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• Field and glasshouse studies to investi-
gate efficient in-season nutrient supply.

• Sorbent additions (hydrotalcite; HT)
tended to defer P availability (2 soils).

• Spent litter derived nutrient (manure;
SL) deferred P availability in some soils.

• Sorbent additions (bentonite, HT) in-
creased residual nutrient (N, P respec-
tively).

• Manures and ion-exchangers may
match Conv N and P sources with lower
losses.
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The key to better nutrient efficiency is to simultaneously improve uptake and decrease losses. This study sought
to achieve this balance using sorbent additions and manure nutrients (spent poultry litter; SL) compared with
results obtained using conventional sources (Conv; urea nitrogen, N; and phosphate–phosphorus; P). Two exper-
iments were conducted. Firstly, a phosphorus pot trial involving two soils (sandy and clay) based on a factorial
design (Digitaria eriantha/Pennisetum clandestinum). Subsequently, a factorial N and P field trial was conducted
on the clay soil (D. eriantha/Lolium rigidum). In the pot trial, sorbent additions (26.2 g of hydrotalcite [HT]
g P−1) to the Conv treatment deferred P availability (both soils) as did SL in the sandy soil. In this soil, P delivery
by the Conv treatments declined rapidly, and began to fall behind the HT and SL treatments. Addition of HT in-
creased post-trial Colwell P. In the field trial low HT-rates (3.75 and 7.5 g of HT g P−1) plus bentonite, allowed
dry matter production and nutrient uptake to match that of Conv treatments, and increased residual mineral-
N. The SL treatments performed similarly to (or better than) Conv treatments regarding nutrient uptake. With
successive application, HT forms may provide better supply profiles than Conv treatments. Our findings, com-
bined with previous studies, suggest it is possible to use manures and ion-exchangers to match conventional N
and P source productivity with lower risk of nutrient losses.
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1. Introduction

Despite decades of agricultural research, applications of convention-
al fertiliser products, such as urea and superphosphate, result in only 40
to 60% plant uptake of the target nutrients (Bolland and Gilkes, 1998;
David and Gentry, 2000; Drinkwater and Snapp, 2007; Galloway and
Cowling, 2002; Van der Molen et al., 1998). For P and N, losses take dif-
ferent forms via different paths. The residual value of previously applied
conventional phosphorus fertilisers is indicated to decline with time
after application (Bolland andGilkes, 1998). This is due to the rapid con-
version of soluble forms to more stable less soluble forms. In contrast,
where high yields are sought without regard to nitrogen fertiliser effi-
ciency, the result can be the contamination of adjacent environments
(e.g. Di and Cameron, 2002; Perego et al., 2012).

This presents a severe problem, given that the productivity of agri-
cultural land will be required to rapidly increase to meet international
demands. For example it is foreseeable that China will require 30 to
50% more food to meet demand in the next two decades (Zhang et al.,
2013). However, the problem is not restricted to China. There is both a
requirement and an economic opportunity for food exporting nations
to increase productivity.

To date, nations have achieved improved crop production at the ex-
pense of increasingly leaky fertiliser practices (Drinkwater and Snapp,
2007; Zhang et al., 2011). Decreasing the losses associated with crop
fertiliser delivery is becoming a substantial community focus. For exam-
ple in Australia, where intensive crop production may occur adjacent to
sensitive environments (e.g. The Great Barrier Reef), community
concern has increased after scientists have suggested causal links
between water quality and reef health (Queensland Government,
2015). Solutions to enable efficient, yet high-yield, agriculture are
being sought.

It is know that precise application of fertiliser nutrients just in time
to meet a maturing crop's demand can substantially decrease system
losses and inefficiency. By managing N fertiliser in a manner that en-
sured non-limiting N supply with minimum excess (and minimum
losses) through in-season root zone N management. Chen et al. (2006,
2010) were able to almost double maize yields with no increase in
fertiliser use (Zhang et al., 2011). In this management, total fertiliser N
additions are divided into sub-applications that are applied throughout
the growing season (Cui et al., 2010). This practice would only suit agri-
cultural production systemswhere it is feasible to access the crop for ad-
ditional fertiliser applications during the growing cycle. In many
agricultural systems this approachmay result in crop disturbance or ex-
cessive fertiliser application costs. In these circumstances, other options
that are able to efficiently supply nutrients to meet growth require-
ments may enable the same benefits to be achieved.

Conventional fertiliser practice emphasises the uptake of inorganic
nutrient forms. However, it is known that some organic nutrients are
available to plants (Paungfoo-Lonhienne et al., 2008, 2012; Schmidt et
al., 2013). The relative importance of organic nutrient uptake (com-
pared to inorganic nutrient forms) remains unknown (Nasholm et al.,
2009).

Models have been used to predict nutrient availabilities from ma-
nure or organic waste applications to soils in experimental crop man-
agement (e.g. composts and manures, Archontoulis et al., 2014;
Beraud et al., 2005). However, no attempt appears to have been made
to tie waste material nutrient release to in-season nutrient require-
ments of crops or pastures.

Innovation in fertiliser efficiency has a long history (e.g. Ellis, 1907),
and a range of approaches have been taken to enhance the effectiveness
of fertiliser materials, dominantly via controlled or slow release or via
the application of nitrification or urease hydrolysis inhibitors
(Halvorson et al., 2014; Timilsena et al., 2015). The nutrient delivering
efficiency of these products tends to be higher than that of conventional
fertilisers, due to their enhanced potential for in-season nutrient supply,
and decreased potential for leaching, run-off, and gaseous nutrient
Please cite this article as: Redding, M.R., et al., Manure and sorbent fertil
fertilisers, Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2
losses (Dave et al., 1999; Trenkel, 2010). Another important advantage
is a decrease in the damage to leaves and roots due to osmotic stress
(Shaviv, 2001; Trenkel, 2010). While some of these approaches have
demonstrated substantial agronomic or environmental advantages,
they tend to be expensive (2 to 13 times the cost of equivalent masses
of conventional fertiliser nutrient; Lammel, 2005).

Nitrogen transformation inhibitors (urease and nitrification inhibi-
tors) may be less expensive than encapsulated fertiliser products, how-
ever, they tend to be temperature sensitive (breaking down as
temperatures increase; Irigoyen et al., 2003; Ruser and Schulz, 2015),
and there are health concerns regarding the application of some forms
of inhibitors (hydroquinone; Trenkel, 2010). Even where there is no
demonstrated health effect, observation of residues in agricultural prod-
ucts (e.g. Danaher and Jordan, 2013) can be a barrier to adoption of
these technologies.

Ion exchange materials have been proposed as a means to tailor nu-
trient supply to meet plant demand without excessive nutrient avail-
ability and decreased leaching losses (Gillman and Noble, 2005;
Gillman, 2011). The advantage of the ion-exchangemechanism innutri-
ent supply is that thesematerials will tend to buffer solution concentra-
tions, potentially supplying further nutrient as the plant lowers solution
concentrations in the rhizosphere. Materials investigated in this role in-
clude: hydrotalcite, an anion exchanger able to retain P and N as nitrate;
and bentonite (Gillman, 2011; Redding, 2011) or zeolite (Li et al., 2013)
which have an affinity for ammonium cations. Further studies have
established that cation exchanger additions can decrease nitrogen
leaching losses (Aghaalikhani et al., 2012; Ding et al., 2010;
Gholamhoseini et al., 2013; Singh et al., 2010). This study seeks to fur-
ther investigate this potential through the application of an anion ex-
changer for P delivery and a cation exchanger for N delivery.

One approach may be to utilise waste organic nutrient sources, not
simply to match conventional fertiliser performance, but to provide a
means of on-going nutrient mineralisation and release (Adeli et al.,
2011; Kihanda et al., 2005; Smith et al., 1998). This may prove to be a
means to re-couple the nutrient and carbon cycles, potentially resulting
in less nutrient losses due to nutrient excesses (Drinkwater and Snapp,
2007). Conventional use of manures as fertilisers often do not achieve
this end, as demonstrated by a range of studies into nutrient losses
(e.g. Chardon et al., 1997; Rasouli et al., 2014; Smith et al., 2007). How-
ever, it is likely that continued seasonal applications of moderate quan-
tities of manure nutrients will result in steadily increasing availability of
nitrogen, phosphorus, and potassiumwith successive applications (Bar-
Tal et al., 2004).

Initial groundwork identifying potential key advantages of manure
use is already in place. A meta-analysis of available data suggests that
whilemanure applications to soil (without formulation) as fertilisers re-
sulted in significantly greater organic carbon (OC) in soils, the yield ef-
fects of these two nutrient sources were comparable (Edmeades,
2003). Given a history of annual manure application, it is possible to
reach a point where annual N and P made available in the rhizosphere
is equal to the manure N and P applied (Helgason et al., 2007). One
study achieved on-going nutrient release matching crop requirements
within 9 years using cattle manure and composted cattle manure
(Miller et al., 2009). Effectively these observations suggest that manure
nutrient forms defer nutrient availability relative to conventional
fertiliser forms. As the agricultural paradigm shifts to a need for precise
and efficient nutrient supply with low environmental losses, can these
manure characteristics offer an advantage?

This is the starting point for our research.We sought to identify if we
could use two ion exchange materials and a manure nutrient source
(spent poultry litter; the bedding material collected from a commercial
production facility after the production of a batch of broiler chickens) to
defer N and P availability relative to a conventional fertiliser. To this end
we conducted glasshouse and field trials over multiple seasons, observ-
ing a considerable offset of availability of P relative to the conventional
source.
isers increase on-going nutrient availability relative to conventional
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2. Materials and methods

2.1. Materials

Two soils were selected for investigation in a glasshouse pot trial.
Both were representative of the surface 0.01 m of the profile, but were
of very different character. The sandy soil was collected fromWarwick,
130 km south west of Brisbane, from the A horizon of a Natrustalf (Soil
Survey Staff, 1998), and is classified as a Grey Sodosol soil in the Austra-
lian Soil Classification (Isbell, 2002). The red clay soil, classified as a Red
Ferrosol in the Australian Soil Classification (Isbell, 2002), or an Alfisol
(Soil Survey Staff, 1998), was collected from Toowoomba, 125 km
west of Brisbane.

Approximately 1 t of each soil was transported to the laboratory.
Coarse rocks and plant matter was removed from the field moist soil
using a mechanical agitator and suspended sieve (2 mm aperture, 1 m
diameter). Each sieved soil was further homogenised via mixing using
a shovel on a plastic tarpaulin. Soils were subject to progressive air dry-
ing during storage.

Sixty kilograms of litter was collected from a meat chicken produc-
tion unit in south-east Queensland, 25 days after birds were introduced
into the shed (Table 1). Hardwood shavings to a depth of 50 mmwere
transferred to the shed at the commencement of the production cycle
as a part of routine management. The bulked litter sample was repre-
sentative of the full depth of litter, and the range of environments with-
in the shed (e.g. from below drinkers, and from the space between). The
litter was immediately transported to a cold room, mixed thoroughly,
stored at 4 °C until used, and ground to pass a 2 mm aperture sieve im-
mediately before use.

The sodium bentonite and hydrotalcite were obtained as described
by Redding (2011). The bentonite material was ground and sieved to
0.5 to 2 mm diameter for use in the studies. The hydrotalcite was
dried and ground to pass a 100 μm screen.

Soils, spent litter and bentonite were subjected to analysis for
(Rayment and Lyons, 2010): pH (1:5 mass ratio of sample to water),
total-nitrogen (Kjeldahl nitrogen, method 7 A1), 2 M KCl extractable
ammonium–N (NH4

+–N) and nitrate + nitrite-N by steam distillation
for the spent litter (NO3

− +NO2
− N; method 7A1) and via colourimetric

analysis for the other materials (method 7C2b); Colwell-phosphorus
(bicarbonate extractable phosphorus, method 9B2), total-potassium
(aqua regia digest; method 17 C1), soluble (1 M ammonium chloride
extract, pH 7.0; method 15 A1) and exchangeable bases (leaching
with alcohol and glycerol solutions to remove soluble cations followed
by alcoholic 1M ammonium chloride extract, pH 8.5;method 15C1), ef-
fective cation exchange capacity (ECEC, sum of exchangeable cations;
method 15J1), total carbon (high frequency induction furnace, method
6B2), total-phosphorus (Crosland et al., 1995), and organic carbon
(Walkley and Black, 1934). Spent litter phytate content was estimated
Table 1
Bentonite and spent litter characteristics, reported on an oven dry basis. Effective cation
exchange capacity = ECEC.

Units Spent poultry litter Bentonite

Total N % 3.08 ± 0.12 0.027 ± 0.001
NO3

−–N % 0.045 ± 0.01 −
NH4

+–N % 0.43 ± 0.31 −
Total P % 1.93 ± 0.11 0.018 ± 0.003
Phytate P % 1.14 ± 0.07 −
Bicarbonate P % − 0.0004 ± 0.0002
Total K % 2.82 ± 0.01 0.07 ± 0
Organic C % 26.9 ± 1.0 0.36 ± 0.03
Total C % 27.6 ± 1.2 0.95 ± 0.11
Exchangeable Ca cmol (+) kg−1 13.8 ± 0.2 15.4 ± 0.6
Exchangeable Mg cmol (+) kg−1 9.41 ± 0.08 14.9 ± 0.9
Exchangeable K cmol (+) kg−1 75.3 ± 0.7 1.52 ± 0.04
Exchangeable Na cmol (+) kg−1 30.1 ± 0.4 50.7 ± 0.8
ECEC cmol (+) kg−1 − 82.6 ± 2.3

Please cite this article as: Redding, M.R., et al., Manure and sorbent fertil
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via acid extraction, exchange column separation, followed Inductively
Coupled Plasma Atomic Emission Spectroscopy analysis (Latta and
Eskin, 1980). Soil phosphorus buffering capacity was determined via a
single point index (method 9I2b, Rayment and Lyons, 2010). Hydrotal-
cite characteristics were analysed and reported for a previous study
(Redding, 2011).

2.2. Pot trial

A total of 48 pots (200 mm diameter) of each soil were prepared.
Each contained 2.8 l of soil: 5.5 kg for the sandy soil pots, and 3.1 kg
for the red clay soil. The treatments applied corresponded to a range
of P additions (0, 12, 24, 36, 48, and 60 mg P [kg soil]−1), in the form
of analytical reagent grade K2HPO4 (Conv) or spent poultry litter (SL;
duplicates of each nutrient source at each P rate). Half the P treated
pots also received hydrotalcite (HT) at a rate of 26.2 g of hydrotalcite
[g P]−1. This treatment rate corresponds to HT containing 3.82% P in
the case of the K2HPO4 treatments, and spent litter treated at a rate of
74.3% of oven dry equivalent mass with HT.

Formulation materials were mixed together, water added to reach
saturation, and incubated at 30 °C for 10 days prior to treatment of the
pots. Following this incubation period, pot treatments were prepared
individually. Each single pot treatment formulation was thoroughly
mixed with sufficient soil for one pot, and the mass of soil packed into
the pot.

Pasture seeds were germinated in trays, and planted into the soils
subsequent to treatment. The initial planting was with digit grass
(Digitaria eriantha cv. Premier), and replanted at 380 days with kikuyu
grass (Pennisetum clandestinum cv. Whittet) to replenish plant stocks
with a species observed to bemore tolerant of the glasshouse conditions
and to prevent disease issues.

Pots weremaintained in a randomised and blocked row-column de-
sign on 12 benches. A total of 15 cuts were collected, at 4 to 5 week in-
tervals. Dry matter production was determined following desiccation at
50 °C, the samples were then ground and analysed for Total N (Dumas
technique; Bremner, 1996) and Total P by Kjeldahl digest (Crowther
et al., 1980).

Basal applications of K, Ca, Mg, S, N, Cu, Zn, Mn, B, Mo, and Fe were
applied to all pots after plant establishment, and subsequent to each
cut. Moisture contents were maintained around 70% of measured field
capacity via application of deionised water. Glasshouse temperature
control was set at 25 °C, and temperature loggers (http://www.
hobodataloggers.com.au) were hung at 200 mm above pot height in
the centre of each bench. Two pyranometers (http://www.soldata.dk/)
and two relative humidity sensors (http://www.geminidataloggers.
com/) were also logged throughout the glasshouse trial.

Sandy soil pots were leached (between 28/6/2012 and 2/08/2012)
with a total of ten pore volumes of water (5 weekly events, each 2
pore volumes) to establish if the treatments had any effect in stabilising
applied P in relation to leaching losses. Leachate samples were collected
and analysed for molybdate reactive P. The same process was not con-
ducted for the red clay due to the very high buffering capacity of that
soil.

2.3. Field trial

A small plot (1.5 × 2 m) field trial was established with pasture as
the plant model (digit grass/sown with annual ryegrass in winter; D.
eriantha/Lolium rigidum), with a treatment structure designed to inves-
tigate the effect of sorbers and spent litter versus conventional N and P
sources (randomised treatment assignment to plots; Table 2). Spent lit-
ter contains both N and P, so it was necessary to differentiate observa-
tions of these two nutrients through the use of basal fertiliser
applications. Treatment formulations all underwent an identical wet-
ting and incubation step to that described for the pot trial. Bentonite
isers increase on-going nutrient availability relative to conventional
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Table 2
Field trial layout at establishment.

Treatments and
basal nutrients Count Description

Simultaneous N
and P rates⁎

4 0 P + 0 N; 24 P + 39 N, 48 P + 78 N; 80 P + 131 N
(kg ha−1)

Nutrient forms 2 Spent litter or superphosphate + Urea
Sorber additions 2 ±bentonite (3000 kg ha−1) + hydrotalcite (300 kg

ha−1)
Additional urea N 2 ±131 kg N ha−1

Additional
superphosphate
P

2 ±80 kg P ha−1

Total plots 64 Data analysis using only 2-way interactions (plus cut
number), where non-significant interactions were
pooled to increase the degrees of freedom of the
analysis

⁎ Spent litter materials contain both N and P in a fixed ratio.
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was included in the formulations to assist retention of NH4
+ as described

previously (Redding, 2011).
The site was located on the red clay soil and possessed a≈ 1% slope.

Each plot was located with the longest dimension in the direction of the
slope, andwas surrounded on each side by a buffer the same dimension
as the plot. Solid-set irrigation (http://www.senninger.com/solid-set/
wobbler/; Xcel Wobbler size #6, 100% pattern overlap, 6 m irrigator
spacing, delivering 250 l h−1) was installed across the site to ensure
water uniformity and eliminate water limitations. Irrigation was sched-
uled twice weekly to meet pasture water demand. Individual plot
allocation was completed randomly, with an approximately homoge-
nous allocation across the site (relative to slope position and site
dimensions).

Cuts were completed using a domestic push-style lawnmowerwith
an attached catcher. Plotswere subsequently raked, themower cleaned,
and collected material included in the sample. The entire sample was
bagged and dried at 65 °C in a fan forced airflow, thenweighed to deter-
mine drymatter content. These sampleswere then ground, subsampled
via coning and quartering, and analysed as described for the pot trial.

Before and after the trial, soil in each plot was sampled (8 cores
40 mm in diameter, 0 to 75 mm depth, bulked together) and analysed
as described for the pot trial. Three pasture cuts were completed on
the trial plots before treatment applications to assess site uniformity,
and to help remove any evident plot effects from the trial data (as an
analysis covariate).

Basal applications of lime (2.5 t ha−1) and gypsum (1.25 t ha−1)
were applied individually to each plot. Plots receiving additional N or
P (Table 2), received these in the form of urea or superphosphate, re-
spectively, individually weighed and applied to each plot. Treatments
were applied into the pre-established D. eriantha cv. Premier pasture
by cutting 4 equidistant slots to 75 mm depth longitudinally across
each plot. Pre-incubated formulations were inserted into the slots, and
the remaining slot volume backfilled with the displaced soil.

Fifteen cuts were completed throughout the period from 23/01/2013
to 15/09/2014, at intervals determined by estimated drymatter produc-
tion. Maintenance nutrients were applied throughout the trial to opti-
mise nutrient conditions. After each cut, the additional urea–N (Table
2) was re-applied to each plot, accompanied by (from August 2013, cut
5, onwards) 144 kg ha−1 of K2SO4. Plots that did not receive additional
urea-N during trial establishment (Table 2) received a maintenance ap-
plication of urea-N subsequent to each cut (30 kg N ha−1), and for the
final 3 cuts received N at the additional N rate (131 kg N ha−1) to better
identify residual P availability across all treatments.

2.4. Conceptual investigation of on-going release potential

The pasture species used in this trial were chosen, not to represent
pasture production systems, but rather for their ability to enable
Please cite this article as: Redding, M.R., et al., Manure and sorbent fertil
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multiple harvests (cuts)within each growing season. This capability en-
abled multiple extractions of the available nutrient (N and P), under
substantially optimised growing conditions (e.g. irrigation) that tended
to maximise uptake of the available nutrients. This pasture cut data
therefore tends to represent maximum potential uptake.

For the pot trial, these maximum potential P uptake observations
allow further interpretation of the data on a conceptual basis. Under
commercial cropping conditions, nutrient captured by each crop is ob-
tained not only from the current nutrient application, but also from re-
sidual nutrient fromprevious season applications (Helgason et al., 2007;
Miller et al., 2009). We assumed residual nutrient release from the for-
mulations was comparable to that demonstrated for the sandy soil in
the pot trial, representing the final crop of 3 consecutive crops (using
thedata from5 cuts per crop), summing residual and recently applied P:

Pmax;time x ¼ ∑
i¼3

i¼1
Pxþ i−1ð Þ�5; ð1Þ

where Pmax, time x representsmaximum P uptake potential for a formula-
tion at a time point during the third cropping cycle (time points repre-
sented by x; time 1 to time 5); i represents the crop (crops 1 to current
crop 3); and P1 to P15 represent the P removed with a single cut (15
cuts were collected during the trial).

2.5. Statistics

The row-column designed pot trial data was analysed for any spatial
effects or covariance related to bench temperature data. Subsequently
the dry matter and nutrient uptake data was analysed as a repeated
measure ANOVA (Greenhouse-Geisser method) and REML using
Genstat (GenStat, 2013).

Likewise, field trial data was analysed using an analysis of repeated
measures ANOVA, using only 2-way interactions (plus cut number),
where non-significant, the 3, 4 and 5-way interactions were pooled to
increase the degrees of freedom of the analysis. Plot nutrient status
and uniformity cut data were investigated as possible data co-variates.
Data analysis split the trial between the initial 12 cuts and the subse-
quent 3 cuts with the higher basal N rate.

The time-series nature of the datawas taken into account by an anal-
ysis of variance of repeated measures (Rowell and Walters, 1976), via
the AREPMEASURES procedure of GenStat (2013). This forms an ap-
proximate split-plot analysis of variance (split for time). The Green-
house-Geisser epsilon estimates the degree of temporal
autocorrelation, and adjusts the probability levels accordingly.

3. Results

3.1. Pot trial

Total P uptake and dry matter production from the inorganic P
source exceeded that from spent litter or the equivalent treatments
with added sorbent (Fig. 1). However, as the experiment proceeded P
uptake from the inorganic P source decreased relative to the other
sources, until these treatments were surpassed by sorbent treated inor-
ganic sources and, in some cut/soil combinations, spent litter treat-
ments (with or without sorbent). In particular, cumulate P uptake
from the inorganic treatment after replanting (cut 13) in the sodosol
soil was significantly less than that from all other sorbent and P source
combinations (P b 0.05; Fig. 2).

Pooling all cuts, significant treatment effects were evident for each
soil (P b 0.05; Table 4). In general, HT addition tended to decrease over-
all P uptake, but in combination with the Conv treatment in the sandy
soil tended to increase uptake in the latter cuts (e.g. after re-planting).
The nutrient source also influenced total P uptake and dry matter pro-
duction, with SL tending to result in lower values than the Conv treat-
ments overall. However, after re-planting the SL treatments tended to
isers increase on-going nutrient availability relative to conventional
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Fig. 1. Pot phosphorus uptake was significantly affected by the source of P, and the
addition of sorbent. Bars indicate significance (LSD's, P b 0.05), while the vertical dashed
line indicates when the pots were replanted. Spent litter = SL, hydrotalcite = HT,
conventional fertiliser = Conv.

Fig. 3. Molybdate reactive P leached from the sandy soil pots with 10 pore volumes of
water. Spent litter = SL, hydrotalcite = HT, conventional fertiliser = Conv.
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exceed the productivity of the Conv treatments in the sandy soil (P up-
take and dry matter production; P b 0.05).

Addition of HT decreased molybdate reactive P leaching from all P
sources from the sandy soil (P b 0.001; Fig. 3), to the same magnitude
as soil with no P addition (all treatment rates; LSD, P b 0.001). Leaching
losses of molybdate reactive P from the highest rate of P addition were
significantly lower from the SL source than from the Conv source.

Phosphorus retained in the soils was increased via HT addition
(Colwell P, both soils; red clay 1.4 ± 0.6 mg kg−1 + HT;
b0.5 mg kg−1 − HT; sandy soil, 0.6 ± 0.2 mg kg−1 + HT;
b0.5 mg kg−1 − HT; P b 0.01).

3.2. Field trial

Drymatter production and nutrient uptake increasedwith addition-
al P andN applications (P b 0.05). Phosphorus uptake from the SL source
was equivalent to or greater than that from the Conv source (P b 0.05;
Fig. 4). Spent litter proved to be an equivalent source of N compared
Fig. 2. Pot cumulative P uptake following replanting (dashed vertical line, Fig. 1) was
significantly affected by the source of P, and the addition of sorbent. Analysis indicates
significant differences for all time periods in each soil (REML ANOVA; LSD's plotted,
P b 0.05). Spent litter = SL, hydrotalcite = HT, conventional fertiliser = Conv.
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to the Conv source (SL 8.12 g N cut−1, versus Conv 8.29 g N cut−1,
LSD at 0.05 level = 0.44; P N 0.2), though it resulted in significantly
less mineral-N extractable from the soil at the end of the trial (SL
19.02 relative to Conv 22.63 mg N kg −1; LSD at 0.05 level = 1.96;
P = 0.001).

Additions of bentonite and HT sorbents (at the decreased rate
employed in this trial compared to the pot trial) had no significant influ-
ence on dry matter production or P uptake (no significant difference in
total values; +sorbent, 0.959 g P cut−1, versus −sorbent 0.919 g
P cut−1, LSD at 0.05 level = 0.063; P N 0.4; no significant difference
for any cut during the trial; P b 0.05). Similarly these additions did not
modify N uptake (+sorbent, 8.21 g N cut−1, versus −sorbent
8.21 g N cut−1, LSD at 0.05 level = 0.44; P N 0.3). Sorbent additions
did not result in differences in the final trial soil samples for Colwell
P (+sorbent 17.66 mg P kg−1 versus −sorbent 14.9 mg P kg−1; LSD
at 0.05 level = 4.00; P = 0.169), however, addition of the sorbent in
combination with the no-basal N treatments retained more extract-
able mineral-N at the end of the trial (20.02 mg N kg−1 relative to
16.84 mg N kg−1; LSD at 0.05 level = 2.77; P b 0.05).
Fig. 4. Field trial P removal, indicating the significant influence of nutrient source
(significance indicated by *, LSD's plotted as error bars; P b 0.05). The vertical dashed
line indicates where additional N rates were homogenised across all treatments
(131 kg N ha−1). Spent litter = SL, conventional fertiliser = Conv.

isers increase on-going nutrient availability relative to conventional
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4. Discussion

4.1. Pot trial

Sorbent additions (HT) to the Conv treatment tended to defer nutri-
ent availability. Thiswasmost evident for the sandy soil (Fig. 1), butwas
also evident for the red clay following re-planting (Figs. 1 and 2). The SL
source of P also tended to defer P availability in the sandy soil, where P
uptake following replanting exceeded nutrient supply from the Conv
treatment (Fig. 2). This would be expected from previously published
observations of the use of other manure forms as fertilisers (Helgason
et al., 2007; Miller et al., 2009).

Overall, nutrient uptake from the Conv treatment exceeded that
from treatments with HT or those that used the SL source. Given
the effect of sorber addition or SL in deferring availability, this is an
expected consequence. Over a longer time scale, a greater proportion
of uptake from the HT and SL sources would likely occur. Indeed, it is
evident from the sandy soil data that P delivery by the Conv treat-
ments had declined to a very low level by cut 7 (Fig. 1), and began
to be exceeded by the HT and SL treatments (Table 4, dry matter pro-
duction cuts 13 to 16 from the Conv + HT and SL treatments both
significantly exceed that from the Conv treatment, P b 0.05; Figs. 1
and 2). At the completion of the experiment, Colwell P extractable
from HT treated pots was significantly greater than from those with-
out HT (P b 0.001).

Where water transport losses (leaching or run-off) are signifi-
cant, there may also be advantages of HT application in terms of
retained nutrients, in addition to decreased contamination of water
resources with P. Leaching losses of molybdate reactive P from the
sandy soil were observed to be decreased to background levels via
HT addition, and significantly decreased via the SL relative to the
Conv source. Though total P losses were not measured in addition
to molybdate reactive forms, these results are comparable to the
total P run-off and leaching data following HT treatment reported
previously (Redding, 2011).

The sandy soil provides much stronger treatment contrasts than
were evident for the red clay, probably due to themuch higher P buffer-
ing capacity of the red clay relative to the sandy soil (Table 3). Effective-
ly, sorption sites comprising Fe and Al sesquioxides within the red clay
are competingwith HT sorption sites and plant uptake. However, signif-
icant P uptake differences were observed with HT treatment following
replanting of the red clay (Fig. 2).

Addition of HT in combination with SL had a less clear effect on
P uptake, most likely because mineral-P represented a much small-
er proportion of the P contained in this material than in the Conv
treatment (much of the spent litter P was in the form of phytate;
Table 1).
Table 3
Soil characteristics at commencement of the pot trial, reported on an oven dry basis. Elec-
trical conductivity = EC.

Units Sandy soil Red clay

pH 6.0 ± 0.1 6.0 ± 0
EC dS m−1 0.03 ± 0 0.1
Sand % 93.3 ± 0.6 24.7 ± 0.6
Silt % 3 ± 0 21.7 ± 1.5
Clay % 6 ± 0 53 ± 1
Total N % 0.05 ± 0.01 0.197 ± 0.003
NO3

−–N mg kg−1 3.73 ± 0.26 13.4 ± 0.6
NH4

+–N mg kg−1 12.7 ± 0.8 3.9 ± 0.4
Total P % 0.01 ± 0.00 0.086 ± 0.003
Phosphorus buffering index 16.1 ± 3.9 330 ± 0
Bicarbonate P mg kg−1 b0.05 22.6 ± 2.1
Total K % 0.077 ± 0.004 0.227 ± 0.006
Organic C % 0.48 ± 0.05 2.42 ± 0.05
Total C % 0.58 ± 0.01 2.90 ± 0.04

Please cite this article as: Redding, M.R., et al., Manure and sorbent fertil
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4.2. Field trial

Though the soil at the site selected was a difficult one in which to
prove P treatment effects (red clay soil has a high P buffering capacity;
Table 3), nutrient contents were well within the responsive range.
Trial data indicated a significant response to P and N applications (Dry
matter production; N and P uptake; P b 0.05).

Lower rates of HT addition were applied in the field trial than were
applied in the pot trial, in an attempt to raise initial available P concen-
trations, allowing higher productivity (Fig. 2), while simultaneously
attempting to continue deferring excess nutrient availability. The addi-
tion rate of HT was decreased from the pot trials rate (26.2 g of hydro-
talcite [g P]−1) to the addition rate demonstrated to effectively
eliminate P runoff losses in a previous study (3.75 and 7.5 g of hydrotal-
cite [g P]−1; Redding, 2011). This rate allowed dry matter production
and P uptake to reach the samemagnitude as that from the Conv treat-
ments (no significant difference in total values, P N 0.4; no significant
difference for any cut during the trial; P b 0.05). However, the rate de-
crease also eliminatedmeasureable evidence of deferral of P availability,
including in the final trial soil samples (P = 0.169).

Likewise there was no measured influence of the combination of
bentonite+HT additions onNuptake during the trial. This is in contrast
to a subsequent N trial at the same site where higher rates of bentonite
addition delivered increased drymatter production (Pratt et al., 2015; a
further manuscript in preparation).

However, the sorbent additions did increase the residual KCl extract-
able mineral-N in the soil by around 19% (P b 0.05). This is probably re-
lated to the bentonite additions, which has a substantial cation
exchange capacity (Table 1), which may tend to decrease water-borne
transport of N and gaseous losses. Observations collected from related
trials suggest that bentonite additions to SL decrease volatilisation
losses during SL handling and storage (Redding, 2013). A related trial
successfully used a vermiculite sorbent to decrease nitrous oxide emis-
sions during fertiliser application of SL to the same soil (Hill et al., 2016).

The SL treatments performed largely equivalently to (or slightly bet-
ter than) the Conv treatments in terms of P uptake (P b 0.05; Fig. 4), and
equivalently in terms of N uptake. This contrastswith the results of the P
pot trial for this soil (Fig. 1). The red clay pots would have a number of
effects on nutrient-plant interactions that would not occur in the field.
First, nutrient losses would be less likely in the pot system, and so any
advantage or disadvantage of SL versus Conv treatments with regard
to nutrient retention may not be as fully expressed. Second, the root
confinement that occurs in the pots may prevent observation of any
root development contrast that could occur with SL versus Conv treat-
ments in the field. Manure applications to soils are known to alter root
development or increase root length density (Mosaddeghi et al., 2009).

The SL treatments resulted in a 19% decrease in residual extractable
mineral-N at the end of the trial (P=0.0001). It seems likely that this is
related to an increase in N retained in organic manure-based forms for
these treatments, rather than increasedN losses from the SL treatments.
Only about 15% of initial SL N was in the form of mineral-N (Table 1).

4.3. Implications

Development of fertiliser products capable of precise in-season nu-
trient supply (Chen et al., 2006, 2010) holds the promise of improving
nutrient use efficiency and greater yields without increasing fertiliser
use (Zhang et al., 2011). The ability to defer P supply demonstrated in
the pot trial through the use of either SL or HT additions may be useful
in achieving this goal, where crop uptake profiles often involve a greater
nutrient requirement later in the season than at the beginning.

In common crop production practice, nutrient captured by each crop
is obtained from the current nutrient application plus residual nutrient
from previous applications (Helgason et al., 2007; Miller et al., 2009). A
consideration of the likely effect of the formulations on on-going nutri-
ent supply and release in crop production practice is possible, assuming
isers increase on-going nutrient availability relative to conventional
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Table 4
Pot trial statistical analysis of total cut P uptake and drymatter production in excess of the control, pooled across all cuts, cuts 1 to 12 and after the replanting (cuts 13 to 15). Spent litter=
SL, hydrotalcite = HT, conventional fertiliser = Conv. For each treatment column, n = 12.

Cuts SL SL + HT Conv Conv + HT P

Sandy soil
P uptake (mg) All 104 ± 49 58.2 ± 28.1 150 ± 73.4 107 ± 55 n.s.

1–12 86.2 ± 47.6 39.5 ± 26.4 142 ± 73 78.3 ± 42.5 n.s.
13–16 18.1 ± 7.75ab 19.0 ± 12.5ab 7.83 ± 8.8b 28.7 ± 17.4a b0.01

Dry matter (g) All 109 ± 42 63.5 ± 28.5 165 ± 68 110 ± 47 n.s.
1–12 91.9 ± 42.3b 49.5 ± 27.1c 158 ± 68a 88.7 ± 37.9b b0.05
13–16 16.3 ± 6.4a 13.8 ± 8.9ab 7.95 ± 7.02b 21.1 ± 11.5a b0.05

Red clay
P uptake (mg) All 29.1 ± 25.0b 28.9 ± 21.5b 56.6 ± 38.8a 42.7 ± 17.5ab b0.05

1–12 34.3 ± 26.5b 28.1 ± 21.4b 55.9 ± 33.4a 33.0 ± 13.0b b0.05
13–16 −4.6 ± 8.7⁎ 0.3 ± 6.7 0.8 ± 9.6 9.8 ± 7.9 n.s

Dry matter (g) All 26.2 ± 24.9 22.2 ± 18.0 44.7 ± 26.1 30.2 ± 14.0 n.s.
1–12 29.1 ± 27.0 22.0 ± 19.0 44.6 ± 22.4 24.6 ± 12.9 n.s.
13–16 −1.98 ± 4.36⁎ −0.02 ± 3.55⁎ −1.15 ± 6.31⁎ 5.33 ± 5.25 n.s.

Treatments with common letters are not significantly different.
⁎ Negative values suggest production was exceeded by the controls, though none of these deficits are significant.
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that the pasture cut data tends to representmaximumpotential uptake.
Eq. (1) was applied to the ±HT treatments (Fig. 5, panel A) and Conv
versus SL P sources (Fig. 5, panel B), indicating significant effects of HT
addition and the SL source in deferring nutrient availability in the
third season of production and nutrient application.
Fig. 5. The influence of HT (panel A) and SL (panel B) on calculatedmaximumdelivery of P by t
application; based on sandy soil pot trial data, 5 cuts per crop; equal total nutrient supply by all
Panel C), with an added idealised crop nutrient uptake curve. The shaded area beneath the conve
SL, hydrotalcite = HT, conventional fertiliser = Conv.
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These Eq. (1) outputs were then used to formulate curves for Conv,
Conv + HT, and SL + HT, where each curve was rescaled to represent
equal cumulative release (based integration of area under the curve),
and a conceptual diagramprepared (Fig. 5, panel C). This figure suggests
that following three successive fertiliser applications for three crops, the
he formulations for the third crop relative to the Conv treatment (third successive nutrient
treatments; error bars represent LSD, P b 0.05). These results are presented conceptually in
ntional uptake curve indicates that this excess P supply is vulnerable to loss. Spent litter=

isers increase on-going nutrient availability relative to conventional
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HT and SL forms may better match the ideal nutrient uptake profiles of
many crops relative to conventional fertiliser treatments (based on
sandy soil pot trial data, 5 cuts per crop). While the excess initial nutri-
ent availability associated with the Conv treatment is vulnerable to
losses (Fig. 5, panel C, shaded region), this is not the case where HT is
used as an additive.

While the plant uptake data from the field does not indicate any ev-
idence of N availability deferral, the soil data does. It is likely that sor-
bent (bentonite) additions to the spent litter resulted in an increase of
19% in residual mineral-N being carried over beyond the trial, with no
decrease in productivity during the trial. This increase is probably the
result of lower N losses via a variety of paths. The use of SL as a source
of N resulted in decreased extractable mineral-N at the end of the
trial. While it is likely that this reflects the retention of N in organic
forms, this has not been established. The differences in mineral-N be-
tween the Conv and SL treatments (3.6mg P kg−1) are probably beyond
the sensitivity of available total N techniques to resolve.

The combination of our field trial results, our pot trial leaching data,
and the observations from our previous (Hill et al., 2016; Pratt et al.,
2015; Redding, 2011, 2013; decreased N2O and NH4

+ emission, and de-
creased P leaching and runoff losses with ion exchanger additions) and
other researchers' studies (Aghaalikhani et al., 2012; Ding et al., 2010;
Gholamhoseini et al., 2013; Singh et al., 2010; establishing decreased
N leaching losses with ion exchanger additions) indicate that it is possi-
ble to match the productivity of conventional N and P sources, and
achieve decreased potential for nutrient losses via the use of manure
materials and ion exchange sorbents.

4.4. Cost benefit

It is evident that there can be a substantial cost benefit to using spent
litter as a source of N, P, and K for plant production relative to conven-
tional fertilisers (e.g. estimates in Table 5; based on Australian fertiliser
price data, and poultry industry statistics; Runge et al., 2007). To pre-
vent excess P application, application rates were based on the P content
of the spent litter, and the supplemental conventional fertiliser applied
matched conventional N application rates. A key assumption of these
estimates is that spent litter N and P availability are equivalent to con-
ventional fertiliser sources. This is supported by the field trial
Table 5
Estimated cost benefit (without transport costs) and assumptions of a conventional
fertiliser scenario versus a spent litter scenario. Additional assumptions include that the
spent litter N, P, and K are as available as conventional fertiliser forms of these nutrients.
Increasing transport radii will decrease the spent litter scenario cost difference (radius
used for calculation, 0 km).

Estimated parameters US $/kg
kg
ha−1 US $/ha

Conventional scenario
Conventional N 0.82 200 164.89
Conventional P 2.47 48 118.72
Conventional K 1.02 66 67.51
Fertiliser spreading 2.29
Conventional scenario 353.40

Spent litter scenario
Spent litter application rate 2490
cost of obtaining spent litter −0.012 to

0.084
−29.90 to
209.16

Spent litter N 77
Spent Litter P 48
Spent Litter K 70
Supplemental N 123 101.73
Spent litter application 4.58
Supplemental N spreading 2.29
Additional tillage and
management

9.92

Spent litter scenario 88.63 to 327.69
Cost difference 25.71 to 264.77
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observations. Given that spent litter K is largely in the exchangeable
form (Table 1), fertiliser equivalence has also been assumed in the
case of this nutrient. The benefits of substitution will decrease as the
transport radius from the poultry farm increases, given that spent litter
transport will be more expensive than conventional fertiliser to
transport.

Our data suggests that a cost benefit is unlikely to be derived from
either of the clay treatments unless the environmental benefits of
fertiliser modification with these treatments is remunerated, or where
longer term cost benefits are established and included in considerations.
A cost benefit analysis (and Life Cycle Analysis) has been conducted for
low rate bentonite addition (300 kg ha−1) to manure materials in a re-
lated trial (Pratt et al., in review). In that study, where carbon prices and
greenhouse gas emissionswere taken into account, the economic viabil-
ity of low rate clay additions tomanurewas dependent on achieving de-
creased greenhouse gas emissions (as established in the study via
decreased nitrous oxide emissions, and assuming; NU.S. $23/t carbon
price) and at least a 10% increase in agronomic productivity. Therefore,
the high application rate of bentonite applied in the field trial
(3000 kg ha−1), without any established yield increase, is unlikely to
be economically viable without some valuation of improved environ-
mental performance. This is due to the estimated clay acquisition and
application costs of around U.S. $118 ha−1 (assuming a clay price of
U.S. $38 t−1, field application cost of U.S. $4.58 t−1).

Similarly, the addition of HT (at 300kgha−1) did not establish an ag-
ronomic benefit during the course of the studies, though equivalence
was achieved in the field trial. The evidence of deferred P availability
suggests that in the longer term, benefits may emerge. However, cur-
rent data suggests that without remuneration for the environmental
benefits of this practice, therewould be no cost benefit to these applica-
tions of HT (previously valued at U.S. $1000 t−1, Gillman, 2006).

5. Conclusions

In the pot trial, sorbent additions (26.2 g of hydrotalcite [g P]−1) to
the Conv treatment tended to defer P availability. The SL source of P
also tended to defer P availability in the sandy soil. In this soil, P delivery
by the Conv treatments had declined rapidly, and began to be exceeded
by theHT and SL treatments, and greater Colwell Pwas extractable from
+HT treated pots at the end of the trial than from those that did not
have this additive. Leaching losses of molybdate reactive P from the
sandy soil were observed to be decreased to background levels via HT
addition, and significantly decreased via the SL relative to the Conv
source.

Lower rates of HT addition applied in the clay soil field trial (3.75 and
7.5 g of hydrotalcite [g P]−1; rates previously demonstrated to eliminate
P leaching and significantly decrease runoff loss potential) allowed dry
matter production and P uptake to reach the same magnitude as that
from the Conv treatments (no significant difference for any cut during
the trial; P b 0.05). However, the HT rate decrease also eliminated
measureable evidence of deferral of P availability, including in the
final trial soil samples (P = 0.169).

The combination of bentonite + HT additions (3000 kg ha−1 and
300 kg ha−1, respectively) increased soil residual mineral-N at the
end of the field trial by 19% (P b 0.05). The field trial SL treatments per-
formed largely equivalently to (or slightly better than) the Conv treat-
ments in terms of P uptake (P b 0.05), and equivalently in terms of N
uptake. Less residual mineral-N (19%) was present in the SL treated
soils than in the Conv treated soils at the completion of the trial.

The sandy soil pot trial data suggests that following three successive
fertiliser applications for three crops, the HT+ SL and HT+Conv forms
may better match the ideal nutrient uptake profiles of many crops rela-
tive to conventional fertiliser treatments.

The combination of our field trial results, our pot trial leaching data,
and the observations fromour other studies indicate that it is possible to
match the productivity of conventional N and P sources, and achieve
isers increase on-going nutrient availability relative to conventional
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decreased potential for nutrient losses via the use of manure materials
and ion exchange sorbents.
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