To
determine if losses could be reduced, P was applied in lower-water
soluble P forms and compared to superphosphate, the dominant (c
90%) P fertilizer for pasture production in New Zealand.

2. Materials and methods

2.1. Site and treatments

The site is located at Reporoa, 60 km Southeast of Rotorua, New
Zealand on a Pumice (Kaingaroa Ash) soil, equivalent to a Vitrand in US
Soil Taxonomy (Hewitt, 2010). Annual rainfall is between 1500 and
1600 mm evenly distributed throughout the year. However, with an
excess of evapotranspiration over rainfall in summer and autumn, SWR
is common in this soil type and similar soil types in the region (Deurer
et al., 2011; Müller et al., 2010a; Müller et al., 2010b). Frequent short
and intense storms of 10 mm in 30 mins occur at least twice a month in
summer inducing surface runoff. The site was a 2 ha paddock, with an
even 10 degree slope, located within a 20 yr old, 350 ha dairy farm.
Pastures are rotationally grazed every 20–30 days during lactation
(from mid-August through to mid-May), at a farm-average stocking rate
of 3.2 cows ha−1.

We followed the protocol of McDowell and Smith (2012) which
involved installing 24 surface runoff plots during May 2008 in a single
array parallel to the foot of the paddock. Each 6 m wide plot was
bounded by four, 6 m long, and 25 mm thick, wooden boards that were
dug 125 mm into the ground, leaving 25 mm above the soil surface. The
boards were arranged in a diamond shape with an open-ended metal
border at the downslope corner. A 2.5 cm wide hole in the corner was at
the soil surface and attached to a PVC pipe that allowed all surface
runoff from each rainfall event to be collected in two, 200 L containers
buried beneath the level of the plots up to 30 m away.

Treatments consisted of six replicates of three P-containing fertili-
sers and a control with no P applied. The three P fertilisers were: su-
perphosphate, moderately water soluble serpentine super and a new
low water-soluble P product, hereafter referred to as ‘new product’, a
form of di-calcic phosphate sold by Ballance Agri-Nutrients under the
trade name SurePhosTM. The respective water-soluble P concentrations
were 85, 34 and 12 g kg−1, while total P concentrations were 100, 88,
and 83 g kg−1 (analysis supplied by Ballance Agri-Nutrients, Tauranga,
New Zealand). Forty kg P ha−1 was applied in March each year, timed
according to weather forecasts to avoid summer rainfall and likely
surface runoff events within two weeks of application. Note that regular
farmer practice in the area sees P being applied in early summer. The
rate of P applied corresponds to the maintenance P required to maintain
soil Olsen P concentration and balance outputs via milk and meat.
Maintenance was determined via the nutrient budgeting programme,
Overseer® (AgResearch, 2016) and the analysis of soil samples (see
below) taken at the start of the trial.

The plots and wider paddock were located near the outlet of a

kidney-shaped 12 ha catchment that was studied for another trial from
August 2008 to September 2009 (Scott et al., 2011). The catchment’s
outlet was bounded upslope in each direction by 50 m wooden boards
dug 50 cm into the ground and the outlet fitted with a 90 degrees V-
notch weir. A small 50 mm diameter hole was drilled in front of the
weir and a slotted PVC-pipe inserted to a depth of 2 m. A capacitance
probe was inserted into the pipe to 2 m depth and 1 m above ground,
enabling depth to the water table be continually monitored from 2 m
below, and surface runoff up to 1 m above the soil surface. Daily rainfall
was determined from an Instrom tipping bucket rainfall gauge (0.1 mm
resolution). Both the data from the weir gauging probe and the rainfall
gauge were recorded automatically using a prototype Environmental
Data logger (TCS NZ Ltd). Additional maximum daily air and soil
temperature (at 20 cm depth) was obtained from the www.cliflo.co.nz
site operated by the National Institute of Water and Atmospheric Re-
search for a weather station 4 km from the catchment.

2.2. Measurements

Sixteen soil samples (0–7.5 cm) were taken from just outside and
around the plots in August 2008 and then following the application of
treatments, inside plots in May each subsequent year. Samples were air-
dried, crushed and sieved<2 mm before being submitted to a com-
mercial laboratory for analysis of Olsen P (Olsen et al., 1954), anion
storage capacity (ASC) as a measure of P sorption (0–100%) (Saunders,
1965), pH in water (Hendershot et al., 1993), water soluble P (WSP) as
an estimate of potential P losses in surface runoff (McDowell and
Condron, 2004), and SWR using water droplet penetration time
(WDPT) and molarity of ethanol (MED) tests (Doerr, 1998). For the
MED test, a regression equation was fitted to ethanol concentrations (0,
3, 5, 8.5, 13, 24 and 36% by volume) and the time for the droplet to
penetrate the soil within three seconds. This equation was used to es-
timate the ethanol concentration at which penetration was achieved.
Data for Olsen P is presented on a volumetric (not gravimetric) basis
given the low bulk density of the soil (c. 0.7 g cm−3). At the end of the
trial eight additional samples were taken at 0–7.5, 7.5–15, 15–20,
20–30 and 30–40 cm soil depths and analysed for WSP.

Samples of surface runoff were collected for each event, filtered
through a 0.45 µm membrane and analysed for filterable reactive P
(FRP) and, after persulphate digestion (Eisenreich et al., 1975), total
filterable reactive P (TFP). An unfiltered sample was also digested,
yielding total P (TP). Fractions defined as filterable unreactive (largely
organic) P (FURP) and PP were determined as the difference between
TFP and FRP and TP less TFP, respectively. All P analyses used the
colorimetric technique of Watanabe and Olsen (1965).

Annual FRP, FURP and TP yields (kg P ha−1) were calculated using
the product of nutrient concentration and the volume of surface runoff
events. Due to differing annual volumes of surface runoff between plots,
treatments were compared using an ANOVA of flow-weighted mean
concentrations derived from the quotient of load (kg) and flow during
the year. An additional ANOVA was performed on flow-weighted mean
concentrations for events during the 21-day period(s) after the appli-
cation of treatments. A stepwise multiple linear regression was used to
evaluate factors (e.g. time since grazing or P application, surface runoff
volumes, fertiliser type and the time of year) relevant to predicting the
load of total P lost in surface runoff events.

All data were checked for normality, log-transformed if necessary,
and bias-corrected when back-transformed for presentation. Statistical
comparisons for flow-weighted mean concentrations of P fractions are
facilitated by presentation of the F-statistic and the least significant
difference at the P < 0.05 level to compare all treatments or only the P
fertilisers (i.e. excluding the control treatment) within a year.
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3. Results and discussion

3.1. Soil P concentrations

Concentrations of Olsen P and WSP, along with soil pH, are given in
Table 1. The application of P fertilisers at 40 kg P ha−1 yr−1 was de-
signed to maintain the agronomic optimum for a dairy pasture between
30 and 40 mg L-1 (Roberts and Morton, 2009), and the data showed that
this was achieved. The optimum agronomic range for soil pH in this
area is 5.5–6.3; the pH of soils remained within this range, at 6.0–6.2,
and did not change during the trial. However, over time, WSP con-
centrations became enriched for 2010 and 2011 compared to 2008 and
2009. Enrichment could be due to seasonal variation (Chen et al.,
2003), but samples were taken at the same time each year. It is there-
fore likely that a proportion of P derived from the fertilisers was poorly
sorbed and extractable as WSP forms. It is also possible that some of this
enrichment was due to the change of P fertiliser application to March
from December to avoid summer rainfall. Where previously some of the
summer (December)-applied P may have been lost via SWR-induced
surface runoff, later applications may have allowed WSP to build up
faster.

In addition to surface runoff losses, P may have leached to deeper
layers. Indeed, WSP concentrations in the most water-soluble form of P
applied, superphosphate, were greater than the serpentine super
treatment at the end of the trial in the 7.5–15 and 15–20-cm layers
(Fig. 1). Leaching would have been facilitated by the soil’s high porosity
(low bulk density of ~0.7 g cm−3), and moderate P sorption capacity
(ASC = 51 ± standard error of 4%) caused by high organic matter
concentrations (67 g kg−1) that prevent P sorption by complexing Fe
(Yan et al., 2016). However, our data suggest that leaching was ex-
acerbated by the high water solubility of superphosphate, whereas
serpentine super with a much lower water solubility slowly released P
into the soil solution, allowing it time to be sorbed by the topsoil and
not leached to deeper layers (Gikonyo et al., 2010).

3.2. Surface runoff

Rainfall over the three years of the trial was 1604, 1807 and
1806 mm, respectively. Surface runoff from the plots was on average 21
to 40 mm (Table 2), while at a catchment scale the equivalent of
19.8 mm of surface runoff (237 m3 volume distributed over the 12-ha
catchment area) was measured in the 2008–2009-year. Surface runoff
not captured at the catchment outlet would be caused by drainage ei-
ther to groundwater or as lateral flow through layers deeper than the
boards bounding the catchment (50-cm) could capture. The close match
between plot and catchment scale surface runoff suggests that the
surface runoff produced at the plot level was not added to or lost at the
catchment scale. Such a response is indicative of surface runoff from
impervious layers (Buda et al., 2009).

Additional insight into surface runoff processes can be seen in Fig. 2.

Only six events produced surface runoff from the plots and at the
catchment outlet during 2008–2009. Plots exhibited 8–9 events in the
following two years. All events in 2008–2009 occurred in the spring-
summer period (September to March). No surface runoff occurred in
autumn or winter, despite receiving similar sized rainfall events as
spring-summer. Events in the warm and dry spring-summer months
suggest that the surface runoff was linked to SWR. In support of this
conclusion, the WDPT and MED analysis of topsoils taken from the final
soil sampling in 2011 indicated that soils in all treatments and plots
were classified as moderate to strongly hydrophobic (Table 1). Ac-
cording to Doerr (1998) these respective classifications translate to a

Table 1
Mean soil water soluble P (WSP; mg L-1) and Olsen P concentrations (mg L-1) and pH in plots (0–7.5 cm depth) in August 2008 before application and in May each
subsequent year after application of the treatments and indicators of hydrophobicity (water droplet penetration time (s) - WDPT, and molarity (given as percentages
as per Doerr (1998)) of an ethanol droplet - MED). The F-statistic is given to indicate significant differences among means (bold if significant).

Site/treatment Olsen P WSP pH WDPT MED
2008 2009 2010 2011 2008 2009 2010 2011 2008 2009 2010 2011 2011 2011

Control 36 31 26 31 0.053 0.052 0.058 0.053 6.0 −1 6.2 6.1 280 9
Superphosphate 32 33 35 34 0.035 0.050 0.095 0.081 6.1 – 6.2 6.1 160 11
Serpentine super 24 20 27 26 0.036 0.038 0.051 0.064 6.0 – 6.2 6.2 198 14
New product 27 29 36 38 0.045 0.062 0.068 0.074 6.1 – 6.2 6.2 242 12
F-statisticyear 0.883 <0.001 0.130
F-statisticproduct 0.105 0.359 0.415 0.243 0.184
F-statisticyear×product 0.927 0.537 0.724

1 not measured.
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Fig 1. Mean water soluble P concentration to depth at the end of the trial in
August 2011. The least significant difference at the P < 0.05 level is given for
the comparison of treatment means at each depth.

Table 2
Total rainfall and mean (± standard deviation) annual surface runoff and
surface runoff within 21 days of fertiliser application for each year (beginning
in June 2008).

Site/ year Total rainfall
(mm)

Total surface runoff
(mm)

Surface runoff within 21 days
of fertiliser application (mm)

2008–2009 1202 21.0 ± 5.3 1.0 ± 1.0
2009–2010 1351 34.6 ± 12.3 4.7 ± 1.7
2010–2011 1629 40.0 ± 13.3 8.3 ± 3.3
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water droplet that took between 60 and 180 or 180–600 s to penetrate
the soil surface, or the penetration of an ethanol droplet was achieved
at concentrations of 35 to 13%. Times< 60 s are classified as slightly
hydrophobic or hydrophilic. Deurer et al. (2011) found that SWR was
common amongst Podzol, Organic and Recent soils once volumetric
water contents decreased to< 45%. These soils account for 18% of land
area in the North Island of New Zealand.

3.3. Phosphorus losses

Flow-weighted mean P concentrations in surface runoff for each
year are given in Table 3 and the annual mean yields in Fig. 3. Amongst
treatments, no significant differences were noted for the flow-weighted
mean concentrations of any P fractions or TP in 2008–2009. However,
in 2009–2010 and 2010–2011 mean FRP and TP concentrations were
greater in surface runoff from the fertilised plots compared to the
control. In 2010–2011 mean FRP, PP and TP concentrations in surface

runoff were greater in superphosphate treated plots than other treat-
ments. Mean concentrations were especially enriched in the
2010–2011 year.

The annual yields of P lost reflected the flow-weighted mean con-
centrations (Fig. 3). In the 2010–2011 year, the mean yield of P lost
from the superphosphate treated plots was about four times that lost
from the serpentine super treatment or the new fertiliser product. This
difference reflected the water solubility of the respective fertilisers at
85, 34 and 12 g kg−1. The yields in the 2010–2011 year for the su-
perphosphate plot were four times the national average P lost from
grazed dairy farms in New Zealand (McDowell and Wilcock, 2008).

3.4. Phosphorus losses associated within SWR-induced surface runoff

Previous work using rainfall simulation on excavated intact soil
turves has indicated that the risk of P losses from fertiliser is much
greater than unfertilised turves for about 21 days after application
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Fig 2. Change in water level indicating soil water repellency-induced infiltration excess surface runoff (positive water level) in spring-summer from September 2008
to September 2009 in response to rainfall, compared to no surface runoff for selected rainfall events of a similar size in winter. The maximum daily air and soil
temperatures are also given for reference.
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(McDowell and Catto, 2005; Nash and Halliwell, 1999). Similar con-
clusions were made for field trials of superphosphate lost in runoff
events induced by wet winter-spring conditions and saturation-excess
surface runoff of grazed dairy pastures in Southland, New Zealand
(McDowell and Smith, 2012). However, to our knowledge, no studies
have shown enhanced P losses associated with SWR-induced surface
runoff of recently applied fertiliser. Very little surface runoff (1.0 mm)
occurred within 21 days after fertiliser application in 2008–2009, while
for the same 21-day period ~14% of total annual surface runoff oc-
curred in 2009–2010. In 2010–2011, the same period accounted for
21% of total annual surface runoff, due to a storm event that occurred
10 days after application (Table 3).

Table 2 shows the relative flow-weighted mean concentrations in

surface runoff in the 21 days after application and shows that contrasts
between treatments were more pronounced than for annual means.
Losses during the 21 days after superphosphate application in
2010–2011 accounted for 95% of the FRP and TP annual yield (Fig. 3)
despite only accounting for 5% of surface runoff. Losses of PP were also
enhanced during the SWR-induced event. Hart et al. (2004) proposed
that some PP could be associated with undissolved and buoyant su-
perphosphate granules, whereas products like RPR are heavier and less
likely to move in surface runoff. Given that the potential for P loss
declines exponentially with time since P fertiliser application (Nash
et al., 2005), it is not surprising that a surface runoff event 10 days after
treatment application in 2010–2011 yielded a much greater difference
among treatments for all P fractions than for the whole year.

Table 3
Flow-weighted annual mean P concentrations (mg L-1) of filterable reactive phosphorus (FRP), filterable unreactive P (FURP), particulate P (PP), and total P (TP) for
each year and within 21 days of fertiliser application. The least significant difference (LSD05) at the P < 0.05 level is given along with the F-statistic for comparison
of treatment means among all treatments and for all treatments except (Ex.) the control (bold if significant).

Year/treatment Flow-weighted annual means Means within 21 days of fertiliser application
FRP FURP PP TP FRP FURP PP TP

2008–2009
Control 0.490 0.055 0.244 0.789 0.848 0.034 0.136 1.016
Superphosphate 0.452 0.053 0.217 0.722 1.006 0.043 0.173 1.222
Serpentine super 0.465 0.063 0.217 0.745 1.020 0.080 0.122 1.222
New product 0.423 0.044 0.316 0.783 0.953 0.051 0.084 1.088
All LSD05 0.228 0.026 0.181 0.329 0.555 0.073 0.148 0.537
All F-statistic 0.941 0.527 0.636 0.969 0.914 0.598 0.666 0.814
Ex. Control LSD05 0.200 0.028 0.177 0.292 0.501 0.086 0.089 0.536
Ex. Control F-statistic 0.902 0.291 0.342 0.864 0.956 0.443 0.405 0.864
2009–2010
Control 0.643 0.079 0.202 0.924 1.606 0.146 0.122 1.874
Superphosphate 1.085 0.078 0.185 1.347 8.400 0.316 0.205 8.921
Serpentine super 1.182 0.049 0.185 1.416 8.020 0.515 0.237 8.772
New product 1.400 0.073 0.221 1.693 8.280 0.460 0.405 9.145
All LSD05 0.368 0.032 0.099 0.386 1.195 0.407 0.456 1.352
All F-statistic 0.003 0.205 0.849 0.005 <0.001 0.231 0.565 <0.001
Ex. Control LSD05 0.345 0.034 0.096 0.371 1.392 0.474 0.530 1.570
Ex. Control F-statistic 0.236 0.189 0.657 0.144 0.826 0.678 0.659 0.844
2010–2011
Control 1.353 0.184 0.160 1.698 2.404 0.466 0.115 2.985
Superphosphate 20.925 0.010 11.579 32.505 89.036 0.100 52.281 141.417
Serpentine super 5.203 0.083 0.194 5.480 19.583 0.009 0.377 19.970
New product 3.085 0.179 0.186 3.449 13.013 0.528 0.295 13.836
All LSD05 5.128 0.362 2.448 7.07 6.072 1.511 6.053 7.241
All F-statistic <0.001 0.058 <0.001 <0.001 <0.001 0.098 <0.001 <0.001
Ex. Control LSD05 6.021 0.425 2.887 8.312 7.141 1.782 7.143 8.524
Ex. Control F-statistic <0.001 0.078 <0.001 <0.001 <0.001 0.074 <0.001 <0.001

Fig 3. Mean and standard errors of annual yields and the yields during the 21 days following fertiliser application in surface runoff of filterable reactive phosphorus
(FRP), filterable unreactive P (FURP), and total P (TP).
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3.5. Accounting for, and mitigating, P losses

To mitigate P losses from fertiliser, applications should be timed to
avoid surface runoff-producing rainfall within the next 21 days
(McDowell et al., 2003a). However, this is often not possible in warm
and dry months due to SWR. Alternative strategies involve applying P
to south-facing slopes in summer and north-facing slopes in winter,
which represent wetter and drier slopes in the southern hemisphere
summer and winter, respectively (White et al., 2017). However, this is
often compromised by wet weather in the winter preventing P being
applied by vehicles. If P is applied in winter, substantial P losses can
occur via saturation-excess surface runoff (Lewis et al., 2013). There-
fore, for practical reasons, P fertiliser applications should occur during
drier times of year but using a strategy to mitigate losses for SWR-in-
duced surface runoff.

One such strategy appears to be the use of a low water-soluble P
fertiliser. Annual yields for 2010–2011 indicated that despite being
applied within 21 days of surface runoff, yields from serpentine super
and the new product were substantially less than those from super-
phosphate. Interestingly, previous data from rainfall simulations has
indicated that reactive phosphate rock lost about a quarter the P in
surface runoff found for serpentine super, which has a six-times higher
water solubility but similar density (McDowell and Catto, 2005). This
implies that P losses from RPR-treated soils at the Reporoa site would
also be low under SWR conditions. However, RPR may not be suitable
at the Reporoa site as the soil pH was greater than the maximum (6.0)
required to dissolve P from RPR and achieve a pasture yield equivalent
to superphosphate (Sinclair et al., 1990).

The losses of P from fertiliser must also be put into perspective re-
lative to losses from other sources. With good practice, it is thought that
fertiliser accounts for 10% or less of annual P yields (and loads) from
‘average’ grazed pastures (Nash et al., 2005; Roberts and Morton,
2009). However, more evidence is suggesting that the proportion is
greater, especially under exacerbating factors like SWR (Müller et al.,
2018), poor P sorption (Chardon and Schoumans, 2007), or wet con-
ditions (Dunne et al., 2010). In addition to the time since fertiliser was
last applied, it is also known that P losses are exacerbated by the pre-
sence of grazed animals via excretal returns, soil treading damage or the
ripping/poor utilisation of pasture (Curran-Cournane et al., 2011).
Seasonal patterns have also been noted in the potential for P losses from
soil (Van Esbroeck et al., 2016). A stepwise multiple regression was
performed on all event-based TP load data (Eq. (1)). The following
factors were included: surface runoff volumes (R); days since fertiliser
was applied (F); days since the plot was grazed (G), fertiliser type (T,
assigned 1 through 4 for Control, New Product, Serpentine Super and
Superphosphate, respectively) and time of year (D, in days since 1/1/
1900). The predictive equation was:

= − − − + +TP load (event mg) 1.095 R 0.07 F 0.305 G 0.035 D 3.4 T 1424
(1)

Significant variables (P < 0.001) combined to account for a total of
52% of the variation in TP loads. Most of the variance in TP load was
accounted for by surface runoff volume (c. 40%), followed by the
number of days since fertiliser was applied (9%), pasture grazed (2%),
the time of year (1%) and fertiliser type (1%). These data suggest that
timing P fertilisers to avoid surface runoff, followed by grazing events,
are still the most critical factors in preventing P losses. However, where
applications must occur for practical reasons or surface runoff cannot
be well predicted, then the application of a lower water-soluble P
product may mitigate P losses.

4. Conclusions

The application of P fertiliser at maintenance rates of 40 kg P ha−1

yr−1 increased P losses in all but the first year. The TP losses associated
with surface runoff within 21 days of fertiliser application accounted

for an average of 39% of annual losses across all treatments. However,
in 2010–2011 SWR-induced surface runoff was thought to account for
95% of annual losses in the superphosphate treatment. In contrast, FRP
and TP concentrations in surface runoff within the first 21 days after
application of low water-soluble P fertilisers were 81% and 88% lower,
respectively. Data indicated that although the amount of surface runoff
volume accounted for most variation in P loads, the time between
grazing or fertiliser application and surface runoff was also significant.
Hence, it is recommended that to decrease P losses associated with
fertiliser, applications should be timed to avoid surface runoff for at
least 21 days. However, if surface runoff cannot be avoided due to SWR
conditions, the use of a low water-soluble P product may be of benefit.
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