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Phosphorus (P) should be recycled from organic wastes as much as possible, and input is needed in stockless
organic agriculture. Seven organic residues were assessed and compared them to mineral P fertilizer and rock
phosphate as fertilizer for barley. P availability in the mixtures and residual P availability were also assessed by
diffusive gradients in thin films (DGT). The best availability was found in digested liquid manure followed by wood ash,
fish sludge, composted solid manure and composted food waste. Meat and bone meal, the commercially available
product Ladybug plus and rock phosphate had low P availability at the same level as no P. Only wood ash had signifi-
cant P available for the next crop. The pH level of the soil did not affect P availability for any of the P sources. DGT
predicted P availability moderately well, as it measures P supply over a short period without any biological factors.
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Introduction

Phosphorus (P) is an element necessary for life, and the world’s supply of P is finite. Current calculations
suggest that easily exploitable P reserves will be depleted within 50-100 (Cordell et al. 2009) to 300—400 years (van
Kauwenbergh 2010). At the same time P in waste materials and surplus fertilizer are causing eutrophication of
fresh water and coastal areas (Carpenter et al. 1998, Cordell et al. 2009). A sustainable society will need to reduce
waste of P and recycle most of its P from organic residues (Cordell et al. 2011).

Organic farming does not permit the use of inorganic fertilizers, and therefore introduces a further incentive to
recycle P from residues or allowed supplements, such as rock phosphate. The ideal would be recycling on the
farm itself, but as P is exported with produce, calculated P balances indicate that more P is removed with the
products than applied as fertilizer (Watson et al. 2002, Berry et al. 2003). Whilst farms with animal production usually
import P with feed and often accumulate P in the soil, farms with only arable production will need to replenish
P lost with export of produce. Replenishing P with residues from wider society or from other farms with animal
production makes a circular P economy on a larger scale. To manage such a system in a safe and efficient manner
information on fertilizer value as well as any potentially harmful effects of each residue is needed.

A challenge in managing plant P supply is estimating the bioavailability of P in soil and residues/supplement. P
can occur in numerous inorganic and organic compounds and bioavailability varies among them (Toor et al. 2006).
Bioavailability of P in each residue can be difficult to predict.

There is an interest in finding a quick and easy way to assess P availability in any new material or residue. A num-
ber of chemical extraction methods have been tested, but predictability from these methods remain low (Brod et
al. 2015a). A new method based physical diffusion, diffusive gradient in thin films (DGT) was originally developed
to measure bioavailability of metals in natural waters (Davidson and Zhang 1994), and has also been developed
to measure bioavailability in soil solution (Harper et al. 2000, Zhang et al. 2001). It has recently also been devel-
oped for P bioavailability in soils (Zhang et al. 2013) and it appears to predict plant available P better than any
other single method (Mason et al. 2010, Tandy et al. 2011, Six et al. 2013).

A number of residues were assessed along with rock phosphate for P availability at two pH levels, and also use
DGT to assess P availability.
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Materials and methods
Waste materials/P fertilizers

Rock phosphate (RP) as well 7 residues/waste materials potentially used as sources of P in organic agriculture were
tested. RP was obtained from Timac Agro, Austria (P26). One of the organic products was a commercially available
product, Ladybug plus (LBP), a mixture of dried manure from chicken (20%) mixed with bone meal (65—-70%) and
vinasse (10-15%). Other residues/waste materials were meat and bone meal (MBM), ash (ASH), wet composted
food waste (CFW) and fish sludge (FS). MBM is waste from slaughterhouses and has been assessed in a num-
ber of previous studies (Jeng et al. 2004, 2006, Brod et al. 2012, 2014, 2015ab, Bgen et al. 2013). ASH is bottom
wood ash originating from wood and mill residues (Brod et al. 2012, 2014, 2015ab). CFW is produced by Lindum,
a Norwegian waste management company, by composting municipal food waste. Fish sludge (FS) is a residue
from fish farming, containing fish faeces and fodder residues. Previous studies have indicated that composted and
pelleted FSis a good nitrogen (N) and P fertilizer (Brod et al. 2012, 2014, 2015ab), here the untreated FS was tested.
In addition there were two rest products from a farm sized biogas plant on an organic farm. In this plant, cow
manure is first separated into a liquid and a solid (fibrous) fraction. The solid fraction is composted and the com-
posted material was tested in this trial, vermicomposted solid manure (CSM). The liquid fraction is then anaerobi-
cally digested, and the digestate nitrified in a second reactor where air is stirred in. This fraction was then filtrated,
and the solid filtrate was used in this trial, filtrated digestate (FD).

Table 1. Chemical composition of materials used in the experiment

RP LBP MBM ASH CFW FS CSM FD
Dry matter (%) 92.0 90 96.7 99.9 35.6 16.8 22.3 83.3
pH 7.7 6.5 12.2 8.3 5.7 9.1 9.7
Total carbon (%) 1.0 35.4 45 38.1 36.9
Nitrogen (%) 8 9.0 2.3 7.6 2.7 4.1
Phosphorus (%) 11 4 4.5 2.2 0.70 2.4 1.3 14
Potassium (%) 0.39 5 10 0.41 0.18 3.2 5
Calcium (%) 29 6 10 12 7.3 43 2.3 3.2
Magnesium (%) 1.6 1.9 0.22 0.42 0.75 8.4
Sulfur (mg kg') 31000 96 2900 0.24 6600 6000 6700

Pot trial

To determine plant-available P in waste materials and P fertilisers, a pot experiment was conducted at two distinct
soil pH levels. The experimental soil was a 9:1 (v/v) blend of nutrient-deficient sand and sphagnum peat. The sand
represented typical soil from fluvial deposits in Norway. Sphagnum peat was mixed into the sand to increase the
experimental soil’s organic matter content and buffer capacity. To get the soil to two distinct pH CaCO, was added
at a rate of 0.35 g kg* soil (low pH, approximately 5.32) and 0.9 g kg* (high pH, approximately 6.80). Lime and wa-
ter (about a third of field capacity) was added 3 days before sowing and pots were left at the same temperature
and moisture as during the growth trial to allow some equilibration. All nutrients apart from P were added at rates
sufficient for optimal growth (0.3 g N and K, 0.0375 g Mg as well as S and micronutrients) to all pots the day before
waste materials were added and seeds were sown. Micronutrients were added as sulphates of Zn (37.5 mg pot?),
Cu (37.5 mg pot?), Mn (37.5 mg pot?), Fe (75 mg pot?), Mo (0.75 mg pot?) and B (3.75 mg pot?). Rates of nutrients
were calculated to match fertilizer recommendations (Nibio 2003) based on 20 cm depth (100 kg ha* N and K, 30
kg ha™ P at the optimal rate). Soluble P (Ca[H,PO,],) was added to reference treatments at 0, half optimal (0.045 g
pot?) and optimal rate (0.09 g pot?) at both pH levels. The waste materials/P fertilizers were added to other treat-
ments at rates so that total P equalled 0.09 g pot™ (optimal level if all was available). There were three replicates
of all treatments and pot size was 3 |. Soil and additions were mixed thoroughly, and all pots were watered to half
field capacity. Pots were placed in growth rooms under 16 hour light, day/night temperature 18 °C/12 °C and 60%
relative humidity. Barley was sown at a rate of 20 seeds per pot, when all seeds had germinated (after 5 days) they
were thinned to 15 plants in each pot. Pots were watered every 2—3 day initially to half field capacity, but to close
to field capacity during periods of rapid growth. Pots were moved around in the growth room in a random man-
ner each time they were watered as there were small differences in light levels. Plants were harvested by cutting
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the shoot just above the ground after ear emergence in all treatments, 56 days after sowing. P deficient plants
reached ear emergence later than non-deficient plants. That meant that the most P starved plants had just reached
ear emergence stage when harvested, whilst non-deficient plants had reached ear emergence up to two weeks
earlier. Harvested plants were dried (70 °C), weighed and ground to a fine powder and analysed for total P, N and C.

DGT measurements of P availability

The same soil and waste material mixtures as in the pot experiment as well as the soil from the harvested pots
with the same treatment were used. Trays with 456 g dry soil were prepared and wetted to field capacity. They
were then mixed well and incubated at 15 °C for a week and mixed again by stirring once in between. Then more
water was added so that soil was saturated, the DGT probes were inserted, lid was put on and they were then
incubated as prescribed by Hooda et al. (1999) for just over 48 hours again at 15 °C. The DGT probes were removed
and analysed. There were three replicates of all treatments.

Analyses

Waste materials were analysed for chemical and physical properties, including total P and N by Eurofins using
standard analytical procedures as in Brod et al (2015b). An exception was LBP where information from the manu-
facturer was used. The most important parameters from this analysis are in Table 1.

Plant samples (0.25-0.3 g) were digested in 5 ml of ultrapure nitric acid in an UltraClave from Milestone at 260 °C.
Samples were diluted to 50.0 ml with DI water after digestion. P determination of plant samples were performed
on an Agilent 8800 ICP-MS in oxygen reaction mode as a mass shift reaction 31P =>31P180.

P determination of DGT were performed by ICP-AES technique on IP10200 (Cambridge, UK). C and N were deter-
mined on Leco TruSpec CHN (St. Joseph, Ml).

Calculation and statistics

Biomass production was regressed to soluble P using the following Mitscherlich type equation

y=y,+a(1-e™) (1)

where y is biomass or P uptake and x is soluble P (0, 0.5 or 1 as a fraction of optimum) and y,, a and b are con-
stants adapted for high and low pH separately. P uptake was regressed against soluble P and followed a linear
equation:

y=ax+b (2)

where vy is P uptake and x is soluble P (0, % and 1) as above and a and b are regression constants. Mineral fertiliser
equivalent (MFE%, Brod et al. 2012) for biomass and P uptake was calculated as:

X1
MFE (%)=—-100 (3)
Xtot
where x_ is x calculated from the equations above ([1] for biomass production and [2] for P uptake) and x_, is x
from the full fertiliser treatment.

The Mitscherlich type equation (1) was also used to regress DGT results to plant uptake. Then x was P uptake per
hour in DGT and y was plant P uptake.

All statistical tests were performed in Minitab v. 15. A two-way ANOVA was used to determine if there was an
overall effect of P source and pH (high or low). For each treatment high and low pH were also compared with
a t-test. Some individual treatments were also compared with two-way Anova with pH and P source as factors.
These tests were performed for biomass, P uptake in plants and in DGT.
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Results
Biomass and P uptake

P:N ratios (Table 2) were within the ranges found by Ziadi et al. (2008) to indicate strong P limitation in wheat,
except for the manure-based products, that were in a range where both P and N limitation are possible. The
regression equations used to describe plant growth and P-uptake fitted well (Table 3).

Table 2. N and P concentration in plant tissue at harvest. Values are averages with standard error in brackets (n=3).

oP %P 1P RP LBP MBM ASH CFW FS CSM FD
High pH
N (%) 1.59 0.72 0.89 1.67 1.93 1.96 0.76 0.84 1.02 0.71 0.70
? (0.12) (0.02) (0.03) (0.18) (0.22) (0.26) (0.04) (0.03) (0.04) (0.03) (0.04)
P (g ke) 0.64 0.95 1.37 0.62 0.67 0.69 0.79 0.62 0.68 1.30 1.08
gke (0.02) (0.04) (0.07) (0.02) (0.02) (0.01) (0.03) (0.08) (0.04) (0.05) (0.06)
Low pH
N (%) 2.26 0.70 0.90 1.42 1.59 2.10 0.72 0.80 0.87 0.70 0.74
? (0.63) (0.04) (0.02) (0.12) (0.04) (0.23) (0.03) (0.01) (0.04) (0.02) (0.03)
P (g ke) 0.75 0.94 1.23 0.62 0.67 0.73 0.76 0.67 0.70 1.27 1.23
gke (0.07) (0.04) (0.05) (0.02) (0.01) (0.00) (0.03) (0.03) (0.03) (0.03) (0.03)

Table 3. Regression coefficients prediction of biomass and P uptake for calculation of mineral fertiliser equivalent
(MFE), and prediction of plant P uptake based on DGT uptake

Y, a b r2 p

Biomass

High pH 14.23 41.56 2.29 0.969 <0.0001
Low pH 8.74 58.61 1.37 0.979 <0.0001
P-uptake

High pH 0.0615 0.0093 0.984 <0.0001
Low pH 0.0584 0.0061 0.969 <0.0001
P-uptake vs. DGT

All 13.36 42.04 1.07 0.523 0.0039
High pH 8.65 22.09 27.74 0.290 0.3581
Low pH 5.71 45.89 1.93 0.736 0.0183

Both biomass (Fig. 1) and P uptake (Fig. 2) were significantly lower for all the waste materials than for the full soluble
P (1P) treatment. The two animal manure based products (CSM and FD) performed best. ASH and FS and to a lesser
extent CFW were almost comparable to the manure based products in terms of biomass production, but P uptake
was somewhat lower in those. MBM, LBP and RP where not significantly different from the no P (OP) treatment.

P source had an overall significant effect on biomass and P uptake (p < 0.05), but not pH. There was also no signifi-
cant difference between the high and low pH for any individual treatment for either biomass or P uptake.

DGT

There were relatively large differences between replicates and between some treatments in the DGT results
(Fig. 3). The DGT results before growth showed an overall significant effect of material added (p = 0.005), and an
almost significant effect of pH (p = 0.09). However, there was a significant interaction (p = 0.003) between pH and
waste material, meaning that the effect of pH is different for different waste materials. When different pH values
were compared for each waste material, no significant differences were found. Very high values were recorded
at the low pH for CSM (Fig. 3). Little or no residual P was found in most treatments. The exception was ASH and
to some extent FS (Fig. 3).
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When the DGT results were regressed against plant uptake (Fig. 4), the very high value obtained by DGT for CSM
at low pH had a large effect on the results. A relatively high r? (Table 3) was therefore obtained at low pH and an
intermediate value when all results were regressed together, whilst the value for high pH was low.
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Fig. 1. Biomass production in aboveground biomass as a function of P source. Error bars are standard
error (n=3). From left: no P, half optimal P, optimal P, followed by the various waste materials where
total P addition in each was equal to optimal P. Mineral fertilizer equivalent for each P source are shown
on top of each bar.
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Fig. 2. Total P uptake in aboveground biomass as a function of P source. Error bars are standard error
(n=3). From left: no P, half optimal P, optimal P, followed by the various waste materials where total

P addition in each was equal to optimal P. Mineral fertilizer equivalent for each P source are shown
on top of each bar.
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Fig. 3. Uptake of phosphorus in DGT probes per hour, before plant growth (top) and
residual, after plant harvest (bottom). Error bars are standard error (n=3). The very high
value in the top graph is shown as a number beside the bar (standard error in brackets).
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Fig. 4. Uptake in the plant as a function of uptake in DGT in the soil before plant growth.
Points are averages (n=3), filled circles show high pH treatments, open circles show low
pH treatments. Regression lines for all treatments (solid line) and for each pH treatment
separately (dotted lines) are shown.
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Discussion
Residues as P fertilisers

Rock phosphate, a product that is currently marketed as a P fertiliser for organic agriculture, had no measurable
effect as a P fertiliser. Previous studies have also indicated that initial P availability to cereals is low (Vanlauwe
et al. 2000ab), and that specific microbes and sulphur may be needed to solubilise it (Zabihi et al. 2011, Fan et
al. 2012, Kaur and Reddy 2014). DGT also indicated that P availability for the next season’s crop would not be
any better. The commercial fertiliser product Ladybug plus and meat and bone meal also had almost no availa-
ble P either the first or second season. Previous research has shown better P availability in meat and bone meal,
although it depended on the type of meat and bone meal (Jeng et al. 2004, 2006, Bgen and Haraldsen 2013, Brod
et al. 2014, Nogalska et al. 2014). In natural soil P will be released by decomposition of organic material, and in
soils poor in P arbuscular mychorrhizal associations may increase P availability (Gollier et al. 2011). Ladybug plus
is probably mainly used for N fertilization as N is the most limiting nutrient in most organic production systems.
Therefore it may not have been noticed if the effect as a P fertiliser is limited. The best P availability was found in
the animal manure based products. This is not surprising, as it has previously been shown that most P in animal
manure becomes soluble relatively quickly (Dao and Cavigelli 2003, Dao and Hoang 2008, Dao and Schwartz 2010).
The concentrations of N and P in plant tissue even suggested that they may not have been strongly P limited at all.
These results should be interpreted a bit cautiously, because the plants that grew best were also closer to maturity,
and that may have influenced N and P concentrations in plant tissue as well. However, it is possible that growth
was limited by P availability at certain stages during growth, but there may still not have been any P limitation at
harvest. The DGT results suggested very high P availability in the vermicomposted product. Previous research has
also indicated that vermicomposting makes nutrients, particularly P, more available (Gosh et al. 1999, Padmavathi-
amma et al. 2008). There is currently a plan to market the digestate-based product as a P fertiliser for stockless or-
ganic farming. The results from the present study suggest that it will perform better than most other waste-based
products and certainly better than currently available commercial products. The other residues had intermediate P
availability. Particularly ash is interesting as a P source because the DGT results suggest that it also has significant
residual P availability. The P fertilisation effect in the second season should be taken into account when ash is
used. Future research should focus on how burning residues (completely or in pyrolysis) affect P availability over
several seasons. P in composted fish sludge has previously been found to be relatively available (Brod et al. 2012,
2014, 2015ab), the present study confirms that also P in fresh fish sludge is also moderately available.

Use of DGT to study P availability

Overall uptake in DGT was correlated to plant uptake. However, the DGT results showed much greater varia-
bility than the plant uptake results. The discrepancy between DGT and plant responses to high P availability is
somewhat accounted for by using a nonlinear function that saturates at high availability. However, in our results,
only one value was very high, and this one value had a large impact on overall fit (r?). There are several possible
reasons for discrepancies between DGT results and plant uptake result. First, DGT was measured over 2 days, whilst
the plant took up P over 2 months. That means that the plant could possibly also take advantage of P fractions
that only become available slowly, whilst a relatively small P fraction that is immediately available will have a large
impact on the DGT results. There are also more fundamental differences between DGT and plant roots. First of
all, insufficient mixing of residues into soil will have a much large impact on the DGT results than on plant uptake
results, because plant roots will grow towards nutritious patches and proliferate within them, whilst DGT will
take up P from its immediate surroundings. Although this problem was anticipated, and it was attempted to mix
as well as possible, it was not possible to mix the residues 100% evenly into the soil. This can certainly explain
that there were much larger differences between replicates in the DGT results than in the plant uptake results.
Furthermore, plants will probably invest more in obtaining P when it is in short supply, so that differences
between treatments tend to be smaller. Plants may for example be able to acidify the rhizosphere (Hoffland et al.
1989, Hinsinger 2001, Wouterlood et al. 2004) so that differences in pH in the bulk soil may not matter much for
the plant, but does make a difference for DGT uptake. An overall effect of pH was found in the DGT results, but
not in the plant uptake result. Most previous research on DGT has been on uptake of metals in concentrations
well above those needed for plant growth (e.g. Davidson et al. 2000, Zhang et al. 2002), so that one would expect
uptake to be determined by physical availability. Recent work on the correlation of P uptake in plants and DGT have
mostly been from tropical soils with high P sorption capacity (Mason et al. 2010, Six et al. 2013, 2014), where it
can also be expected that physical availability determined uptake. Soils in temperate regions generally have lower
sorption capacity than tropical soils, and it can therefore be expected that DGT will have somewhat lower predic-
tive ability in those soils. It is possible that in non-adsorbing soils DGT should be seen as a “null hypothesis” that
accounts for uptake as a physical and chemical process. Anything that is found to be different in the plant is caused
by biology. This may be another possibly more fruitful use of the DGT system in soils with low sorption capacity
than as a tool to assess bioavailability.
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Conclusion

Currently commercially available fertilizer products for organic agriculture appear to be inadequate as P fertilizers.
Manure-based products are good P sources, and development of transportable products from manure for organic
agriculture should be considered. Ash-based products are particularly interesting as they seem to provide plant
available P over more than one season. Fish sludge is a good fertilizer products that is abundantly available in
Norway, and use in organic agriculture should be considered.
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