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Abstract
Land application of farm dairy effluent (FDE) may lead to water contamination, by contaminants such as phosphorus (P) and E. coli. A new FDE treatment
technology using poly-ferric sulphate (PFS) has been developed to recycle wastewater in FDE for washing the farmyard. A physical drainage model study was
conducted to investigate the effect of treating FDE with PFS on phosphorus and
E. coli leaching through model subsurface drains. Dissolved reactive phosphorus
(DRP) and total phosphorus (TP) leaching losses from untreated effluent (FDE)
averaged 3.48 kg P ha−1 and 11.44 kg P ha−1, respectively. The application of PFS-
treated effluent (TE) resulted in significantly lower DRP and TP leaching losses
at 0.24 kg P ha−1 and 4.52 kg P ha−1 for fresh TE and 0.27 kg P ha−1 and 6.31 kg
P ha−1 for TE stored for 3 weeks before application (TE-S). Cumulative DRP lost
to drainage water from the TE and TE-S treatments was 93.1% and 92.2% lower
than that from the FDE treatments. Compared with the FDE treatment, there was
a 98.27% and 99.99% reduction in E. coli in the drainage water from the TE and
TE-S treatments. Plant biomass and P uptake were not affected by the effluent
treatments. These results indicate that land application of PFS-treated effluent,
fresh or stored, on drained pasture soils can produce significant environmental
benefits by reducing the concentration and amount of P and E. coli in the drainage water, without adversely impacting plant growth.
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I N T RO DU CT ION

United Nations Sustainable Development Goals state that
we should protect, restore and promote sustainable use of
terrestrial ecosystem—goal 15 and insure availability and

sustainable management of water and sanitation—goal
6. Dairy farming is a major contributor to New Zealand's
economy generating 19.7 billion NZD of export revenue
(DairyNZ, 2020). Farm dairy effluent (FDE) consists predominantly of cattle excreta diluted with wash-
down
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water. It is common practice to irrigate FDE onto pastoral
land to recycle the nutrients, making FDE an economically valuable resource for dairy farms (Di et al., 1998,
1999; Laubach et al., 2015; Minogue et al., 2010). However,
research has shown that when FDE is applied onto shallow free-draining soils or soils with artificial agricultural
drainage systems, there is a high risk of phosphate (P)
being transferred into surface waters and groundwater
(Cameron & Di, 2019; Houlbrooke & Monaghan, 2009;
McDowell et al., 2019; Monaghan & Smith, 2004; Toor,
Condron, Cade-Menun, et al., 2004; Toor, Condron, Di,
et al., 2004). Figure 1 illustrates how FDE is applied to
land over a subsurface tile drain system.
Phosphate is often a limiting factor for the growth of
aquatic algae associated with the eutrophication of streams
and rivers in New Zealand McDowell et al. (2009). Over
75% of freshwater monitoring sites across NZ were found
to be limited by P, 12% limited by nitrogen (N) and 12% co-
limited by N and P (McDowell et al., 2009). Intensive dairy
farming is considered to be a major contributor of P loss
into water and more significant than other pastoral land
uses (Haygarth et al., 1998; Holly et al., 2018; McDowell
& Wilcock, 2008; Smith et al., 1995). P leaching from FDE
application and water contamination is a globally recognized problem (Barlow, 2003; Dougherty et al., 2004;
Dunne et al., 2005; McDowell et al., 2016; Minogue
et al., 2015; Nash et al., 2005; Turner & Leytem, 2004; Ulén
et al., 2007; Veltman et al., 2018).
A 14-year study has found that the effluent irrigation
area was the main source of phosphate leaching loss
from a dairy farm on a free-draining stony soil McDowell
et al. (2019). Similarly, Houlbrooke et al. (2004) and
McDowell and Nash (2012) also reported that FDE irrigation was a major source for P leaching loss on dairy farms
and that between 2 and 20% of the P applied as FDE to soil

could be lost into surface waters and groundwater, either
through runoff or leaching.
The risk of leaching is greatest from soils with artificial
drains, soils with a high stone content, coarse-structured
soils, and soils with a high risk of preferential flow, due to
the limited interaction of FDE with sorption sites within
the soil matrix (Houlbrooke & Monaghan, 2009; Monaghan
& Smith, 2004). New Zealand has about 2 million ha of
poorly drained or imperfectly drained soils. Therefore,
artificial subsurface drainage systems play an important
role in developing New Zealand's productive agricultural
land (Ballantine & Tanner, 2013). Pearson (2015) reported
that artificial subsurface drainage systems cover approximately three-quarters of agricultural land in Southland,
New Zealand, exacerbating the risk of P leaching. The risk
of P leaching through artificial drains is exacerbated as
only a shallow layer of soil overlays gravel substrate. This
reduces the ability of the soil matrix to attenuate dissolved
P essentially shortening the pathway for P to reach surface
waters through the drains (King et al., 2015).
A four-year study by Monaghan et al. (2005) found
that compared with overland flow, subsurface drainage
contributed, by far, the greatest proportions of dissolved
reactive phosphate DRP (92%) and total P (90%) lost from
some farms with artificial drains. Therefore, new technologies for treating FDE to reduce P losses from FDE-
applied areas are urgently required to reduce the risk of
P loss to sensitive watercourses from dairy pastures with
artificial drains.
Efforts have been made in trying to reduce P leaching
from FDE. For example, high P-adsorption capacity materials have been added to FDE to reduce soluble P runoff
losses by stabilizing the P in less soluble forms (Brennan
et al., 2011; McFarland et al., 2003; Mohamed et al., 2020;
Roy & McCue, 2005; Serrenho et al., 2012).

Effluent application

Pasture
Soil
Gravels
Leaching
Drainage Pipe

F I G U R E 1 Diagram illustrating land
application of farm dairy effluent over a
subsurface tile drain system. The depth
of soil plus gravels over the drainage
pipe varies between about 35 and 75 cm,
depending on specific soil properties
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Recently, a new FDE treatment technology (commercially known as ClearTech®) has been developed to recycle
the water in FDE for washing the dairy milking yard. The
ClearTech® treatment system uses poly-
ferric sulphate
(PFS) to flocculate and settle the colloidal particles in
the FDE, producing clarified water for reuse. In doing so,
the method not only reduces water wastage (Cameron &
Di, 2019), it also reduces methane (CH4) emissions from
the treated FDE during storage in storage ponds (Cameron
& Di, 2021).
The ability of this new FDE treatment system to reduce P leaching following land application through soils
with shallow artificial drainage systems is unknown. P
leaching may occur through macropore flow or through
matrix flow in soil following FDE application (Gray
et al., 2015; Toor, Condron, Cade-Menun, et al., 2004;
Toor, Condron, Di, et al., 2004). The ferric iron added
in the new FDE treatment system might react with
phosphorus in the treated FDE, forming iron phosphate
precipitates, thus transforming P into solid forms. This
could potentially reduce P leaching by macropore flow
or matrix flow. In this study, we used a model unit to
simulate a subsurface drain to determine the effect of
treated FDE with the new novel FDE treatment system
with PFS on P leaching losses. This is the first time that
the effect of PFS-treated FDE on P leaching through tile
drains has been studied. The objective of this study was
to determine whether there was a significant difference
in the concentrations and amounts of P and E. coli in
drainage water following the application of PFS-treated
farm dairy effluent compared with the application of
untreated FDE.
This study hypothesizes that concentrations and
amounts of P and E. coli in drainage water from land applied with PFS-treated effluent are lower than those following the application of untreated FDE.
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simulate the drainage conditions above pipe or tile drains
in the field (Figure 2).
The surface soil was collected from the Lincoln
University Research Dairy Farm (LUDRF) 20 km south
of Christchurch (43° 38′ S, 172°27′ E), from under predominantly ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.) pasture. The soil is a Templeton
silt loam, classified as Immature Pallic soil, from
weakly weathered greywacke alluvium (NZ classification, Hewitt (2010) and Udic Haplustepts, Survey Staff,
S. (1998)). The soil chemical and physical properties are
presented in Table 1. Six months before the collection of
the soil blocks, the site was fenced off to prevent animal
access and thus reduce the risk of different amounts of
compaction within the sampling area.
In February 2020, 20 undisturbed soil blocks were collected using well-established protocols and procedures
(Cameron et al., 1992). The soil blocks were transported
to Lincoln University Field Research Service Centre next
to Lincoln University Campus (43° 38′ 52” S, 172°28′ 07″
E) with a mean annual temperature of 12°C and mean annual rainfall of 650 mm. To ensure normal growing conditions, the soil blocks were installed on top of the gravels
in each model unit with the soil surface at ground level.
Each drainage model unit was fitted with a rain/irrigation simulation system (RISS). The system consisted of a
spray nozzle (Tee Jet FL-5VC) mounted directly over the
top of each model unit using a metal tripod. Water was

50 cm

Pasture

Soil 15cm

70cm

2
2.1
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Gravels 55cm

Site description and trial setup

To simulate a tile-drained pasture soil, 70 cm deep by
50 cm diameter cylindrical drainage model units were
produced, with the lower 55 cm of each model unit filled
with gravel and the top 15 cm with soil. The bottom
55 cm of each model unit was filled with washed round
gravel (diameter ranging from 12 to 22 mm), simulating the gravel ‘backfill’ above drainage pipes, or tiles,
used in standard on-farm drainage systems (McLaren &
Cameron, 1996). Undisturbed soil blocks (15 cm depth
with 50 cm diameter) were collected from a pasture soil
(as described below) and placed on top of the gravel to

Drainage water collection

FIGURE 2
study

Design of the drainage model unit used for the
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applied as either irrigation or simulated rain. During the
winter season (the first treatment collection period), rainfall was supplemented with randomly simulated rain to
achieve the 75th percentile of local winter rainfall records.
During the summer season, irrigation water was applied
at regular rates and time intervals that match those on
local commercial dairy farms.

2.2

|

Effluent collection and treatment

The FDE was collected from the Lincoln University
Research Dairy Farm (LURDF) where Friesian-
Jersey
dairy cows (‘Kiwi-cross') graze outdoors on the pasture
cultivated with a mixture of perennial ryegrass–white clover. Fresh FDE was collected from LURDF after morning
milking on the treatment application day. The effluent
was treated with PFS following the protocols described
in Cameron and Di (2019). This involved mixing the PFS
solution into the FDE for 2 min, followed by 60 minutes
of settling to separate the solids from the liquid. After settling, there were two separate layers: (i) clarified water
in the upper two-thirds of the mixing tank (which would
normally be recycled to wash the farmyard and, therefore,
not applied to the land) and (ii) treated effluent (TE) in
the lower third of the tank. A batch of treated effluent was
prepared in a similar manner 8 weeks before and was used
in the study to simulate a situation where treated effluent
is stored in an effluent pond for an extended period prior
to land application (this was termed stored treated effluent, and abbreviated to ‘TE-S'). Subsamples of each effluent (i.e. (i) untreated ‘FDE’; (ii) fresh ‘TE’ and (iii) stored
‘TE-S’) were taken for analysis as described in Cameron
and Di (2019), and the results are shown in Table 2.

2.3

|

Treatments

The concentration and application rates of P and N in each
treatment are shown in Table 3. There were four treatments, each with five replicates: (i) untreated farm dairy
effluent (FDE); (ii) treated effluent (TE); (iii) treated effluent stored 8 weeks old (TE-S) and (iv) water (Control).

These treatments were allocated to the drainage model
units in a randomized block design.
To compare the impact of effluent treatment on P
leaching loss, we applied the same concentration of P
to each treatment drainage model. The treatments were
applied twice—first on 21 May 2020 and second on 17
September 2020. For each application, the total N concentration in the untreated effluent was determined and used
to calculate the volume of effluent required to achieve an
N rate application of 100 kg N ha−1 from FDE, based on
local environmental regulations on effluent use. This corresponded to a P rate of 16.0 kg P ha−1 for the first application and 10.5 kg P ha−1 for the second application. On
each of the treatment dates, the TE and TE-S treatments
were applied with identical rates of P. The calculated volume of effluent (7.50 and 7.79 L per model unit for each
application, respectively) was poured uniformly over the
entire surface of the lysimeter. An equivalent volume of
water was applied to the Control.

2.4
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2.4.1

Sample collection
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Drainage water sampling and analysis

Drainage water was collected once a week or more often
when irrigation or rainfall was sufficient to cause the
drainage volume to reach 200 ml per model unit. There
were 25 drainage water collections following the first
treatment and 18 collections following the second treatment. The volume of drainage water was measured using
a plastic measuring jug and recorded, and then two 50 ml
subsamples were collected for immediate analysis. The
subsamples were analysed for total P (TP), dissolved reactive P (DRP), total dissolved P (TDP), and E. coli concentrations (following the second treatment only).
The DRP concentration was measured by filtering the
drainage water through 0.45 μm screen using the Murphy
and Riley (1962) colourimetric method. TDP (samples
passing through 0.45 μm filter) and TP were determined
by digesting the samples with (NH4)2SO4 and H2SO4
(EPA, 1978; Ohno & Zibilske, 1991), followed by the
Murphy & Riley colourimetric method.

Soil analysis

Value

Soil analysis

Value

pH

6.2

Exch-Na

0.34 cmolc kg−1

Olsen-P

30.8 mg kg−1

CEC

14.0 cmolc kg−1

Total N

4.0 g kg−1

Total C

40.2 g kg−1

Organic-S

7.0 mg kg−1

−1

Exch-Ca

7.7 cmolc kg

Exch-Mg

1.16 cmolc kg −1

Exch-K
0–7.5 cm soil

1.06 cmolc kg

−1

T A B L E 1 Chemical properties of the
soil used in the model drainage units
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Chemical and physical characteristics of the different effluent types applied to the model drainage units
pH

DRP (g m−3)

Total P
(g m−3)

Total N
(g m−3)

Total C
(g m−3)

TSS (NTU)

FDE

6.7 a

11.53 a

32.0 a

169.0 a

1147 a

1570 a

TE

5.5 b

0.43 b

93.7 b

353.3 b

2567 b

6367 b

TE-S

6.8 a

0.5 b

150.7 c

426.7 c

4300 c

9900 c

FDE

6.8a

6.4 a

28.0 a

266.7 a

1743 a

1957 a

1,600,000 a

TE

5.2b

0.11 b

75.7 b

523.3 b

4233 b

11,267 b

540,000 b

TE-S

5.1b

0.009 b

48.8 c

330.0 c

3240 c

7067 c

3c

Treatments

E. coli (cfu
100 ml−1)

Application1

Application 2

Note: Values with a letter in common are not significantly different at p < 0.05 level.
Abbreviations: FDE, farm dairy effluent; TE, treated effluent; TE-S, treated effluent after 3 weeks storage; TSS, total suspended solid.

T A B L E 3 Concentration of P and N applied in each treatment
(g m−3), and the equivalent concentration converted to kg N ha−1
Total P

Total N

g m−3

kg P ha−1

g m−3

kg N ha−1

FDE

32.0

16.0

200.0

100.0

TE

32.0

16.0

175.1

87.5

TE-S

32.0

16.0

107.7

53.8

FDE

21.0

10.5

200.0

100.0

TE

21.0

10.5

145.0

72.5

TE-S

21.0

10.5

141.7

70.8

Application 1

Application 2

Abbreviations: FDE, farm dairy effluent; TE, treated effluent; TE-S, treated
effluent after 3 weeks storage.

The concentration of E. coli was determined by MPN
counting using Colilert (incubated at 35°C for 24 h), or
1–20 Colilert 18 (incubated at 35°C for 18 h) as described
in Cameron and Di (2019). The amount of P and E. coli
lost from the drainage units was calculated by multiplying
the volume of water collected by the individual P and E.
coli concentrations measured at each sampling time.
To reduce the risk of cross-
contamination between
sampling events, a sterile sampling system was used for
the first four drainage water collections after the second
treatment used for E. coli analysis. New single-use sterile plastic bags were used for each sample collection. E.
coli numbers fell to background levels after four drainage
water collections, and the analysis was discontinued to
save costs.

2.4.2

|

Herbage sampling

The pasture on each model unit was cut to typical post-
grazing heights of 20–
30 mm on 30 July 2020 and 11

September 2020 after the first treatment was applied, and
on 2 November 2020 and 8 December 2020 after the second treatment was applied. The herbage samples were
dried at 80°C for 2 days, and dry matter yield was recorded. The dried herbage samples were ground and analysed for total P and N concentrations. Herbage total P was
analysed on an inductive coupling plasma emission spectrometer (Agilent 5110 ICP-
OES Analyser; American).
Herbage total N was analysed on an Elementar Vario-
Max CN Elemental Analyser (Elementar GmbH, Hanau,
Germany).

|

2.5

Data analysis

Analysis of variance (ANOVA) was performed using
GenStat (21st edition, Lawes Agricultural Trust) to determine treatment effects on the amount and concentration
of DRP, TDP, TP and E. coli detected in the drainage water
and the chemical and physical values of different treatments presented in Table 2. The significance of the difference between treatments was determined using Tukey's
HSD (honest significant difference) test (P < 0.05).

3
3.1

|

RESULTS

|

Climate conditions and drainage

Over the experimental period, the average daily air temperature was 10°C and the average daily soil temperature
was 10.9°C (at 10 cm depth) (Figure 3). The cumulative
water input over the experimental period (21 May 2020–8
December 2020) was 742.8 mm, with 467.7 mm from simulated rainfall (irrigation) and 275.1 mm from rainfall.
There was very low rainfall (5.4 mm) from mid-September
to the first week of November, which was unusual for the
area (Figure 4). Therefore, simulated rainfall (irrigation)

6
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25

Daily Soil Temperature

20
Temperature (°C)

F I G U R E 3 Average daily air
temperature and daily soil temperature
(10 cm depth) during the experimental
period

Daily Air Temperature

15

10

5

1

31

91
121
Days after start

800

Actual rain

45

700

Cumulative water input

40

600

35
30

500

25

400

20

300

15

200

10

100

5
0

1

31

61

91
121
Days after start

151

was applied frequently during this period. Cumulative
drainage for the different treatments ranged from 427.69
to 497.73 mm, accounting for 58%–67% of the cumulative
water inputs. There was no significant difference in average cumulative drainage between the four treatments
(p > 0.05).

3.2

181

151

Simulated rainfall and irrigation

50
Simulated rainfall and irrigation (mm)
and actual rainfall (mm)

61

|

Effluent composition

There was a 96.2% and 95.7% reduction in DRP concentration within the effluent for the first application, and a
98.2% and 99.9% reduction for the second application in
TE and TE-S compared with untreated FDE, respectively.
TE and TE-S had significantly higher (p < 0.05) total P,
total N, total C and TSS concentrations than the untreated
FDE. E. Coli were significantly reduced (p < 0.05) from an
average 1,600,000 cfu 100 ml−1 in the untreated FDE down
to 540,000 cfu per 100 ml and 3 cfu per 100 ml in the TE
and TE-S, representing 66.3% and 99.9% reduction, respectively (Table 2).

F I G U R E 4 Daily rainfall and
irrigation (including simulated rainfall)
and cumulative water input for the
experimental period

0

181

3.3

Cumulative water input (mm)

0

|

P concentrations in drainage water

Immediately after each effluent application, a spike in
the DRP concentration was detected in the drainage
water from the FDE treatment, with the DRP concentration reaching a peak of 5.30 mg P L−1 following the
first effluent application and 4.48 mg P L−1 following the
second effluent application. The peak DRP concentration in the leachate from the FDE treatment following
the first application was reduced by 99.9% and 99.2% in
the TE and TE-S treatments and 99.4% and 99.9% following the second application (Figure 5) and was not
significantly different from the zero effluent control.
The DRP concentration in the FDE treatment declined
rapidly with time and was not significantly different to
those in the TE and TE-S treatments 39 days after the
first effluent application and 43 days after the second effluent application.
Similarly, TDP concentrations in the FDE treatment
reached peak values of 6.46 and 6.12 mg P L−1 immediately following the first and second effluent application,

CHE et al.
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DRP concentration (mg P L-1)

F I G U R E 5 Average concentration
of dissolved reactive phosphorus (DRP)
in the drainage water collected from the
model drainage units. FDE, farm dairy
effluent; TE, treated effluent; TE-S, treated
effluent after 3 weeks storage. Error bars
represent standard error of the mean
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Control
FDE
TE
TE-S

3
2
1

0
22/05/2020 22/06/2020 22/07/2020 22/08/2020 22/09/2020 22/10/2020 22/11/2020
Date
8
TDP concentration (mg P L-1)

F I G U R E 6 Average concentration
of total dissolved phosphorus (TDP) in
drainage water collected from the model
drainage units. FDE, farm dairy effluent;
TE, treated effluent; TE-S, treated effluent
after 3 weeks storage. Error bars represent
standard error of the mean

First Application

7

Second Application
Control
FDE
TE
TE-S

6
5
4
3
2
1

0
22/05/2020 22/06/2020 22/07/2020 22/08/2020 22/09/2020 22/10/2020 22/11/2020
Date

20

TP concentration (mg P L-1)

F I G U R E 7 Average concentration
of total phosphorus (TP) in the drainage
water collected from the model drainage
units. FDE, farm dairy effluent; TE,
treated effluent; TE-S, treated effluent
after 3 weeks storage. Error bars represent
standard error of the mean

First Application

15

Second Application
Control
FDE
TE
TE-S

10

5

0
22/05/2020 21/06/2020 21/07/2020 20/08/2020 19/09/2020 19/10/2020 18/11/2020
Date

respectively. The peak TDP concentrations in the TE and
TE-S treatments showed a 98.9% and 88.3% reduction
compared with FDE after the first application and showed
a 96.1% and 97.1% reduction after the second application
compared to those in the FDE treatment (Figure 6).

The peak TP concentrations in the FDE treatments
reached 16.46 and 17.54 mg P L−1 following the first and
second applications, respectively (Figure 7). The peak TP
concentrations in the TE and TE-S treatments were 70.9%
and 43.9% lower and 58.6% and 47.1% lower than those

8
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in the FDE treatment following the first and the second
effluent applications, respectively.

3.4 | Total amount of DRP, TDP and TP
detected in drainage water
The total amount of DRP in the drainage water from the
FDE treatments reached 3.48 kg P ha−1 (Table 4). However,
the total amount of DRP from the TE and TE-S treatments
were 93.1% and 92.2% lower (p < 0.05) than that from the
FDE treatments and not significantly different to the control. Similarly, the total amounts of TDP in the drainage
water from the TE and TE-S treatments were 86.9% and
81.3% lower than from the FDE treatment, which reached
4.76 kg P ha−1. The amount of TP in the drainage water
from the FDE treatment (11.44 kg P ha−1, Table 4) was significantly greater than the amount from the TE (4.52 kg P
ha−1) TE-S (6.31 kg P ha−1) treatments, which were 60.5%
and 44.8% lower than that in the FDE treatment (Table 4).

3.5

|

E. coli

After the second application, E. coli concentrations detected in the drainage water from FDE, TE and TE-S
treatments peaked at between 10 and 20 mm of drainage,
at 1.328 × 106 cfu 100 ml−1, 3.396 × 105 cfu 100 ml−1 and
4201 cfu 100 ml−1, respectively (Figure 8). The peaks represented a 74.4% and 99.7% reduction in the E.coli concentrations from TE and TE-S treatments compared with
the FDE treatment. The E. coli concentrations then decreased rapidly, with concentrations being close to zero
after 50 mm of drainage.
During the experimental period, a total of
3.63 × 1010 cfu ha−1 E. coli was detected in the drainage
water from the FDE treatment, which was significantly
higher (p < 0.05) than the amounts detected from the TE
T A B L E 4 DRP, TDP, TP and E.coli leaching losses over the
experimental period
P losses (kg P ha−1)
Treatments

DRP

TDP

Total P

E.coli (cfu
100 ml−1)

Control

0.24 a

0.55 a

0.91 a

3.05E+05 a

TE

0.24 a

0.63 a

4.52 ab

6.29E+08 a

TE-S

0.27 a

0.89 a

6.31 b

3.51E+04 a

FDE

3.48 b

4.76 b

11.44 c

3.63E+10 b

Note: Values followed by the same letter are not significantly different at
p < 0.05. Escherichia coli data were log10 transformed before statistical
analysis.
Abbreviations: FDE, farm dairy effluent; TE, treated effluent; TE-S, treated
effluent after 3 weeks storage.

and TE-S treatments. The amounts of E. coli lost from
the TE and TE-S treatments were 98.27% and 99.99%
lower than that from the FDE treatment, respectively.
No significant difference in E. coli loss was observed
between TE, TE-S treatments and the Control.

3.6 | Herbage dry matter yields and
P and N uptakes
Herbage dry matter yields over the measurement period
ranged from 6.91 t ha−1 in the Control to 7.17 t ha−1 in
the FDE treatment (Figure 9). No significant difference
in pasture growth was observed amongst the four treatments (p > 0.05). Similarly, herbage P uptake ranged from
21.44 kg P ha−1 in the FDE treatment to 22.16 kg P ha−1 in
the TE treatment, and there was no significant difference
amongst the treatments. The amount of herbage N uptake
during the experimental period ranged from 147.9 kg P
ha−1 in the TE treatment to 154.8 kg P ha−1 in the FDE
treatment, and there were no significant differences
(p > 0.05) amongst the treatments.
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DISC USSION

Results from this study clearly show that the treatment
of FDE with PFS could significantly reduce the amounts
of DRP, TDP and TP in drainage water from effluent irrigation areas. The mean cumulative DRP, TDP and TP
concentrations leached over the trial were up to 93.1%,
86.9% and 60.5% greater following FDE application compared with TE application. This demonstrates that treating effluent with PFS can significantly reduce P transfer
to surface waters via artificial drainage. This new effluent
treatment technology can, therefore, potentially serve as
an effective mitigation tool to decrease P leaching losses
through pipe and tile drain systems following the application of FDE onto pasture soils (Cook & Baker, 2001; Dodd
& Sharpley, 2016; Geohring et al., 2001; King et al., 2015;
McDowell et al., 2019; Young et al., 2017).
The large reduction in DRP and TDP in the drainage
water from the application of treated effluent compared
with the untreated FDE is attributed to the reduction in
the DRP concentrations within treated effluent (both TE
and TE-S) (Table 2). The reduction is largely a result of
the transformation of water-soluble P in the FDE into
less soluble more stable forms of iron phosphates which
are precipitated as solids during treatment (Cameron &
Di, 2019), as shown by the equation below:
Fe3+ + H2 PO4 − (soluble) = 2H+ + FePO4 (insoluble).
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2.E+06
1.E+06
E.coli concentration cfu 100ml-1)

F I G U R E 8 Average concentration
of E. coli in the drainage water collected
from the model drainage units. FDE, farm
dairy effluent; TE, treated effluent; TE-S,
treated effluent after 3 weeks storage.
Y-axis values displayed in scientific
notation. Error bars represent standard
error of the mean
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This P is stabilized in particulate form, which is less
mobile in the soil matrix, therefore, less prone to leaching
when the treated effluent is applied on land. Further evidence for the retention of particulate associated P within
the soil was found by the fact that there was no significant
difference between the treatments in total suspended solid
(TSS) within the leachate (data not presented) despite significantly higher concentrations of TSS and TP within
both TE and TE-S effluents compared with FDE (Table 2).
The similar reductions in P leaching from the stored
treated effluent (TE-S) compared with the freshly treated
effluent (TE) demonstrate that long periods of storage
after the PFS treatment do not diminish the efficacy of the
technology in lowering the risk of P losses to waterways
from the treated effluent.
The amounts of P detected in the drainage water from
the FDE and treated effluents in this study were greater
than those measured in previous deep soil lysimeter studies (Chisholm et al., 2020; Wang et al., 2019). This was
because of the shallower depth of topsoil in the model

Treatment

TE

Herbage P uptake

TEO

0.0

Herbage P/N Uptakes (kg ha-1)

F I G U R E 9 Average herbage dry
matter yield, P and N uptakes as affected
by the application of the different
effluents. FDE, farm dairy effluent; TE,
treated effluent; TE-S, treated effluent
after 3 weeks storage. Error bars represent
standard error of the mean. Values with
a letter in common are not significantly
different at p < 0.05

Herbage dry biomass (t ha-1)

0.E+00

Herbage N uptake

drainage units (15 cm soil over gravels) used in this study
to simulate pipe/tile drains, whereas the previous studies
used deep soil lysimeters (70 cm depth). In deeper soils,
there is more interaction of the applied effluent with the
soil matrix allowing sorption reactions to take place and
remove P from the solution (Lehmann & Schroth, 2003;
McLaren & Cameron, 1990). The high concentrations
of dissolved P detected in drainage water following untreated FDE application in this study also demonstrate the
higher risks of P loss into surface waters following FDE
applied on land with pipe/tile drains and show that this
risk can be significantly reduced by the use of PFS to treat
the effluent prior to land application.
In addition to the benefits of the major reduction in P
loss into waterways, significant reductions in E. coli loss
into drainage water (reduced by up to 98.3%) following
the application of treated effluent compared with untreated FDE were found providing a further environmental benefit. This was because most of the E. coli had been
killed by the acidic nature of the coagulant and by the
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encapsulation of the bacteria within the floc (Cameron
& Di, 2019) (Table 2). Surface water contamination by E.
coli and other harmful microbes from FDE is a major environmental issue for recreational use of the water bodies (Close et al., 2008; Davies-Colley et al., 2004; Wilcock
et al., 1999), and this problem can be significantly reduced
by treating the FDE with PFS before land application.
The rapid breakthrough of both P and E. coli in the
drainage water straight after the effluent application was
mainly attributed to the process of rapid macropore flow
and the shallow soil depth under artificial drainage conditions. In systems dominated by matrix flow and without
artificial drainage, there is greater retention time allowing P stabilization through reactions with the soil components. Similarly, E. coli would have died off over time
resulting in little or no detection after a short space of time
(about 2 weeks). This highlights the risk posed by effluent
application on artificially drained soils.
The lack of significant differences in herbage dry matter yield and P and N uptakes between the treated and
untreated effluents confirm that the treatment of effluent
before the land application can produce significant environmental benefits (i.e. reducing P and E. coli pollution),
without compromising dry matter production and herbage
nutrition. These pasture results agree with those reported
in earlier studies showing that there was no adverse effect
on plant growth when TE was applied onto pasture plots
(Cameron & Di, 2019; Chisholm et al., 2020).
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CO N C LUSION S

The results from this study show that the land application
of fresh (TE) or stored (TE-S) PFS-treated farm dairy
effluent can significantly reduce P and E. coli leaching
into waterways through shallow tile drains, compared
with untreated FDE. Therefore, effluent treatment
with PFS can serve as an effective tool to help protect
surface water quality by mitigating P and E. coli entry
to waterways from FDE. The environmental benefits
can be achieved without adversely impacting pasture
production or quality.
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