agronomy

Article

Agronomic Performance of Surface Application of Polyferric
Sulphate and Tanfloc-Treated Manure Solids to Pastures Under
Temperate Australian Conditions

José A. D. Lépez-Coronado /2

and Sharon R. Aarons /5%

W) Check for updates

Academic Editor: Tomasz Glab

Received: 24 August 2026
Revised: 5 October 2026
Accepted: 21 October 2026
Published: 3 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Michael W. Heaven 3, Edward Nagul *0, Joe L. Jacobs -2

Ellinbank SmartFarm, Agriculture Science and Technology, 1301 Hazeldean Road,

Ellinbank, VIC 3821, Australia; jose.lopezcoronado@agriculture.vic.gov.au (J.LA.D.L.-C.);
joe.jacobs@agriculture.vic.gov.au (J.L.J.)

School of Agriculture, Food and Ecosystem Sciences, Faculty of Science, The University of Melbourne,
Grattan Street, Parkville, VIC 3010, Australia

Regional Development Victoria, Department of Jobs, Skills, Industry and Regions, 121 Exhibition Street,
Melbourne, VIC 3000, Australia; michaelheaven@rdv.vic.gov.au

School of Chemistry, Faculty of Science, The University of Melbourne, Grattan Street,

Parkville, VIC 3010, Australia; eanagul@unimelb.edu.au

School of Applied Systems Biology, La Trobe University, Bundoora, VIC 3086, Australia

*  Correspondence: sharon.aarons@agriculture.vic.gov.au

Abstract

Ensuring the agricultural use of chemically treated manure is not detrimental to pasture
productivity or soil health is key to integrating coagulation—flocculation into dairy effluent
management systems. This study evaluated the agronomic performance of manure solids
treated with polyferric sulphate (PFS) or a tannin-based coagulant/flocculant (Tanfloc
SG®) in south-eastern Australia. In two independent experiments using PFS (2022) and
Tanfloc (2023), fifteen perennial ryegrass plots (1.5 x 2.5 m) were assigned to treatments:
Control (no fertilizer), untreated liquid manure (96 t ha™!), treated solids (96 t ha™!), or
urea (100 kg N ha~!). Over nine months, pasture dry matter (DM) yield, soil properties,
plant chemical composition, and nutrient uptake were measured. Short-term measurements
of CO,, CHy, N,O, and NH; concentrations were also undertaken. In both experiments,
treated solids, urea, and untreated liquid manure achieved a higher pasture DM yield
than control, with no statistical difference among treatments. PFS increased plant S and
soil Fe, while Tanfloc increased plant Cl and soil P; relative to untreated liquid manure.
Treated-solids application reduced N,O and NH; concentrations at sampling times; how-
ever, further research is required to quantify gas fluxes. Our findings demonstrate PFS-
and Tanfloc-treated solids are not detrimental to pasture growth and nutritive value or
soil properties.

Keywords: land application; tannins; dairy wastewater treatment; coagulation—flocculation;
pasture; field trial

1. Introduction

Exploring manure treatment technologies that minimize nutrient losses and replace
synthetic fertilizer application will contribute to improving pasture production and farm
productivity while reducing the environmental impact of dairy farming. Solid-liquid
separation of dairy effluent is a promising approach to improve nutrient management,
using both physical and chemical (coagulation—flocculation) methods, with the latter
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often used to enhance the separation efficiency of the former. While physical methods
are effective for dewatering effluent [1], chemical methods improve nutrient recovery in
manure solids and the clarity and quality of the remaining liquid fraction [2]. Metal-
based salt coagulants neutralize charged suspended particles, destabilizing colloids, and
causing them to coalesce into small aggregates or microflocs [3]. Polymer-based coagu-
lant/flocculants adsorb to the surface of colloids by mechanisms of charge neutralization,
electrostatic patch, depletion flocculation, and bridging [4,5]. Prior studies showed that
coagulants and coagulant/flocculants have different mechanisms that may reduce C or N
volatilization, such as acidification [6,7], stabilization [8], microbial inhibition, or protein
bioavailability reduction [9].

Polyferric sulphate (PFS) has been tested as a coagulant for farm dairy effluent in
pasture-based systems [2,10-15], with the agronomic and environmental effects of applying
PFS-treated solids from farm dairy effluent well documented. A study found that, compared
to untreated farm dairy effluent, PFS-treated solids did not affect pH, total C, total N,
Cation Exchange Capacity (CEC), exchangeable cations, or Olsen-P in the top 20 cm of the
soil [13]. In addition, PFS-treated solids did not affect pasture dry matter (DM) yield, plant
chemical composition, or nutrient uptake of macronutrients and trace elements, except
for concentrations of S and Fe [2]. Lysimeter studies further demonstrated environmental
benefits of this treatment, which reduced Escherichia coli, total P, and dissolved reactive
P compared to untreated farm dairy effluent [15]. Iron leaching losses [14], as well as N
leaching and greenhouse gas (GHG) emissions [14,15], were not significantly different
from untreated farm dairy effluent.

Although land application of treated solids is generally considered safe and does not
pose environmental and health risks [16], there are concerns regarding the accumulation
of coagulant components. For example, the accumulation of Fe may have toxic effects
on plants [17,18], and polyacrylamides, which break down into acrylamides, can have
carcinogenic effects on humans [19]. To address these issues, natural and biodegradable
alternatives, such as tannin-based coagulant/flocculants, have emerged as an alternative to
metal-based salt coagulants and synthetic polymers. Tanfloc SG® (TANAC, Montenegro,
Brazil) is produced from tannins extracted from the bark of Acacia mearnsii and polymerized
using Mannich base reactions [20]. One of Tanfloc’s main features is its biodegradability, as
indicated by a high ratio (~two-thirds) of biological oxygen demand (BOD) to chemical
oxygen demand (COD) [21]. Biochemical oxygen demand indicates the amount of dissolved
oxygen consumed by microorganisms to oxidize organic matter in five days, whereas
COD is a measure of the amount of oxygen required to oxidize organic matter in the
presence of a strong oxidizing agent [22]. Although solids produced with tannin-based
coagulant/flocculants have not yet been evaluated in land application trials, laboratory
studies suggested potential agronomic and environmental benefits. For example, tannin-
treated solids derived from dairy processor wastewater did not contain hazardous levels of
toxic heavy metals or organic pollutants [23]. When applied to soil columns, the tannin-
treated sludge did not increase leaching of phenols, chloride (Cl), or NO; compared with
a control [24].

There is no general agreement on the effect of tannins on GHG emissions following
land application. Gao and Wang [25] indicated that, compared to untreated manure solids,
tannic acid-treated solids increased CO, and CH,, but maintained N,O emissions. In
contrast, Min, et al. [26] indicated that condensed and hydrolysable tannins reduced CH,
and N,O emissions. Ingold, et al. [27] also observed that CO, and N,O emissions were
reduced on the first three days post-application to soil; however, these gases eventually
matched the production levels of manure without tannins. Overall, the evidence suggests
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tannins do not consistently mitigate GHG emissions, highlighting the need for field trials of
tannin-treated manures.

Given the potential to use coagulants and flocculants to pre-treat dairy effluent and to
integrate coagulation—flocculation technologies into dairy effluent management systems,
this study aimed to evaluate the effect of surface applications of PFS-treated solids and
Tanfloc-treated solids on pasture DM yield, plant chemical composition, nutrient uptake,
soil properties, and short-term gas concentrations. While previous studies with PFS-treated
solids demonstrated they have a comparable agronomic performance to that of untreated
liquid manure, less information is available for Tanfloc-treated solids under temperate
Australian conditions, where effluent is typically applied over summer to encourage pas-
ture growth during autumn before winter commences and growth rates slow [28]. We
hypothesize that when treated solids are land-applied at a volume rate similar to that of
untreated liquid manure, and at an available N rate similar to that of urea, treated solids
will achieve a comparable agronomic performance, as assessed by pasture DM yield, plant
chemical composition, nutrient uptake, soil properties, and short-term gas concentrations.

2. Materials and Methods
2.1. Experimental Site

This study was conducted as two experiments, one in 2022 (28 March 2022 to
2 December 2023; PFS) and the other in 2023 (4 May 2023 to 6 December 2023; Tanfloc),
at the Ellinbank SmartFarm (—38.23989, 145.93788), located in Gippsland, VIC, Australia.
The experimental area was divided into three blocks of ten plots (1.5 x 2.5 m) each, with
each block running north-south and perpendicular to the <5° slope at the site [29]. Each
plot was separated from the others by a 50 cm border. Inside each plot, a 0.07 m? metal ring
with a 14 cm radius was inserted into the soil, leaving 1.0 cm exposed for attachment to
a gas chamber (14 cm radius, 22 cm height) for analysis. A 3 m distance separated each
block, along with a 3 m perimeter separating the blocks from the rest of the paddock.

The plots consisted of perennial ryegrass (Lolium perenne L.) pasture and were fenced
to restrict access by grazing cattle. The soil type, classified as a Ferrosol [30], showed
no constraints to pasture growth in samples collected prior to experiments commenc-
ing (Table 1). Before the PFS 2022 experiment, plots received three urea applications at
100 kg ha=! (~46 kg N ha™!) from September to November 2021, with pasture cut to 5 cm
height and removed 16 days before the trial. Before the Tanfloc 2023 experiment, plots were
fertilized with urea (100 kg ha~!) in May 2022 and March 2023, and the pasture was cut six
days before the trial commenced.

The site is in a temperate climatic zone with an average winter-spring dominant
rainfall of 1000 mm [31]. In 2022, the mean temperature was 19.1 °C and the annual rainfall
was 1193 mm. In 2023, the mean temperature was 19.4 °C and the annual rainfall was
963 mm.

Table 1. Initial soil chemical properties (mean + SD) at 0-10 cm of the plot area before each experiment
(n =30).

PFS-Experiment Tanfloc-Experiment

1
(2022) (2023) Result
pH (1:5 Water) 5602 55+0.2 Optimum
pH (1:5 CaCl,) 49+02 49+02 Optimum
EC (dSm™) 0.1+ 0.0 0.2+ 0.0
Olsen-P (mg kg™1) 262 +£3.1 23.6 3.4 High
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Table 1. Cont.

PFS-Experiment

Tanfloc-Experiment

(2022) (2023) Result !
Colwell-P (mg kg!) 98.1+9.8 106.8 £ 15.9 High
Available K (mg kg™!) 287.8 +102.3 290.7 £ 104.9
Colwell K (mg kg) 2731 + 1233 271.3 +103.0 High
S (mgkg™) 9.1+0.8 129+ 0.8 High
Organic C (%) 64 +03 62+04 High
Organic matter (%) 11.0 £ 0.7 10.7 £ 0.6 High
Nitrate (mg kg=!) 45+14 354+ 84
NH,-N (mg kg™) 57.1 + 25.8 56.7 + 18.0
Exch-Ca (cmolc kg™1) 9.0+22 107 £ 2.4 High
Exch-K (cmolc kg!) 0.7 +0.3 0.8+0.3 High
Exch-Mg (cmolc kg™1) 14405 1.5+03 Moderate
Exch-Na (cmolc kg™1) 0.1 £0.0 0.1 £0.0 Low
Exch-Al (cmolc kg=1) 0.6 +05 04+03 High
CEC (cmolc kg™1) 11.8 + 2.1 13.4 +2.3 Moderate
Ca:Mg 6.8+ 6.8 70+ 05 Well-structured soil
Cu (mg kg™) 1.9+0.7 2604
Fe (mg kg™!) 1979 + 25.0 240.7 £ 40.3
Mn (mg kg™!) 263433 484+96
Zn (mg kg™!) 23403 32+1.1
Al (mgkg™) 53.0 +49.3 34.0 £24.6 Moderate
Cl (mg kg 173 £53 199 £45

! Dairy soils and fertiliser manual team [32].

2.2. Preparation of Organic Amendments

Fresh manure was scraped from the dairy shed of the Ellinbank SmartFarm in each
experimental year. Each manure batch collected in 2022 and 2023 was diluted with tap
water to 3.0% total solids (TS) and placed in two 100 L HDPE tanks. Diluted manure
was used instead of farm dairy effluent (~0.5% TS) to produce sufficient solids for land
application for each experiment. The dilution method simulated the real on-farm practice
of flushing manure in yards and the dairy parlor with freshwater. In the 2022 experiment,
the liquid manure in one of the tanks was treated with 125 mg PFS g TS™! (equivalent to
1206 mg Fe L~ PFS at 50% w:v; Henan Yuanbo Environmental Technology, ZhengZhou,
China), and the other remained untreated (control). The process was repeated in the
2023 experiment, but in that case, using 109 mg g TS~! of Tanfloc SG® (Tanfloc at 25% w:v,
TANAC, Montenegro, Brrazil). Doses were selected based on previous jar testing, which
determined the optimal dose for turbidity removal. After coagulant addition, the diluted
manure was stirred using a flat mixing paddle (130 x 50 mm) connected by a shaft to a
rotor at 170 rpm for 2 min, and then at 70 rpm for 4 min to allow floc development. The
mixture was left to settle for 48 h, after which the liquid fraction was aspirated using a pump.
The remaining solid-rich fraction was collected for land application. Liquid fractions were
analyzed for turbidity using a turbidimeter (Hach 2100Q, Loveland, CO, USA), resulting in
23 NTU for the PFS treatment and 14 NTU for the Tanfloc treatment.

2.3. Experimental Design

A randomized complete block design consisting of four treatments and 15 experi-
mental units (plots) in three blocks was used for each of the PFS 2022 and Tanfloc 2023

https://doi.org/10.3390/agronomy16212188


https://doi.org/10.3390/agronomy16212188

Agronomy 2026, 16, 2188

50f 20

experiments. The treatments consisted of: (1) control (no mineral or organic fertilizer ap-
plied), (2) untreated liquid manure (manure diluted to 3.0% TS), (3) treated solids (either
PFS-treated solids or Tanfloc-treated solids), or (4) urea. Control plots were replicated six
times, and the other treatments were replicated three times, to improve the estimation of
baseline pasture variability for treatment comparison. The manure was adjusted to 3.0% TS
to allow for sufficient solid recovery following coagulation—flocculation. This dilution does
not reflect typical farm dairy effluent TS concentration [28].

Treatment characteristics and N application rates on a per-hectare basis are provided
in Table 2. Urea was applied at the recommended rate of 46 kg N ha™! [33]. Untreated
liquid manure applications were based on industry target applications to apply no more
than 80 kg N ha=! [34]. PFS- and Tanfloc-treated solids were applied using the same
volume as untreated liquid manure because nutrient analyses were not available prior to
treatment application. Plant-available N was determined using Equation (1), according to
Lory, etal. [35]:

Plant — Available N = OrganicN x K;y; + NHy x Konps (1)

where OrganicN and NH, are concentration values obtained in this study with coefficients
Kiy: =0.39 (untreated liquid manure) and Ky, = 0.5 (surface application after three days).
The same K;y; coefficient was also used for treated solids, as mineralization coefficients for
PFS- and Tanfloc-treated solids were not available in the literature.

Table 2. Chemical properties of untreated and treated amendments and fertilizer N applied to plots.

2022 2023
Parameter Untreated PFS-Treated Urea Untreated Tanfloc-Treated Urea
Liquid Manure Solids Liquid Manure Solids

DM (%) 2.8 43 - 2.9 38 -
pH 6.8 42 - 6.1 6.6 -
EC (mS cm™!) 3.0 3.3 - 2.6 2.7 -
K (mg kg DM™) 7905.0 5492.5 - 7950.0 7650.0 -
TP (mg kg DM1) 6002.5 5412.5 - 5892.5 5677.5 -
Al (mg kg DM™) 2737.5 1990.0 - 1895.0 1795.0 -
Ca (mg kg DM1) 17,305.0 11,700.0 - 13,750.0 13,342.5 -
Fe (mg kgDM™1) 3995.0 33,057.5 - 1942.5 1850.0 -
Mg (mg kg DM™) 5557.5 4677.5 - 6460.0 6252.5 -
Na (mg kg DM™1) 3305.0 2745.0 - 1737.5 1687.5 -
S (mg kg DM™1) 3452.5 21,297.5 - 2320.0 2247.5 -
Cl (%) - - - 0.7 2.0 -
Total N (% DM) 3.0 2.7 - 2.6 29 -
NH,-N (mg kg DM™1) 490.0 2190.9 - 850.0 890.0 -
NO; (mg kg DM1) <50 <50 - <50 <50 -

Total N (kg ha™!) 80.4 113.3 46 724 105.8 46

Available N (kg ha™1) ! 31.5 45.2 46 28.5 41.6 46

! Estimated for the first year of land application according to Equation (1).

All treatments were applied once on the same day, on 28 March 2022 and 4 May 2023
for experiments 1 and 2, respectively. Thirty-six kg of untreated liquid manure and 36 kg
of PFS (2022) or Tanfloc-treated solids (2023) were surface-applied (equivalent to about
10 mm or 96 t ha~! on a wet mass basis) onto plots using 9 L watering cans adapted with a
spoon attached to the spout to ensure even spreading within the plot area. Granular urea
(38 g) was spread by hand over each of its corresponding plots.
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2.4. Sampling and Laboratory Analysis

Before and after each experiment, five soil cores (2.5 x 10 cm) were collected and bulked
from each plot, oven-dried at 40 °C, and ground to less than 2 mm prior to analysis. Soil
samples were analyzed following the methods of Rayment and Lyons [36], which included
(1) pH (1:5 soil: water, method 4A1; 1:5 s0il:0.01 M CaCl,, method 4B2), (2) electrical
conductivity (EC, 1:5 soil: water extract, method 3A1), (3) available P (Olsen, method 9C2a;
Colwell, method 9B2), (4) available K (Colwell, method 18A1), (5) Exchangeable cations
(Ca, Mg, K, sodium (Na) extracted with ammonium acetate, method 15D1, (6) Alby 1 M
KCl, method 15G1), (7) CEC calculated as the sum of Ca, Mg, K, Na and Al (method 15]1),
(8) organic C (Walkley—Black, method 6A1), (9) organic matter estimated from organic
C, (10) sulphur (KCI-40 extractable sulfate-S, method 10D1), (11) micronutrients Copper
(Cu), Fe, Manganese (Mn), Zinc (Zn) (DTPA-extractable, method 12A1), (12) CI (KCl-
40 extractable Cl, method 5A2b), and (13) Mineral N (KCI-40 extractable NO;~-N and
NH,"-N, method 7C2b).

Plots were harvested four times during the experimental period, when the grass was
between the 2- and 3-leaf stage [37]. Pasture was subsampled, with one sample dried at 65 °C
for 72 h and ground to less than 1 mm for nutrient analysis and a second sample dried at
105 °C for 24 h to determine DM concentration. Pasture samples were analyzed for nutrient
and mineral concentrations according to methods published by Kalra [38] which included
(1) total N by combustion (Elementar Vario MAX Cube, Langenselbold, Germany), (2) P, K,
S, Ca, Mg, Na, Fe, Mn, Zn, Cu and boron (B) (ICP-OES following HNO; + H,0, digestion),
(3) molybdenum (Mo) (ICP-MS following HNO; + H,0O, digestion, Bryson, et al. [39]),
and (4) Cl and NH,-N (1:125 water extract, flow injection analysis). The same methods to
measure total N and NH,;-N were applied to organic amendments. Carbon dioxide, CH,,
N,O, and NH3 measurements were conducted using an insulated stainless-steel chamber
fitted to the metal ring installed in each plot. Air was pumped through the chamber via
an inlet, and gas concentrations were continuously analyzed with a portable FTIR gas
analyzer (Gasmet DX4015, Gasmet Technologies Oy, Vantaa, Finland) for 30 min until the
CO, concentration stabilized. Gas concentrations were calculated as the 10% trimmed mean
during the 30 min reading. This parameter was used because gas concentrations increased
before stabilizing and fluctuating around a plateau. Ambient/background concentrations
were not subtracted from chamber measurements. Each plot was sampled in a fixed order,
with treated solids plots sampled first, followed by untreated liquid manure, urea, and control
plots. Gas measurements were taken 7, 9, and 15 days following land application in the 2022
experiment. For the 2023 experiment, two measurements were taken on days 1 and 7 following
land application. Additional sampling events were constrained by wet conditions, which
limited the operability of the FTIR analyzer under high moisture conditions.

2.5. Data Analysis

Plant nutrient parameters were calculated as follows for statistical analysis. The nutrient
uptake was calculated using Equation (2), according to Havlin, et al. [40].
DM x ¢
. -1\ _

Nutrient uptake(kgha ) =00 (2)
where DM is the pasture DM yield (kg ha=!), and c is the plant nutrient concentration (%).
The agronomic N use efficiency (AgNUE) was calculated on a per-harvest and cumulative
basis using Equation (3), according to Belyaeva, et al. [41]:

(DMtreatment B DMcontml)
N.

X

AgNUE (kg DM kgN™) = (3)
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where DM,catment a0d DM o1 are the DM yield (kg ha™!) in treatment and control plots,
respectively. DM o1 Was calculated as the average per block and date. N, is the N applied
(kg ha™!). Mineral balance indicators: Grass Tetany Index (K/(Ca + Mg)) and Dietary
Cation—Anion Difference (DCAD) were calculated to assess metabolic risk potential. The
DCAD (mEq kg DM 1) was calculated using Equation (4), according to Ender, et al. [42]:

DCAD = (%Na x 434.98 + %K x 255.74) — (%Cl x 282.06 + %S x 623.75)  (4)

Pasture DM yield, plant chemical concentrations, plant uptake, and gas concentra-
tions were analyzed by the method of restricted maximum likelihood (REML) with
a variance—covariance structure selected to model repeated measurements over time. The
selection was via a sequence of likelihood ratio tests. For all variables, a model with uni-
form correlation (split plot in time), with a random model consisting of block and plot
as random effects and repeated measurements within plots, was considered robust. Fol-
lowing the selection of the variance—covariance model, the main effects of treatment, date
of measurement, and interaction were assessed using Wald tests. Pairwise comparisons
were made using Fisher’s Least Significant Difference (LSD) test at p = 0.050. Since the
number of replications varied among treatments, several standard errors of difference and
LSD values were presented and calculated from the maximum standard error of difference.
The cumulative pasture yield and AgNUE were analyzed using factorial ANOVA with
treatment and block as independent variables. Soil properties were contrasted between
treatments using repeated measures ANOVA with treatment as a fixed effect, plot nested
within block as a random effect, and sampling day as the repeated measure. Statistical
analyses were conducted using GenStat (24th edition, VSN International Ltd, Hemel Hemp-
stead, UK), and the graphs were generated using the ggplot2 package (version 4.0.0) in R
(version 4.2.2).

3. Results
3.1. Pasture DM Yield

Group comparisons between control, untreated liquid manure, PFS-treated solids, and
urea showed significant (p = 0.014, Table 3) differences in pasture DM yield (Table 3). The
interaction between the treatment and the harvest date was not significant. Compared to
control plots, the application of untreated liquid manure and PFS-treated solids increased
DM yield. Pairwise comparisons between untreated liquid manure, urea, and PFS-treated
solids indicate that differences were not significant despite differences in available N inputs.
The same result was observed for the cumulative pasture DM yield.

Differences in pasture DM yield between control, urea, untreated liquid manure, and
Tanfloc-treated solids were significant (Table 3). The interaction between the treatment
and the harvest date was not significant. Pairwise comparisons indicate that pasture DM
yield of Tanfloc-treated solids and urea was greater than that of the control. Although
available N rates differed among treatments, differences between liquid dairy manure, urea,
and Tanfloc-treated solids were not significant. The same statistical differences between
treatments were observed for the cumulative pasture DM yield.

In 2022, AgNUE differences were not significant (Table 3). The highest values were
observed at the second harvest (August 2022), with positive values observed through the
fourth harvest. Similarly, in 2023, there were no statistical differences between treatments.
The highest values were observed in both first and second harvests. However, the positive
AgNUE values did not persist after the second harvest.
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Table 3. Pasture DM yield and AgNUE (mean * SD) observed in 2022 and 2023 experiments.

September— Main Effect of .
- 13 3 3
Year Treatment n May-June August October 23 December Treatment * Cumulative
Pasture DM yield (kg DM ha™1)
2022 Control 6 176.2 10592 933.9 + 465.7 2 1280.2 +214.72 1729.7 +£208.1 2 1030.0 2652 4120.0 + 145.6 2
Untreated 3 329.8 £171.6° 1924.0 +530.1° 1741.6 £211.32 1793.2 + 366.3 @ 1447.0 + 61.7° 5788.6 +291.0°
PFS-treated solids 3 365.6 £ 20392 1683.5 + 468.6 > 1762.1 £ 151.72 22282 +338.3P 1510.0 + 64.3> 6039.3 + 153.0
Urea 3 268.0 +163.7 1405.5 + 660.0 2 1478.2 + 497,52 2021.5 + 2322 2 1293.0 + 63.6 % 5173.2 + 508.6
2023 Control 6 758.0 +189.9 2 7182 +379.32 1510.3 +£215.1 2 780.0 + 13452 942.0+17.0° 3766.5 + 628.5 2
Untreated 3 947.7 +71.72 1042.7 £ 171.9 % 13123 £50.52 730.3 +280.9 2 1008.0 + 21.8 @ 4033.0 £ 394.3
Ta“ﬂs"(fl'iggamd 3 12220+1621% 11520 £ 1525" 1574.7 + 23572 1011.7 +302.9 1240.0 +24.0 4961.0 + 503.3°
Urea 3 1556.0 + 399.6 P 1069.3 + 369.2 3 1502.3 £ 215.32 878.3+129.22 1252.0 £ 32.8° 5006.3 + 920.8
Agronomic N use efficiency (kg DM kg N~1)
2022 Untreated 3 19+242 123 +£402 57+324 0.8+422 - 208+214
PFS-treated solids 3 17+182 6.6+372 43+167° 44%319 - 169+6.12
Urea 3 19+402 99+1194 424629 6.1+502 - 221+2512
2023 Untreated 3 26+322 454432 —27+392 —07+5.02 - 3741367
Ta“ﬂso(fl'ig:ated 3 44+032 414272 06+322 22+324 - 113+7.22
Urea 3 16.8 £10.22 74+862 —02+322 20+35% - 26.0+2422

! Harvests were conducted in May 2022 and June 2023. 2 Harvests were conducted in September
2022 and October 2023.  LSD (5%) for comparisons within harvests, 2022 = 482.6, 2023 = 392.5.
4 LSD (5%) for the main effect of treatment, 2022 = 335.0, 2023 = 281.2. Data in a column followed by
different letters indicate significant differences (p < 0.05).

3.2. Plant Chemical Composition and Uptake

In 2022, plant concentrations of N, P, K, Ca, Mg, Na, Fe, NH,, Mn, Zn, Cu, B, and Mo
(Table 4), as well as the K/(Ca + Mg) ratio and DCAD (Table S1), were not statistically
different between control and treatments. However, S (p = 0.030) and Cl (p = 0.049) con-
centrations differed significantly among treatments. Land application of untreated liquid
manure, PFS-treated solids, and urea significantly increased the uptake of nutrients, except
for Na and Fe, relative to the control (Table 5). A treatment effect was observed for S concen-
tration. Plots fertilized with PFS-treated solids had a greater plant S concentration (0.28%)
compared to untreated liquid manure (0.24%) and control (0.24%) but were not different
from urea (0.25%). Although the uptake of S from PFS-treated solids was numerically
superior to that of untreated liquid manure and urea, it was not statistically different. Fe
concentration and uptake were significantly greater in PFS-fertilized plots at the first harvest
(Tables S2 and S3), but not when averaged across dates.

In 2023, plant concentrations of N, P, K, S, Ca, Mg, Na, Fe, Mn, Zn, Cu and Mo (Table 4),
as well as K/(Ca + Mg) ratios and DCAD (Table S1), were not statistically different between
control and treatments. Differences were only observed for Cl (p = 0.001) and B (p = 0.001).
Likewise, there were no statistical differences in plant uptake of K, S, Ca, Mg, Na, Fe, Mn,
Zn, Cu, B, and Mo between control and treatments, with differences observed for N (p
= 0.021), P (p = 0.005), Cl (p = 0.001), and NH, (p = 0.020) (Table 5). Plots fertilized
with Tanfloc-treated solids showed a higher plant Cl concentration (1.2%) compared to
control (0.87%), untreated liquid manure (0.99%), and urea (0.84%) treated plots. Plant
uptake of Cl from Tanfloc-treated solids (14.7 kg ha!) was also higher than for control
(8.2 kg ha™!), untreated liquid manure (10.0 kg ha=!), and urea (10.6 kg ha=!). The effect
of Tanfloc-treated solids on plant concentration and uptake at the first harvest is reported
in Tables S2 and S3.

https://doi.org/10.3390/agronomy16212188


https://doi.org/10.3390/agronomy16212188

Agronomy 2026, 16, 2188 9 of 20

Table 4. Plant chemical composition across four harvest dates in 2022 and 2023 experiments

(mean + SD).
Untreated Liquid .
Control Treated Solids Urea o
Parameter (n = 24) %\ga:mll;g (n=12) (n=12) LSD (5%)
2022 experiment (PFS)
N (%) 232+0.88% 238+1.02° 234+0952 238 +092? 0.19
P (%) 0.28 £0.05° 030+ 0.05* 0.30 +£0.04* 029+ 0.05° 0.04
K (%) 215+ 0727 245 +0.52° 279+081° 245+0.80° 0.90
S (%) 024 +0.03° 0.24+0.03° 0.28 +0.06° 0.25 +0.03 2 0.03
Ca (%) 053 £0.122 0.53 +0.08* 0.48+0.05% 0.51+£0.09? 0.11
Mg (%) 0.17 £ 0.04% 0.18 £0.032 0.16 £0.032 0.18 £ 0.02° 0.04
Na (%) 0.38 £ 0.27° 038 £0.12° 024 +£0.10° 038 +0.27° 0.35
Cl (%) 0.77 £0.12¢ 0.89 £0.11° 0.86 +0.18 2 0.81 +0.152 0.09
Fe (mg kg™!)! 269 £0.32° 260+ 024° 277 £ 0422 26210247 0.22
NH, (mgkg™!) 24042 £ 75.84 % 256.67 +73.53° 248.33 + 96.47 @ 272.50 £ 104.46 2 41.92
Mn (mg kg=!) 133.70 £ 31.46 * 128.90 + 27.73 2 141.20 + 30.46 * 123.60 + 23.22 2 29.77
Zn (mgkg™1)! 127 £0.16? 1.35+0.222 134 £0.252 123 +0.13? 0.11
Cu (mgkg™!) 633 +1.71% 6.17 £1.85% 6.92 £3.06° 6.25+149°% 0.89
B (mgkg™!)! 071 £0.142 0.64+0.12% 0.66+0.10° 0.67 £0.092 0.09
Mo (mg kg™!) 047 +0.16° 048 +0.15% 038+0.13% 0.49 +0.18° 0.09
2023 experiment (Tanfloc)
N (%) 236+ 0.52% 237 +0.63° 228+ 0.62° 232+059° 0.11
P (%) 0.39 + 0.06° 0.40 +0.07 2 0.42+0.06* 0.38 £ 0.04° 0.04
K (%) 271+0.60% 2.60+092° 240+090% 2.64+049° 0.94
S (%) 028 +£0.04° 0.28 +0.04° 0.28+0.03¢ 0.27 £0.03° 0.02
Ca (%) 0.74+0.15° 072+0.16% 0.68+0.15° 0.73+0.18° 0.08
Mg (%) 0.21 £0.02° 0.22 £0.04° 0.21+0.03% 0.21+£0.03° 0.03
Na (%) 032+0.14° 0.39+024° 042+025% 032+0.17° 0.30
Cl (%) 0.87+£0.09° 0.99 +0.12° 1.18 £0.25°¢ 0.84 +0.14° 0.06
Fe (mg kg™1) 307.50 £ 212.2° 340.00 + 227.24 ° 305.00 + 155.94 @ 285.83 + 110.66 ° 178.30
NH, (mgkg™!) 151.08 +22.73 # 170.83 + 43.16 2 153.33 +30.85 * 154.17 + 36.55 * 19.46
Mn (mg kg™!) 138.20 £ 30.81 # 12270 £ 22317 119.10 £ 31.27 # 135.80 = 24.29 ¢ 46.51
Zn (mgkg™1)! 1.39 £0.08 2 140 £0.10? 137 +0.12% 147 £0.24°2 0.14
Cu (mgkg™!) 770 £2592 744 +£181° 6.88+1.36% 770x191° 1.64
B (mgkg™) 13.07 £ 4.18 ¢ 11.93 + 4.21 b¢ 10.14 £ 3.44° 11.65 + 4.73 2b 1.24
Mo (mg kg™!) 0.87+0.24% 096 +03* 1.25+0.68? 0.89 +0.17° 0.49
! Plant Fe, Zn and B (2022), and Zn (2023) were transformed using log10 for statistical analysis; table
values are presented as back-transformed means + SD. Data in a row followed by different letters
indicate significant differences (p < 0.05).
Table 5. Nutrient uptake across four harvest dates in 2022 and 2023 experiments (mean =+ SD).
Parameter Coiltrol Untrizge;lul;équld Treatec_:l Solids U_rea LSD (5%)
(n=24) (n =12) (n=12) (n=12)
2022 experiment (PFS)
N (kg ha™1) 19.28 £10.45? 29.34 +16.82° 29.44 +£13.31° 25.38 +13.63 2 7.51
P (kgha™) 3.04+1.93% 457 +£254° 456 +2.33° 4.03 +£2.53°b 1.11
K (kgha™!) 21.58 + 14.36 2 34.71 +20.32° 39.00 + 19.33 P 32.17 £ 22.18 2 13.23
S (kgha™!) 232+139° 340 +1.65" 3.81 +1.64° 3.15+1.88° 0.96
Ca (kgha™!) 5.06+296° 7.15 +£3.45° 6.97 +3.31° 6.16 £ 3.38 2 1.70
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Table 5. Cont.
ntr Liqui .
Parameter (Cn 0222% unt i?lger:iurequ a Tre(a;eg %))hds (nU:relaz) LSD (5%)
(n=12)
Mg (kg ha!) 1.67 £1.012 246 +1.17° 237 +1.14° 22141292 0.66
Na (kg ha™!) 3.54 +3.182 533 +322% 3.77 £2.672 3.98 +220° 3.00
Cl (kg ha 1) 8.15+5.40% 1251 +6.21° 1248 + 6.16° 1047 + 6.46° 2.54
Fe (kg ha™") 0.49 +0.43% 0.55+0.342 0.77 £0.322 0.49 +0.33%° 0.30
NH, (kg ha™!) 021 +0.122 0.34 +0.17" 032 +0.12° 030 £0.16° 0.08
Mn (gha™!)! 1.97 £ 0.44 2 216 +0.63° 222+039° 2.07 £0.39 0.21
Zn (gha™) 16.19 + 8342 29.65 £ 16.95" 27.54 £9.14° 2040 +£11.61° 5.46
Cu (gha™) 5.63 +3.072 7.85 + 3.66 ° 839 +£3.04° 7.21 +3.78%b 1.87
B (gha™') 594 +4.33% 6.70 +3.83 7.38 + 4.68° 6.56 + 4.29 @b 0.99
Mo (gha™!) 0.55+0.392 0.76 + 0.46 0.62 + 0.422b 0.71 £ 047" 0.18
2023 experiment (Tanfloc)

N (kg ha™1) 2118 £7.372 23.59 +7.17 2 27.82 +8.64° 29.6 +14.19° 6.15
P (kgha™) 3.61 +1.382 4.05+1.192 515+ 1.11° 4.76 + 1532 1.31
K (kgha™) 25.09 + 10.06 2 25.64 +£9.512 28.97 £ 11.65° 32.88 +11.382 11.06
S (kgha™") 258 +0.86° 2.83+0.70° 340 +0.64° 340 +1.167 0.87
Ca (kgha 1) 6.99 +3.19°2 7.05+1.832 8.24 +1.882 8.83 +251% 2.40
Mg (kg ha™') 1.97 £0.80 2 219 +0.60° 252 +0.602 255 +0.89° 0.69
Na (kg ha™!) 2.83 + 1472 4.00 +2.82% 5.37 +3.412 420+322° 3.81
Cl (kg ha 1) 821 +3.77% 9.98 +2.922b 14.68 + 4.64 ¢ 10.56 +£3.99° 2.43
Fe (kg ha™1) 0.25+0.132 0.33 +£0.242 0.35 +0.122 0.35+0.142 0.16
NH, (kg ha™') 0.14 +£0.052 0.17 £0.06 2 0.19 £0.05° 0.19 £ 0.07° 0.04
Mn (kg ha™!) 0.13+£0.052 0.12+0.032 0.14 £0.042 0.17 £ 0.052 0.06
Zn (gha™)! 1.32£0.212 1.38 £0.112 146 £0.102 1.55+0.292 0.19
Cu (gha™!)! 0.80 +0.212 0.85+0.142 091 +0.10° 0.95+0.162 0.15
B (gha™') 1241 +6.52° 11.67 +4.262 1215 +3.61° 13.82 +4.762 3.55
Mo (g ha™') 0.79 +0.352 0.97 +0.442 1.56 £ 0.93 2 1.15 £ 0.59 2 0.75

! Mn uptake in 2022 and Zn and Cu uptake in 2023 were transformed using log10 for statistical
analysis; table values are presented as back-transformed means + SD. Data in a row followed by
different letters indicate significant differences (p < 0.05).

3.3. Soil Properties

Most soil properties in the top 0-10 cm depth were not affected by the application

of treated solids (Table 6). Surface application of PFS-treated solids resulted in higher

(p = 0.028) Fe concentrations than for plots fertilized with untreated liquid manure

but were not different from control or urea plots. Soil CEC was also affected by PFS-

treated solids application and was lower (p = 0.047) than urea but not different from

the control or untreated liquid manure plots. In contrast, the Ca:Mg ratio did not differ

between treatments.
Surface application of Tanfloc-treated solids increased soil Olsen-P (p = 0.043) and
Colwell-P (p = 0.013) compared to untreated liquid manure but did not differ from the

control and urea. Colwell-P in plots fertilized with untreated liquid manure was lower than
in the control (p = 0.015) and urea (p = 0.034).
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Table 6. Soil properties at 0-10 cm for treatment plots at the end of each experimental period in 2022
and 2023 (mean * SD).

Parameter Control Uilitaetleli?d PFSS-O"lEaasted Urea Control Uﬁaeuait;d %};I:}ggl Urea
(n=6) MaEure (n=3) (n=3) (n=6) Magure Sol_lds (n=3)
(n=3) (n=3) (n=3)

pH (1:5 Water) 55+0.1° 56+0.1° 55+0.1° 57+01° 56£0.1° 57 £0.1° 58 £02° 56+0.1°
pH (1:5 CaCl,) 474010 484010 46+01° 484010 51+01° 51£01° 53+02° 514010
EC (dSm™) 01+00° 01+00° 01£00° 01+00° 01+00° 01+00° 01+00° 01+00°
Olsen-P (mg kg) 2724050 2804147 2624242 29.641.0° 269+12%  240+112 285+09°  258+17%
Colwell-P (mgkg™') ~ 1133+21°  1200+582  1100+58°  1233+33° | 101.8+38%  863+42° 103357 983+ 737
‘z‘r‘fgﬂig,ﬁ 21004401 1667 +203° 223343382 250044732 | 285+3412  O03E105  oa334 5170 29046110
ColwellK (mgkg™')  1927+409°  1567+12°  2133+33.8° 2267+296° | 2483+312° 282+1141° 1807 +523° 260+ 61.1°
S (mgkg™) 69 +£04° 794212 69+07° 7.0+ 042 6.9 £04° 724032 69+03° 68+0.6°
Organic C (%) 63+01° 60+02° 624010 624020 624012 61+0.12 634012 63+02°
Organic matter (%) 11.0400° 1054052 1034032 1074032 1054022 1034032 1074032 1074032
Nitrate (mg kg™!) 59 +£08° 63+06° 574140 57+£13° 69£12° 76+12° 85+28° 76+13°
NH,-N (mg kg) 1434032 1434232 1534092 137 £03° 1754232 167272 234627 137 £07°
(Crﬁ’gj?f;,l) 894097 89+02° 714062 1044082 107412 1084112 1264222 1024132

ExchK (cmolckg™)  0.5%0.1° 0.4 +00° 0.6 £0.1° 0.7 £0.1% 0.7 012 0.8+032 0.6+0.12 0.7 £0.2°

(Ci’fl}c‘gi) 134012 144002 11+01° 174022 144022 164027 184022 144012

(Cr]fl’(‘)‘i?gﬂ) 01+00° 01+00° 01£00° 01+00° 02+0.0° 02+0.0° 02+0.0° 01+00°

Exch-Al (cmolckg™)  0.8+0.3° 05+01° 114032 03+01° 054012 034012 034012 04+01°
CEC (cmolckg™) 116406  11.3+02%® 104052 132+08° 135412 1354082 1544212 1314152

CaMg 704022 62+03° 65+02° 63047 7.7 £03° 69+0.1° 6.8 +04° 71£06°

Cu (mg kg™) 164012 194012 144012 194012 184012 174002 174002 174012

Fe (mg kg) 1750 £56%®  1667+67°  1867+88° 1767+ 120%® | 17174792 15334120  160+153° 1767 £882
Mn (mg kg™) 197 £152 234240 177 092 2B +210 212406° 2B3+17° 2B +420 234097

Zn (mgkg™) 224010 35+07° 294010 26+01° 214010 20£01° 274030 214012

Al (mg kg™) 725+274°  430+85° 97042753 2804892 442+129° 2874982  265+111° 357 +126°

Cl (mgkg™) 132+1.0° 127 £50° 120+ 4.0° 103 +27° 2174300 267 +55° 213443  147£09°

Post-experiment means are presented for reference. Mean comparison by F-protected LSD (p < 0.05)
were performed averaging pre- and post-experiment values. Data in a row followed by different
letters indicate significant differences (p < 0.05).

3.4. Short-Term Gas Concentrations

Compared to urea, application of PFS-treated solids resulted in lower NH; (LSD = 0.79)
concentrations at sampling times, but higher CO, (LSD = 101.2) and N,O (LSD = 0.05)
(Figure 1). Compared with untreated liquid manure, plots fertilized with PFS-treated
solids emitted less N,O at sampling times. No difference in NH; and CO, concentrations
were observed between untreated liquid manure and PFS-treated solids. No significant
differences in CH, concentrations between treatments were observed.

Surface application of Tanfloc-treated solids resulted, on day 7, in lower NH3 concen-
trations than urea (LSD = 0.05) and lower N,O than untreated liquid manure (LSD = 0.07).
Carbon dioxide concentrations from Tanfloc-treated solids were not statistically different
from those of untreated liquid manure. Although CO, concentrations from Tanfloc-treated
solids were numerically higher than those of urea on day 7, the difference was not statis-
tically significant (Figure 2). No differences in CH, concentrations between treatments
were observed.
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Figure 1. Ammonia, N,O, CO,, and CH, concentrations in gas (Mean + SE) after land application
of untreated and PFS-treated manure and urea in the 2022 experiment. Different letters within a
sampling day indicate significant differences among treatments (p < 0.05).
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Figure 2. Ammonia, N,O, CO,, and CH, concentrations in gas (Mean * SE) after land application of
untreated and Tanfloc-treated manure and urea in the 2023 experiment. Different letters within a
sampling day indicate significant differences among treatments (p < 0.05).
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4. Discussion
4.1. Pasture Dry Matter Yield

No statistical differences were observed in pasture DM yield (kg DM ha~!) between
treated solids (PFS or Tanfloc), untreated liquid manure, and urea. Despite differences in
available N application rates among treatments, land application of treated solids main-
tained pasture DM yield. Therefore, under the conditions in which the experiment was
conducted, treated solids are a potential alternative to conventional nutrient sources for
pastures. Our findings confirm prior reports that PFS-treated solids did not negatively
affect plant growth [2,15].

The highest AgNUE observed for urea, 9.9 kg DM kg N1 in 2022 and 16.8 kg DM kg N~!
in 2023, agrees with values reported in the literature. In Western Victoria, Australia,
Suter, et al. [43] reported agronomic N use efficiencies of 6.9 + 1.9 kg DM kg N~! for
urea application in mid-April, while McKenzie, et al. [44] reported 9.1-21.2 kg DM kg N},
which reduced to 1.8-2.2 kg DM kg N~! over the next growing cycle for mid-April urea
application. Furthermore, in Western Victoria, Belyaeva, Ward, Wijesinghe, Chen and
Suter [41] reported 5.0-11.2 kg DM kg N~! following N fertilization in April and harvesting
in May. The N use efficiency results observed in this study from urea represent the typical
DM yield response relative to N under the experimental conditions.

Year-to-year differences in pasture DM yield and AgNUE could be attributed to land
application timing and environmental conditions. In 2022, treatments were applied on
28 March, and the first growth cycle lasted 42 days. The mean temperature during the first
growth cycle was 20 °C. Rainfall during the 14 days preceding land application was 45 mm,
but only 5.2 mm occurred in the six days prior to land application. Cumulative rainfall
from land application to the first harvest was 96.4 mm. In 2023, treatments were applied on
4 May, and the growth cycle lasted 54 days. The mean temperature during the first growth
cycle was 15 °C. Fourteen days prior to land application, rainfall was 7.55 mm. However,
cumulative rainfall to the first harvest was 243.7 mm.

4.2. Plant Chemical Composition and Uptake

For most nutrients, land application of PFS- and Tanfloc-treated solids did not affect
plant nutrient concentrations or nutrient uptake compared with untreated liquid manure
or urea. Because PFS increased plant S concentration and Tanfloc increased plant Cl concen-
tration and uptake, this result supported our hypotheses that treated solids can influence
the absorption of specific nutrients supplied by the coagulant/flocculant. The higher plant
S concentration from fertilization with PFS-treated solids compared to untreated liquid
manure is attributed to the S concentration in PFS. A similar result was obtained by Cameron
and Di [2]. Despite the higher S concentration in plants fertilized with PFS-treated solids
(0.28%), the concentration remained within the range (0.12-0.60%) reported for perennial
ryegrass pasture in Australia [45], indicating that the supplied S was in the lower half
of this range, and the increase was not excessive. Tanfloc-treated solids had a higher Cl
concentration (2.0%) than untreated liquid manure (0.7%), which explains the increased
plant concentration and uptake of Cl. The higher Cl concentration in Tanfloc-treated solids
is not surprising given Cl represents 13.5% of Tanfloc’s nutrient composition [21]. However,
Cl in the soil was similar across treatments, suggesting that Tanfloc’s Cl did not accumulate
in the soil but was either leached due to rainfall or absorbed by the plant. This result
agrees with findings from Dela Justina, Alves and Skoronski [24], who observed that most
of the Cl leached after applying sludge produced from Tanfloc-treated dairy processor
wastewater to a soil column. Despite the increase in plant Cl concentration, Cl in pastures
fertilized using Tanfloc-treated solids (1.18% DM) was within reported ranges for ryegrass
in Australia: 0.15-2.85% DM [45]. Therefore, Tanfloc-treated solids did not raise Cl above
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normal levels and thus are unlikely to cause any toxicity in the plant. In fact, as Cl is low in
pastures, common salt (NaCl) is often supplied to dairy cows to meet Cl requirements [46].
Furthermore, additional Cl in the ration at strategic times (e.g., pre-parturition) is an option
to reduce hypocalcemia risk post-parturition [47]. Therefore, although small, the additional
Cl supply from Tanfloc may be considered a positive input for cow nutrition.

The average K/(Ca + Mg) ratio in all treatments, including controls, was observed
to be higher than 2.2, which is a level that Kemp and Hart [48] reported significantly
increases the incidence of grass tetany (hypomagnesemia). Such a high K/(Ca + Mg)
ratio is related to high K concentrations in pasture (>2%). However, fertilization with
treated solids did not increase the risk of grass tetany in cows relative to control, untreated
liquid manure, or urea application. This result is because coagulation—flocculation has
minimal effect on K separation, which remains dissolved in the liquid fraction [49]. DCAD
levels were higher than the average observed for perennial ryegrass in Gippsland, Victoria:
258 mEq kg DM ™!, but lower than the maximum reported: 857 mEq kg DM~ [45]. Follow-
ing land application, the highest DCAD values (400-700 mEq kg DM~!) were observed in
June-August (Figures S1 and S2). The high DCAD levels were due to high K concentration
in plants and were not influenced by treatments. Such levels indicate a high hypocalcemia
risk due to a cation—anion imbalance during cows’ late pregnancy and early lactation [50].
Although Tanfloc increased uptake, the Cl remained within normal ranges, and the increase
was not large enough to significantly reduce DCAD levels. (Table 5; Figure S2).

4.3. Soil Properties

Most soil properties were not affected by the application of PFS- or Tanfloc-treated
solids compared to untreated liquid manure or urea. However, PFS-treated solids influenced
soil Fe and CEC, and Tanfloc-treated solids increased soil Olsen-P and Colwell-P, relative to
untreated liquid manure.

The higher soil Fe in plots fertilized with PFS-treated solids compared to plots fertilized
with untreated liquid manure was expected due to the addition of the coagulant. The
Ferrosol soil used in this study is characterized as having more than 5% free iron oxide, and
the addition of Fe in PFS was comparatively small and only affected plant concentration or
uptake at the first harvest. This is in contrast to higher plant Fe reported by Cameron and
Di [2], whose study was undertaken on Immature Pallic soils, which generally contain lower
iron oxide concentrations. The CEC was lower in plots fertilized with PFS-treated solids,
suggesting that the nutrient retention capacity of soils in these plots was less than that of
the urea-fertilized plots. This result is principally attributed to differences in exchangeable
Ca, which were also lower than those in urea-fertilized plots, although the difference was
not statistically significant. The lower CEC could be attributed to hydroxy-Fe complexes
that occupy exchange sites in the soil, thereby preventing exchangeable ions from coming
into contact with exchange sites [51].

Olsen-P and Colwell-P increases in response to application of Tanfloc-treated solids
could be related to its biodegradability [21]. Although Lépez-Coronado, Aarons, Nagul,
Heaven, Giri and Jacobs [49] observed that Tanfloc does not separate as much P as metal-
based salt coagulants, such as PFS, our findings suggest this deficiency is compensated
by a greater extractability of P from the solid-rich fraction that results in higher Olsen-P
and Colwell-P concentrations in soil. Although not significant, PFS numerically decreased
soil Olsen-P and Colwell-P levels, most likely due to strong sorption of P to the coagulant.
However, over a four-year period with repeated applications of PFS-treated effluent, Olsen-P
appeared to increase in low P-fixing Pallic soils [12]. P availability can also be influenced
by environmental conditions such as temperature, soil moisture, or pH [52]. Further
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research should compare both coagulants under the same management and environmental
conditions and investigate the effect of repeated applications of treated solids.

4.4. Short-Term Gas Concentration Responses

PFS- and Tanfloc-treated solids resulted in lower NH; concentrations compared to
urea during the sampling period. This effect could be explained by the acidic pH (4.2) of
PFS-treated solids, the inhibition of mineralization by tannins [27,53], and the bacterial load
in manure, which assimilated some of the NH, to produce microbial biomass [54]. However,
we cannot rule out that environmental factors in 2022 (PFS), such as higher temperature
and rainfall prior to land application, could have also led to greater NH; concentrations
from urea compared to 2023. Despite the lower pH in PFS-treated solids and the inhibition
mechanisms of tannins, no statistical differences in NH; concentrations were observed
compared to untreated liquid manure. However, the lower N concentration in untreated
liquid manure likely contributed to similar NH; concentrations compared to treated solids.
If untreated and treated amendments were applied at the same N rate, greater differences
in NH; concentrations may have been observed.

Greenhouse gas concentrations from land-applied treated solids varied by gas. We
initially expected that N,O concentrations would be similar to those of untreated liquid
manure and higher than those of urea. However, results suggest that N,O concentrations
were lower than those from untreated liquid manure and comparable to those from urea at
sampling times. Lower N,O concentrations from urea-fertilized plots compared with plots
receiving organic amendments were expected, given that urea hydrolysis primarily produces
NH;/NH,. As granular urea was surface-applied, aerobic conditions may have favored
nitrification, whereas anaerobic conditions were required for N,O production [54]. It is
possible that PFS-treated solids, with a lower pH (4.2) compared to untreated liquid manure
(6.8), suppressed nitrifying bacteria that produce N,O as a byproduct of NH; oxidation [54].
Tanfloc application resulted in a pH of 6.6, which may have reduced N,O concentrations by
affecting the microbiome and shifting predominant bacteria. The latter was observed by
Min, Willis, Casey, Castleberry, Waldrip and Parker [26] under in vitro conditions, where
tannins inhibited Gram-positive and Gram-negative bacteria in fresh manure and reduced
N,O emissions. However, microbial communities and N transformation processes were not
measured in this study and should be considered as possible explanations only.

Carbon dioxide concentrations from PFS- and Tanfloc-treated solids were not different
from those of untreated liquid manure at sampling times. However, only PFS-treated
solids showed statistically higher CO, concentrations than urea-fertilized plots, which is
consistent with lower concentrations from urea due to the absence of an added C source.
Although Tanfloc also showed numerically greater CO, concentrations than urea, the
difference was not statistically significant. Our PFS results corroborate previous findings
by Wang, Di, Cameron and Li [15] and Chisholm, Cameron, Di and Green [14], who also
reported non-significant differences between treated and untreated liquid manure. Since
PFS- and Tanfloc-treated solids had more DM than untreated liquid manure, our results
may suggest that the additional C in treated solids did not significantly affect short-term
CO, concentrations.

Methane concentrations from treated solids were similar to those of untreated lig-
uid manure and, contrary to our initial expectation, they were also similar to those of
urea-fertilized plots during the sampling period. This outcome is likely because surface
applications did not create anaerobic conditions that would have released CH,.
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4.5. Implications for Farmers

PFS- and Tanfloc-treated solids showed no detrimental effects on pasture DM yield,
plant nutrient uptake, soil properties, or plant chemical composition compared to untreated
liquid manure or urea, supporting our hypothesis that treated solids do not adversely affect
agronomic performance when land-applied to a temperate pasture-based dairy system.
Although plant S and soil Fe increased following PFS-treated solids and plant Cl and soil P
increased following Tanfloc-treated solids application, relative to untreated liquid manure,
these changes did not affect pasture productivity.

For dairy farmers, coagulation—flocculation with PFS or Tanfloc is a suitable method
to recover nutrients from manure, without affecting agronomic performance. Therefore,
chemical treatment has the potential to reduce synthetic fertilizer reliance. Furthermore,
chemical treatment provides other benefits, such as improved water recovery, water quality,
and solid-liquid separation efficiency [49]. However, the additional costs incurred by
chemical treatment may limit its adoption, which stresses the importance of balancing
agronomic, environmental, and economic performance, as well as investigating strategies
to reduce chemical use.

4.6. Limitations

Limitations should be considered when interpreting the results of the work presented.
For example, pasture DM production was measured over nine months following land
application. Treatments were applied once in autumn, and pasture was harvested until the
following summer when, due to lack of moisture, herbage growth slowed. While pasture
growth is minimal during summer, organic amendments can release plant-available N and
P over an extended period [55]; thus, the full effect of these manures on pasture DM yield
may not have been expressed within the measurement window, and they could have had
an effect on pasture growth when rainfall resumed in the subsequent autumn. Therefore,
experimentation over a longer time period and including repeated applications should be
considered in future research.

Gas concentrations were only measured for two (Tanfloc) and three (PFS) time points,
which did not allow us to estimate cumulative gas emissions. Therefore, our gas mea-
surements should only be interpreted as short-term responses following land application
rather than total gas losses. Wet conditions limited FTIR sampling because high moisture
levels affected instrument operation, reducing the sampling frequency. As a result, we
potentially may have missed peak gas production periods. For instance, it is expected that
NH; concentrations would have been greatest immediately after application, particularly
for urea. Furthermore, as gas fluxes were not measured, cumulative emissions could not
be quantified, and it is unknown whether the observed NH; or N,O concentration reduc-
tions persist over time. Chamber measurements also assume they are representative of gas
accumulation during the sampling period. However, our results warrant further research
to investigate whether the differences in NH; and N,O concentrations are associated with
changes in N gas dynamics under field conditions using more intensive sampling. This
environmental assessment should be complemented with leaching losses to fully account
for nutrients such as N, P, Fe, and Cl, which is necessary to assess potential trade-offs with
gas-emissions reduction. Prior research observed that PFS- [14,15] and Tanfloc-treated
solids [24] did not increase nutrient leaching compared to untreated liquid manure.

While treatment application in this study was based on industry practice for effluent
and urea application, this resulted in different plant-available N application rates. There-
fore, results should be interpreted cautiously. Future research should evaluate the effect
on pasture DM yield considering similar N levels across treatments. Furthermore, our
plant-available N values for treated solids should be considered as approximations, as min-
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eralization coefficients used in this study were developed for untreated manure. To generate
sufficient treated solids to apply to the plots, scraped manure was diluted with tap water to
around 3.0% TS, whereas farm dairy effluent typically has 0.5-1.2% TS [28]. Dilution affects
effluent ionic strength, colloidal stability [4], TS, and nutrient separation [49], which may
result differences in plant uptake, soil properties, and gas concentrations compared with
that from actual farm dairy effluent. Therefore, our results should be interpreted within
the context of the 3% TS diluted manure used and may not be representative of all dairy
effluent systems.

Finally, PFS and Tanfloc experiments were conducted independently in different years,
under different soil, environmental and pasture conditions. Therefore, comparison between
coagulants cannot be made. Future studies can evaluate both Tanfloc- and PFS-treated
solids in a common experimental design for direct statistical comparison.

5. Conclusions

This study evaluated the effects of surface applications of PFS- and Tanfloc-treated
solids on pasture DM yield, plant chemical composition and uptake, soil properties, and
short-term gas concentrations. Our results demonstrate that under the single autumn
application and nine-month monitoring period evaluated, PFS- and Tanfloc-treated solids
did not have a detrimental effect over pasture growth and chemical composition, or soil
properties. These findings indicate that treated solids showed potential as recycled nutrient
sources for pasture-based dairy systems under the conditions evaluated. Furthermore,
chemical treatment can improve nutrient re-distribution over the farm while improving
water recovery, quality, and solid-liquid separation efficiency. Our findings, however, were
limited by the short-term nature of the experimental periods (9 months for agronomic effects
and 2-3 time points for gas measurements), differences between experimental methods
and on-farm practice, and by unequal N application rates among treatments. Further
research is required to investigate N gas dynamics using more intensive sampling. Future
studies should also evaluate the long-term effects of repeated applications of the liquid
fraction to pasture, nutrient losses through leaching, and how storage time affects nutrient
separation and availability, which has potential implications for agronomic performance.
Such information is required to balance agronomic performance, environmental impact,
and economic viability, before adoption by dairy systems can be supported.
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