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ABSTRACT

A consecutive extraction method was developed whlldws to determine the total amount
of water soluble phosphorus in soil. For that, sails shaken with deionized water, which
was removed and replaced after one hour; this duoeewas repeated ten times. The
concentrations measured at each extraction stepv &l quantify desorption of total water
soluble phosphorus.

Seven soils of the Ultuna long term soil organidteraexperiment, Sweden, were used to test
the method. Two additional soils from a horse pa#idewere used for method development.
Soils treated with farmyard manure and sewage slggpwed the highest release of total
water soluble phosphorus, whereas calcium nitnatieaanmonium sulfate showed the lowest.
Fallow, green manure and peat treatments showednretliate release. The amount of total
water soluble phosphorus was controlled by pH] ®tand P-AL. The increase in potentially
releasable water soluble P is about 20 per cetdtaf P but 55 per cent of P-AL in average
among all soils tested. Data were compared witbaaer phosphorus fractionation of four of
the soils used showing that all resin P and parsanfium bicarbonate P was released by
consecutive extraction with water. The relativeliecin consecutive P release was inversely
related to the P quantity/intensity ratio.

The estimation of total water soluble phosphorutaioked by the method showed that the
actual availability of P in soil to plants seemd tw be limited by chemical binding and
release of P to the soil solution, but by the gbdif plants to obtain P from the soil solution.






PREFACE

We may be able to substitute nuclear power for,caatl plastics for wood, and yeast for
meat, and friendliness for isolation - but for ppberus there is neither substitute nor
replacement.

Asimov, 1974
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TERMS AND ABBREVIATIONS

P
Pini-H20

PmaX'HZO

I:)reI'HZO

I:)min'HZO

P-H,0
P-AL

Al-P

Phosphorus.

Initial water soluble phosphorus concentratio. Unit usually in mg P K§
soil. Concentration of P obtained in the first everal extraction steps. In
most cases, this value is equal {Q,H-0.

Maximum water soluble phosphorus concentration.Unit usually in mg
P kg* soil. The maximum concentration of P obtained agneeveral
extraction steps. Only in rare cases where maximmameentration of P is not
obtained in the first extractions step dogsM.O differ from R,-H2O;
otherwise they are equal to each other.

Potential release otwater soluble phosphoru. Unit usually in mg P kg
soil. The value is based on the extrapolation elawlated concentrations
of P which are derived from various consecutiveaxtion steps.

Minimum water soluble phosphorus concentratiol. Unit usually in mg
P kg* soil. The value is based on the extrapolationhefdesorption curve.
Extrapolation is performed until the extraction pstevhere Rr-H2O is

reached.

Water soluble phosphorus Phosphorus extractable with water.

Ammonium lactate phosphorus Phosphorus extractable with ammonium
lactate.

Aluminium oxide bounc phosphate. Phosphate ions can be bound to
aluminium oxides in soil. There, phosphate is reNdy bound by anion
exchange. The more ions are exchanged, the strghgsphate is bound to
the aluminium oxide.

Vi






1. INTRODUCTION

1.1 Phosphorus in the soil — plant system

Phosphorus, P, is an essential nutrient for alhdjvcells, required for the build-up of the
genetic code and the energy transport system wahaell. After nitrogen, P is the most
limiting growth factor in many terrestrial ecosysi® such as agricultural land (Smil, 2000).
The native P content in soil is often rather lowmnpared to other macro nutrients. Total P
concentrations in top soil range normally betweed0® and 0.15 per cent (Havlin et al.,
1999) mostly depending on the following factors

- parent material

- degree of soil weathering

- extent of P-loss by leaching and
- land management.

All native P in soil derives from apatite minerafster weathering, P released from apatite
can enter the biological cycle. As a rule, 500@6 &g P kg dry weight of soil are normally
present in soils. Concentrations of P are higheshé soil surface due to accumulation of
organic material. Intensive cultivation can deplteontents in soil rather quickly (Stevenson
and Cole, 1999).

Phosphorus can be found in both organic and inccgimmms in soil. While the former
fraction is located in humus and plant residues |after is released by weathering processes
from parent material and adsorbed on soil particlé® ratio between organic and inorganic
P compounds in soil may vary strongly. Normallye ®ize of the fraction is assumed to be
equal, but ratios ranging from 5:1 up 1:5 for oiigdno inorganic P were observed (Stevenson
and Cole, 1999).

The phosphorus cycle in soil is complex and depeinda many factors. There are several
sources and sinks of P in soil which can enricldaplete soil solution. Mineralization is the
process whereby P is released from organic P tosshition. The reverse process is called
immobilization, mainly performed by micro-organisnihe weathering of primary minerals
leads to a continuous one-way flow to replenishsaution. Secondary compounds release P
via dissolution. Desorption means release of P froimeral surfaces such as clays or iron-
oxides. Also reverse processes, adsorption andpiiegion, can take place and deplete soil
solution. When P precipitates (due to a changingregime mainly) secondary compounds
are formed. Leaching of P is normally low but camgsignificance if excessive amounts of P
are applied through fertilizer or manure. Atmospheleposition can also contribute to P
input to soils, but the sources of atmospheric podigion are still not well determined and
analysed (Brady and Weil, 2008).

1.2 Phosphorus in soil solution

In soil solution, the speciation of phosphate igH dependent. Plants mostly require
inorganic P such as,AO, and HPG?, which occur abundantly at pH around 6 (Schachtman
et al., 1998). The average concentration of P ihssmution ranges from <0.01 to 0.1 mg
P L, differing strongly among soils (Pierzynski et &000). Note that the proportion of P in
soil solution is most commonly less than 0.1 pent @ total P content in soil (Blume et al.,
2010). Plants can only take up P from soil solutiihkinds of exchange processes from one
form into another take place via the soil solutibhe plant's need for P is high, compared to
the available amount of P present in the liquidgehdt has been estimated that soil solution
has to be replenished 10 to 20 times per day taesfgaplant's need for P. If
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replenishment is not guaranteed adequately, pleuifer from P deficiency (Syers et al.,
2008).

Leaching of P in subsurface flow is low in mostesaand below eutrophication thresholds of
aquifers. This is due to the relatively high immiiof phosphate ions (Pierzynski et al.,
2000), which is also in contrast to other nutrieetg. nitrate. However, intensive application
of animal manure, combined with artificial soil orage can lead to significant P outflow and
thus detrimental effects on aquatic ecosystems. Qlinesapeake Bay (USA) as well as the
Baltic Sea (Scandinavia) are both well studied glamon the effect of P leaching from
intensively P-fertilized agricultural soils, whiclasults in a decrease in water quality of these
aquifers (Ator et al., 2001; Larsson et al., 1985).

1.3 Determination of phosphorus in soil solution

Various analytical methods have been developedeterchine the amount of easily plant
available P fraction, commonly called the “labilaogphorus pool”. Plant available P is
considered to be loosely bound to aluminium (Ald aron (Fe) ions or mineral surfaces
(Syers et al., 2008).

1.4 lon exchange resin

lon exchange resins are used since the early iBGftermine the labile P fraction in soil. In
principle, the resin works as a sink absorbing ionslose vicinity. By doing so, the soil
solution is depleted and more P is released, wtictsequentially will be absorbed again by
the resin. Simply spoken, the resin mimics the @ss®f a root, taking up P (Tan, 2005).

In comparison to water soluble P extraction, resiosiot face the drawback of stagnating P
release from soil into soil solution due to quiekusation. However, the capacity of resins to
adsorb P is limited. To mitigate this problem, nesare renewed regularly when temporal P
release is studied. Total amount of released Peastimated by adding up the amounts of P
adsorbed by each individual resin used.

1.5 Water soluble phosphorus

The determination of water soluble P is one ofrtiest often applied techniques to estimate
plant availability of P in soil. Water is used adracting agent since it is close to conditions
of soil solution. It is expected that ions soluliievater are easily available for plant uptake.
In principle, soil is shaken for a specific timeripd and the amount of released P is
determined.

Unfortunately, there is no uniform procedure fdastimethod. Authors suggest varying soil to
water ratios, ranging from 1:1.25 to 1:105 as wslidifferent shaking times, ranging from 5
minutes to 15 hours. This creates difficulties @amparing results on water soluble P released.
Fuhrman et al. (2005) made an excessive descriiorthe variety of water soluble P
determination parameters. The finding was thatwtaer the soil to water ratio, the more P is
released into soil solution. This is not surprisiamce water is easily saturated with P and a
higher amount of water consequently coincides Wigher P content in the extract. With this
method it remains, however, unclear how much aoieti P would have been releasable from
soil by water, had it not been saturated. Studissessing the total amount of releasable P use
therefore ion exchange resins or infinite sinkshsas Fe oxide-impregnated paper (Frossard
et al., 2000). To our knowledge there is no stuseasing the total amount of P releasable by
using water only.
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1.6 Aim and hypotheses

Knowing the amount of total water soluble P woutdvde information on the potentially
plant available P fraction in solil. It is commondenstanding that diffusion is the rate limiting
step in the replenishment of soil solution withBrufme et al., 2010). Suppose, this factor is
neglected, it could be estimated how much P isnpietiéy available for plant uptake. This
data could be related to planneed of P, being potentially an additional meagar plant
available P forms in soil. Besides that, consegegriar land management could be drawn in
regard of improved fertilization recommendationsnaly, a tool to estimate risks of P
leaching could be developed from the obtained watidotal water soluble P.

That was the motivation to create a new methodingjrto describe the potential total release
of water soluble P from soil into soil solution.rRbat, a consecutive P extraction method has
been developed and applied to various soil sampliethe Ultuna long-term soil organic
matter experiment in Sweden. Long term experimgmtsvide a valuable basis for
investigation, since many parameters are well studind new data can easily be related to
them.

Hypotheses are

i) Desorption of inorganic P from soil can be deteedify consecutive extraction of P
with water.

i) Desorption data can be used to determine the patehount of P releasable by
water.

iii) Desorption dynamics can be used to gain furthemdeage of inorganic P binding in
soil in relation to total P (Tan, 2005), P-AL (Egnét al., 1960) and the
guantity/intensity ratio.






2. MATERIALS AND METHODS

For the present study, a number of soils from theild long-term soil organic matter
experiment were chosen. In addition, two soils frdrorse paddocks used in other
investigations at the department were includedHerdevelopment and test of the desorption
method, which are described in the appendix .

2.1 Study site and soils used

Fifteen different treatments with four replicas leaare maintained at the long-term
experiment in Ultuna, Sweden (see Figure 1 anderaplSeven of those were chosen for this
study.

- Bare fallow; no crops are grown on the plot, wesadsremoved regularly.

- Calcium nitrate; Ca(Ng), fertilizer, equal to 80 kg N Fayr™.

- Ammonium sulphate; (NF,SO; fertilizer, equal to 80 kg N Hayr™.

- Green manure; pure grass without any legumes, ¢g2a000 kg C hayr*

- Peat; commercial sphagnum peat without addedifentilequal to 2,000 kg C Har™

- Farmyard manure; solid cattle manure from variarsé in the region of Uppsala,
equal to 2,000 kg C Hgr™.

- Sewage sludge; from the Kungsangen sewage pladpps$ala, equal to 2,000 kg C
ha'yr™. Iron(lll)chloride, FeG, is used for phosphorus removal, which means that
this agent is as well present in the sewage sludge.

In appendix Il, further chemical properties of taéxeatments can be found.

Soil samples were taken in late autumn from thesddpat 20 cm depth. Sampling was
performed after all crop residues have been remo¥edm each individual plot five
subsamples were taken with a soil corer and comdbioea composite sample. In total, four
replicate samples from each selected treatment uga@ for the experimental work.

2.2 Chemical analyses

2.2.1 Consecutive extraction of water soluble phobprus

The method developed aims to deplete a soil fraretitire instantly available water soluble

P fraction, whereby other processes than desorptioh as weathering and mineralisation are
excluded. For that, a soil sample is sequentidlbken with water being the extracting agent.
Since water is quickly saturated with P, it is resea and replaced with new water within a

short time to ensure constant removal of P. MeagU?i concentrations in water released from
soil allows the following:

- Estimation of the potential release of water sauthosphorus (g-H>O) from soil:
By adding up the concentrations of each individudtaction step, the total amount of
water soluble phosphorus released from soil caagproximated with the aid of a
mathematical function.

- Estimation of the minimum concentration of phospiso{Ri,-H20) in soil solution:
This value represents the lowest P concentratiosoih solution after consecutive
removal of P released from the soil. This concéwtnacan be calculated if the
extraction steps required to reachi-H.O are known. In principle the desorption
curve derived from consecutive P extraction isapafated.
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Materials and Methods

A more comprehensive description of the theory mettine method is given in the appendix I.
Basically, the method consists of six successiagest (see Figure 2), which were performed
in a loop of extractions. Initially, air dried a2dmm sieved soil samples were put into a 50 ml
centrifugation tube. The weight of the tube, filleith soil was measured (weight 1). After
that, the tube was filled with 30 g of deionisedtevathe exact weight of the filled tube
measured again (weight 2). The tube was shakeon®hour and centrifuged for 20 minutes
at 3,000 rotations per minute (28fyto separate liquid soil solution from solid sdifter
centrifugation, soil accumulated in the bottomlad tube, leaving behind a clear supernatant.
The liquid was filtered with filter paper to exckidloating particles and stored at 4°C for
further P analysis. The weight of the emptied dkrgation tube was measured (weight 3)
before it was refilled again with purified watertiliit reached the initial weight of filling (i.e.
weight 2). The procedure was repeated ten timéstah For practical reasons it might not be
possible to perform the entire consecutive extoactnethod in one day. However, it is
assumed that storing soils after water removalemtrduge tubes overnight at 4°C will not
greatly influence P release. Microbial breakdowdarrthis condition is not likely if the total
period for analysis does not exceed 12 hours.

2.2.2 Extract treatment and phosphorus analysis

The extract gained after each extraction step weseid with 0.45 um membrane filters
(Schleicher and Schull GmbH, Dassel, Germany) aralyaed for P-HO colorimetrically
(Murphy and Riley, 1962). In principle, acidic catmhs are formed with sulphuric acid.
Orthophosphate reacts with added ammonium molykafadepotassium antimonyl tartrate to
phosphomolybdic acid. This is reduced to molybderue, which is intensely coloured, by
adding ascorbic acid. The intensity of blue coloorresponds to P content in the sample and
is measured by a spectrophotometer. In this stiayJV-1201V SHIMADZU apparatus was
used. For all extracts of the treatments fallow aedage sludge, total P was measured by
digesting samples with 7 M HNCand determination with ICP-AES according to Swedis
Standards-028311 (SIS, 1997), performed by a comiaiaoil laboratory.
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Sample treatments Weighing
Stage 1 Put 6 g soil into tube weight 1
Stage 2 Add 30 g deionised H20 6 -> D weight 2 :

Stage 3 Shake sample for 60 min D $ ®

Stage 4 Centrifuge sample for 20 D ®
min, 28179 Refill with deionised
H20 to weight 2
Stage 5 Filter supernatant and &
store for analysis at 4°C ‘

Stage 6 Measure weight of emptied
tube containing moist soil

weight 3

Stage 2 to Stage 6 = one extraction step
weight 3 — weight 1 = amount of remaining water in tube

Figure 2 A schematic diagram of the different stage involved in the consecutive extraction of water
soluble phosphorus from soil.
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2.2.3 Correction of measured P values

The ratio of soil to purified water in the centgfation tube is 1:5 (6 g soil and 30 g purified
water). However, after extraction and centrifugagertain amount of water remains in the
tube after emptying the supernatant into storagdelso which is about 10 per cent. When
new deionised water is added for the next extractiep, remaining water in the soil matrix
needs to be considered, requiring measurementeofvéights (see figure 2). By subtracting
the weight of the emptied tube (weight 3) from iliéal weight of the tube filled solely with
soil (weight 1) remaining water in soil matrix came determined. Knowing the P
concentration in the extract, the quantity of Rha remaining water can be calculated by a
mass balance. The amount of P in the remainingrat®to be subtracted from the P content
gained in the following extraction step. Therelgjatively accurate values of P concentration
without disturbance from former extraction can ldmamed. However, in practice is the
difference in concentrations of corrected vs. nomracted values hardly higher than 2 per
cent.

Box 1 Example for the correction of measured P vaks by the use of a mass balance.

Sample of extraction step n
vol.1 = remaining volume of H20 in centrifugation tube (weight 3 — weight 1) = 3ml
conc.1=7mgP L
Sample of extraction step n1
vol.2 = volume of H20 in refilled centrifugation tube = 30 ml
conc.2=5mgP L
What would be concentration of P in “pure” 27ml H20 of extraction step n+1, without disturbance of extraction step n?
Mass balance:
30ml *5mg L= 0.15 mg P in 30ml sample of step n+1
3ml*7mgL*'=  0.021 mg P in 3 ml sample of stepn
0.15-0.021 = 0.129 mg P in 27ml sample of step n+1 without impurities of previous extraction step
0.129/27 *1000 = 4.7 mg P L-" is concentration of solution in step n+1 without interference from extraction stepn.

2.3 pH measurement

The pH of the extracts was determined using a gtessrode pH meter (PHM93 reference
pH meter, Radiometer Copenhagen). The ratio oftsailater was 1:5.

2.4 Statistical evaluation and curve fitting

For the development of the method, ANOVA was usedirtd out up to which extraction
times significant differences in P concentrationsravfound in the extracts (figure 10 in
appendix ). Regression analyses were used tondietercorrelations of different P analysis
of the soils with total P, P-AL and pH (data fromnaal soil analysis, see table 7 in
appendix Il). For these statistics Minitab 16 waedi A significance level of 0.05 was
chosen.

In addition, curves were fitted to analytical datsing the program Sigma-Plot 12. Curve
fitting is a tool for finding the mathematical furen that gives the best fit to measured data
points. With the aid of the function, a curve candulded to a data set. The gainéaddjusted
value (Rgadj) provides information about the accuracy of thigedi curve. The value ranges
from zero to one, where higher values represemti@ibfit of the curve to the measured data
than lower values.

The potentially releasable water soluble phosph{PusH.O) was estimated by applying an

“exponential rise to maximum” function (f=a*(¥%€") on the accumulated concentrations of
P from each consecutive extraction step. It wamddfthat R-H.O was equal to 99 per cent

of the gained “a” value which represents total [Bage after infinite extraction steps.
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Besides that, also the minimum water soluble P eotnation (Ri,-H20) in soil solution was
estimated with this method. For that, an exponkdgaay function (f=d*°™) was fitted to

the concentrations of each individual consecutikteaetion step. The minimum water soluble
P concentration was defined by the amount of etitnasteps required to reach-0.

The theory behind the developed method as welketaldd description on the calculation of
PrerH20 and R,in-H2O can be found in the appendix I.

2.5 Quantity/Intensity estimation

The estimation of the buffer-capacity in soil isseful concept to estimate the ability of soils
to replenish soil solution with nutrients. The putal buffer capacity, PBC, is defined by the
change of quantity in relation to changes in intgns

PBC =AQ /Al

Quantity is a measure of the nutrient reservesiinwhereas intensity refers to the amount of
the nutrient dissolved in soil solution. Since swlution is replenished by P from the soll
reserves, decreases in total P occur when P isvieimipom soil solution (Brady and Weil,
2008). To give an example, a low buffer capacity @il is present, when a certain amount
of P removed in soil solution would lead to a rigktstrong decrease in P content in sail. In
comparison, if the same amount of P was removed hghly buffered soil, hardly any
change in the total P content would occur due ticsstution replenishment.

Following the approach of van Rotterdam-Los (20&0juantity/intensity ratio was related to
the relative decrease in water soluble P releasetwb approaches, quantity was once
approximated by total P and once by P-AL, wheredsnsity was approximated by the
highest P release {R-H20). The gained ratio is an approximation of theféutapacity of
the individual treatments.

Relative decrease in water soluble P was approgundty the desorption coefficient, b,
gained from the curve fitting process. This valesatibes the steepness of the P release curve
slope, providing an indication on how quickly sl depleted in P during continuous
extraction.
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3. RESULTS

3.1 Consecutive phosphorus extraction

Concentrations of water soluble P after each carisecextraction step are given in table 2,
showing that initial values vary from 6.3 to 29.@yr® kg soil and decrease with each
additional extraction step with the exception ofcean nitrate, ammonium sulphate and
sewage sludge. Data from three treatments areegloitfigure 3.

3.1.1 Treatment of gained data

In figure 4 the total releasable water soluble phosus as well as their corresponding
minimum concentration in soil are shown for threéested treatments. Also the process of
calculating Ri-H20O and R,n-H2O can be demonstrated in three steps:

i) Extraction: The initial values of each extractidapsare depicted in the lower part of
the graph for three treatments. All of them haveeghape of a declining curve.

i) Accumulation: The individual concentrations of ea&sfiraction step are accumulated,
as depicted in the upper graph. Each consecutitvaation step represents the sum of
all foregoing extracted P concentrations.

iii) Extrapolation: On the created data points of acdated P concentrations (i.e. amount
of released P) curve fitting was applied using apoeential rise to maximum
function. Thereby, B-H>O can be estimated, which is reached at differetraetion
steps, depending on the treatment. By knowing mheuat of extraction steps required
to reach R-H20O, also Rir-H2O can be estimated. For that, curve fitting with an
exponential decay function is applied on the oayuata of consecutive P extraction
(lower part of the graph). The values after theakreepresent thesgn,ixH,O values,
reached at the corresponding extraction step f¢HEO. Please consult the appendix
| where the process of calculatiopdP,0 and Rin-H2O is described in detail.

Fitting the data from the extraction to nonlineaaghs, data of releasable water soluble P
(Pre-H20) and minimal P concentration ,(RH.O) can be gained displayed in table 3. The
starting point for calculating [f#H,O was the maximum concentration of water soluble P
released (RaxH20). Only for ammonium sulphate and sewage sludggHO was not
reached at the first but at the third extractionr Ealcium nitrate the value of the first
extraction was used, since no significant diffeeeme concentration (p=0.05) was found
between RaxH20O and the value of first extraction.

For the Ultuna soils, RxH20 and R-H.O values were multiplied by bulk density (provided
in appendix I1) and thus available in mg P $oil unit. Assuming a ploughing depth of 20 cm
(i.e. depth of sampling)R«H20 and R-H,O were calculated on a ‘per hectare’ basis.
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Figure 3 Water-extractable phosphorus of three soiltreatments in ten consecutive extractions, with

Water-extractable P / mg P kg™ soil

30 +

25 4

20 +

15 4

10 +

—&— Farmyard manure
—O— Fallow
—&— Calcium nitrate

Consecutive extraction step

standard error, n=4.
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Results

3.1.2 Potentially releasable P and minimum concerdtion of water soluble phosphorus

For the two horse paddock soils, almost twice ashmRy-H,O was released from the clay
soil than from the sandy soil. For the soils frdra Ultuna experiment, four clusters of similar
Pe-H20 release can be identified:

i) Farmyard manure released by far the highest amouR-H,O, 178 mg kg soil
(440 kg h&).

i) In the sewage sludge treatment, 130 mg &S0 kg hd) were released but a higher
P.-H20 was expected since the total P content in thagewludge treated soil was
almost five times higher than that of other treaitae

iii) Fallow, green manure and peat released about the amount of R-H,O ranging
from 112 to 123 mg kg soil (330, 290 and 265 kg thdor fallow and green manure
and peat, respectively).

iv) The plots where mineral fertilizers were appliedwead the lowest values ranging
from 58 to 84 mg Kg soil (140 to 150 kg hY.

The number of consecutive extraction steps requoaeach R-H,O and R\,-H2O differed
from 21 to 51 for the different treatments. Tharmeated R,,-H.O varied, ranging from 0.06
to 2.81 mg P kg soil, where the ammonium sulfate and the sewagggsl treatments were
the only treatments yielding values above 1 mg.Kgote that for both of these treatments
only seven but not ten data points were used forecfitting, as discussed above.

The yielded b values represent the slope of thergéen curve. High values represent a steep
slope of the curve (i.e. large difference betwaest &ind last extraction step) whereas lower
values represent a more even run of the curve. Nué for all treatment except for
ammonium sulfate and sewage sludge, the b valeseay similar to the desorption and
accumulation curve. The difference occurring at tiwe treatments is explained by the
different starting points where modelling began. A®re mentioned, modelling the
desorption always started at maximal P releaggf.O), whereas accumulation of values
started at the first extraction step,{P120).

15



Results
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Figure 4 Curve fitting applied to data from three lected soil treatments upon consecutive extraction
steps with one hour length. The upper part shows # cumulative P extracted using the following
equation (f = a*(1-¢®™) where a is the maximum accumulated P, b is the derption coefficient,
and x is the number of extractions. The value aftethe break represents R-H,O. The lower part
shows the corresponding water-extractable P for théreatments, values after the break represent
the Pyin-H,O at the corresponding extraction step where 8 -H,0 is reached (f = d*&"™). All data
are shown with standard error, n=4.

3.2 Depletion of total P and P-AL by consecutive wear extraction

Consecutive water extraction yields usually higmaamtrations of P in the first extraction
steps. In the following steps, less P is found he extract. In the present study, three
treatments deviated — maximum value were first nmegsafter three extractions. However,
differences between initial and maximum data werly gignificant for sewage sludge and
ammonium sulphate. Despite the two deviating resulbinly the initial extraction

concentration was used comparing treatments. FRelfO value is thus a measure for P that
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is immediately soluble into soil solution, i.e.laast within one hour. Thed?H,O, on the
other hand, is a measure of P available from tlilendeen the soil solution is replaced with
P-free water several times (table 4).

The RB,-H-O and the R-H>O values were related to total P and P-AL contehtthe soils,
see table 4. The P-AL is a measure on the statpkwof available P in soil.

In the fallow treatment, already in the first extian step, 9.4 per cent of the P-AL fraction
was released, but 55.4 per cent were potentidiasable with consecutive water extractions.
Within one day (25 extraction steps, one hour eack)could release 11 per cent of the total
P present in soil. This shows that a considerataletibn of P can be desorbed from soils
without weathering processes.

Sewage sludge showed the lowest relative wateb#ityuof P as compared to the other
treatments. Related to the relatively high amouwftde-H-O (130 mg kg soil) this is
surprising. However, the total amount of P in tbevage sludge treated soil was almost five
times higher than those of the other soils analyded to large additions of P through sewage
sludge that was precipitated during waste watatrment.

The strength of water as a depletion agent is edsdent from figure 5 providing values for
three treatments showing the relative depletiothefP-AL fraction through water extraction.

Table 4 Proportion of the of P-AL and P-total relesed as water soluble P. ;R-H,O represents initial P
released by one extraction, whereas f2H,O represents total P releasable through consecutive
water extractions.

Pini-H20 Pre-H20
(% of P total) (% of P-AL) (% of P total) (% of P-AL)

Soil

Horse paddock

Clay soil 1.0 3.5 11.2 39.6
Sandy soil 0.8 4.1 6.5 33.6
Ultuna experiment
Fallow 1.9 9.4 1.2 55.4
Calcium nitrate 0.9 4.7 8.8 48.7
Ammonium sulfate 0.3 1.7 55 34.9
Green manure 1.8 9.3 10.5 54.2
Peat 14 8.5 1.4 67.8
Farmyard manure 2.3 8.3 14.0 511
Sewage sludge 0.2 4.4 2.7 23.8
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Figure 5 Depletion of P-AL in three soil treatmentsthrough ten consecutive extraction steps with wate
with standard error, n=4. Values after the break ae based on the minimum water soluble
phosphorus concentration (R;,-H>O) obtained by the function given in Table 3.

3.3 Comparison of water-soluble P with P fractionsn soll

In 1991, the soil P status in the Ultuna experimgas determined applying the Hedley P
fractionation method (Otabbong et al., 1997; Heddeyal., 1982). In principle, a stronger
reagent was used at each extraction step to reteasestrongly bound P fractions. In figure
6, these fractions were stapled on top of eachrdthiefour treatments. Comparing the data
sets of the Hedley P fraction with those from consige P extraction allowed to estimate
which fractions of P are desorbed by consecutiextPaction: All resin P is removed by the
consecutive water extraction. Besides of that, 22,38 and 0.02 per cent of the sodium
bicarbonate fraction are removed from the falloweem manure, farmyard manure and
sewage sludge treatment, respectively. Resin-Regarded weakly bound to soil surfaces.
Thus, the idea of being easily removable with waaational. The bicarbonate fraction, on
the other hand, entails more strongly bound P afases, as well as phospholipids and
nucleic acids.
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Figure 6 Four treatments of the Ultuna experimentfractionated in 1991, shown in the columns (Otabban
et al., 1997) compared to P removed with consecutivwater extractions (Re-H,O) shown with
arrows. Described fractions correspond to the follwing P-binding: Resin: chloride anion resin -
weakly surface absorbed P; NaHC@ 0.5 M sodium bicarbonate - Al-bound P, phospholijas and
nucleic acids; NaOH: 0.1 M sodium hydroxide - Fe-bend P and P encapsulated by Fe and Al
compounds; HCI: 1M hydrochloric acid - Ca-bound P;Residual: concentrated HSO, + 25 per cent
H,0, - residual-P in mineral matrices and very stable imic substances.

3.4 Correlation of water-soluble P with total P andP-AL

P-AL is positively correlated with &H,O contents, correlation of total P witheH20 is
slightly weaker (see figure 7). Sewage sludge watuded due to high loads of total P and
Al-P (P bound to aluminium oxides which serve dsraing site). Common understanding of
P fertilization is that large amounts of P appldi not remain plant available, but become
adsorbed to soil particles and total P contensoihtend to increase when fertilized regularly
(Stevenson and Cole, 1999; Bundy et al., 2005) Ehalso proven by the slope of the graph.
For each 100 mg in total P increasey-R,O only increases by 23.5 mg in average for all
soils. Thus, more than 75 per cent of P addeddayistem as fertilizer remain or are turned
into non-water soluble P. For P-AL this ratio igurally not as strong, with 58 mg iR.PH.O
increase per 100 mg P-AL. A multiple linear regm@ssperformed showed that the model
could potentially be further improved if pH woulde kadded as predictor for,FH.O.
However, too few data points are available to apply method reliably. The measured pH
values of different extraction steps can be foumdgpendix II.
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3.5 Comparing water soluble P with P fractions oflte initial soil

The sequential fractionation method after Hedlegl e€1982) was also applied to the original
soil of the Ultuna experiment before the treatmeveee started in 1956.

As shown in figure 8, initial fractions of P frontag of the field experiment were analysed
(stacked column). The size of the different fracsiowas related to data derived from
consecutive water extractions whereby the plohefrelation of total P tof2H,O was added
in figure 8. Combining the two types of informatiand assuming a hypotheticalt#,0
value of zero, the regression line intersects thetibnation column below the resin and the
bicarbonate fractions. This is the range where comynthe start of the more labile pool in
soils is assumed to be located at (Stevenson alej T399).

1400

2
R 0.71 .
1200 A
Resin
— E
'S 1000 q|naHCO,
7]
2
o 800 - .
o NaOH
£
~ 600 -
o
o HCI
° O Fallow
400 -
= ¢ Calcium nitrate
© Ammonium sulfate
200 v Green manure
A Peat
® Farmyard manure
0 1 T T T T

0 50 100 150 200
P..-H,0/ mg P kg soil

Figure 8 Comparison of P-fractions from the study Otabbong et al. (1997), showing the initial fragbns
(year 1956) in the Ultuna long term soil organic mier experiment in the left column with the
correlation figure showing of accumulated water salble P (Rg-H,0) to total P. The treatment
sewage sludge was excluded from this figure due t@ry high total P content (~4,900 mg kg soil).
Total P content in soil in 1956 was 1,190 mg Kgsoil.
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3.6 Quantity-Intensity relation and desorption coeficient b

Relative changes in supply potential during cordusidesorption of P is shown by the buffer
capacity. This is approximated by the ratio of tétgor P-AL) which represents the quantity
factor and RaxH20, representing the intensity factor. For both apphes of estimating the
guantity-intensity ratio, the fallow, green manarel farmyard manure have the lowest buffer
capacity, whereas ammonium sulfate and sewageesklumv the highest. The clay soil has a
lower buffer capacity than the sandy soil whenghantity is approximated with total P but a
higher when approximated with P-AL.

The release coefficient (b value) is an indicatoihow readily P is desorbed from soil, where
higher values indicate a steeper decline in (carisex) desorption than lower values. As
shown in figure 9, does a lower desorption coedfiticoincide with a wide ratio of capacity
to intensity, i.e. a higher buffer capacity. Instltiase, the P supply is high compared to the P
in soil solution, thus effectively buffering agdisremoval. A steep release curve, i.e. a large
difference in concentration between the first amel last extraction step (and a high release
coefficient), is accompanied by a narrow ratio lew capacity and intensity indicating low P
buffering.
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4. DISCUSSION

4.1 Amount of phosphorus releasable by water in thehort term

Compared with total P content, relatively high ditees of water soluble P are releasable into
soil solution within about 30 consecutive extractgieps of one hour each (compare table 3).
This highlights the fact that large amounts of &frsoil are potentially available within a
short time scale for entering soil solution. Thasnaturally dependant on soil properties, as
discussed below. In more general terms, researsheggest the model of different pools of P
in soil (Syers et al., 2008):

Four different pools are defined by the accessybhiéxtractability and availability of P in soil
to plant. Each pool shows interactions with theghbouring pool. If the first pool, which
represents immediately accessible P that is readypfant uptake in soil solution, is
exhausted, it will be partly replenished by theosecpool (readily available P). The same is
true for the other pools, where the third one re@nés less extractable P more strongly bound
to soil and the forth pool equals the P, deeplkddcwithin the soil matrix. However, not
only replenishment of emptied pools takes placé,more commonly, the reverse process
occurs. When easily plant available P is appliedaits, a large part is quickly transformed in
less available forms of P (Havlin et al., 1999).niatural systems the size of the different
pools differs considerably, with the immediatelyc@ssible pool being the smallest and the
pool of very low accessibility the biggest (Mengeld Kirkby, 1982). In highly weathered
soils, where most of easily available forms of B depleted, only strongly bound forms on
iron and aluminium oxides remain (Walker and Sy&g5,6).

Relating the P-pool model to the applied method résults show that the first and the second
pool of P are approximated and emptied by consexwktraction (compare figure 6). By
using water for continual removal of P, both P @tuton and easily available P is affected.
Potentially, more water soluble P is present i #@in extracted with 10 steps. Weathering
and dissolution processes, as well as mineralizatb organic P compounds are time
dependent processes. Therefore, if more time wioellgiven between extractions, the amount
of water soluble P would increase, presumably,ragai

In soil P is mainly transported via diffusion (Kevand Claassen, 2005). Differences in
concentration are the main driver for diffusion eTdiiffusion rate is very slow, 18 to 10%°

m? s*. Once the rhizosphere is depleted of P, it requireonsiderable time until additional P
is diffused close enough to the root for uptake plants roots (Schachtman et al., 1998).
Blume et al. (2010) defined the rate of diffusiatlae main determinant factor with regard to
P uptake by plants. However, since all soil aggesgjaare destroyed in the applied
consecutive extraction method, diffusion processese excluded. Thereby, maximum
potential of P release to the soil solution wassuezd.

The finding suggests that it may be more the playdimitation of slow diffusion of P to
replenish soil solution quickly, rather than theosg chemical binding of P into the soll
matrix, that limits P availability in soil. If diffsion would proceed faster, more water soluble
P would be instantly available. This finding is tsioled. On the one side, the limit is shown
on how plants can have access to P in soil. lbmsmon understanding that only a very small
fraction of total P content is actually availabtesoil solution. On the other hand, it gives an
explanation on the rather low tendency of P leaghaompared with other nutrients, in the
soil — water system. The importance of soil aggegaor keeping P “in place” is
demonstrated here. This effect appears even stravigen relative availability is compared
with actual plant uptake, as discussed below.
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4.2 Differences between soil treatments

The amounts of B-H,O differ strongly among treatments from the Ult@xgeriment, being
threefold higher for the farmyard manure than e ammonium sulphate treatment, see table
3. Here, possible explanations on individual treatta and soils are discussed.

The amount of organic amendments applied to thendlexperiment is based on their carbon
content. Phosphorus contents of the amendments difihsiderably. As a mean value for the
years 1956 to 1991, 73 kg P hgr* were applied through farmyard manure (Kirchmann et
al., 1994). This is in addition to the 20 kg P*ha* superphosphate added (compare table 7
in appendix Il). Bremer et al. (2008) made an asialyipon the water solubility of feedlot
cattle manure, which is comparable to the manumiexpin the Ultuna experiment. Their
results show that up to 24 per cent of P in marsiveater soluble (0.5g dry matter shaken for
1h with 100 ml double distilled water). The highterasolubility of P in farmyard manure
may thus be an explanation for the high release«pH,O amounting to 177 mg P Rgoil.
Besides of that, also relative high pH values ef fdrmyard manure treatment could explain
the higher release of P, compared to other tredsr(ere table 9, appendix Il). The average
pH value of the extracts of the farmyard manurattnent is 6.3, which is within the ideal pH
range for plant uptake. Orthophosphate ions are tabge in this pH since no precipitation
of P with aluminium, iron or calcium ions take pagHavlin et al., 1999). All other soils of
the Ultuna experiment show average pH values bélpthus, precipitation with aluminium
minerals can be expected.

Sewage sludge released 130 mg P &gjl being the second highest concentration ofstie
treatments. Still, the solubility of P was low coang@d to total P present in soil. This is due to
the strong binding of P with ferric chloride wheregpitated during waste water treatment
and ending up in sewage sludge in insoluble foldengux-Mustin et al., 2001). This is also
obvious from the comparison of P fractions (compiegare 6), where a large fraction of
hydroxide P was determined. Hydroxide P is regatdecepresent inorganic and organic P
compounds, particularly bound on Fe and Al soilfates. In addition, reactive iron
compounds are added with sewage sludge comparethéo treatments. Although a higher
desorption of water soluble P was expected, tradivel availability of P from sewage sludge
treated soils is actually low. This has implicasamn future management of P through sewage
sludge, since it is regarded as an option to recydo arable land (Cohen et al., 2011)

The treatments green manure, peat and fallow shtiver similar values of /&H,0, being
112, 123 and 118 mg P kgoil, respectively. Likewise to the farmyard manteatment, not
only superphosphate serves as a constant P sougatktieatments, but P contents differ in
the added amendments being, on average, 27 and®4h&lyyr* for green manure and peat,
respectively (compare table 7 in appendix Il). $isipgly, green manure has the lowest P
release even though it receives more P than pedadaw.

The mineral fertilizer amendments calcium nitratel ammonium sulfate release the least P,
amounting to 61 and 80 mgefH,O kg soil, respectively. In comparison with the other
treatments of the Ultuna experiment, no additidghaither than superphosphate was added to
the plots, which might explain the rather low rekeaFor ammonium sulfate, also the change
in pH might affect the P release, as discussedibelo
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4.3 Releasable phosphorus and phosphorus removal pilants

The quantity of P incorporated in plants differsosm species, ranging for the most important
crops from 0.04 to 0.7 per cent of dry weight (Tfr@a&d Thompson, 2005). The amounts of P
removed by plants in one cropping period range afl greatly among various crops
(Pierzynski et al., 2000), e.g.:

- Corn: 26 kg hd

- Wheat: 10 kg hd

- Alfalfa: 34 kg h&'

- Corn silage: 39 kf?ahja
- Potatoes: 17 kg

As shown in table 3, the calculated PO values exceed common P removal on a hectare
basis at least fivefold for corn, grown at the Whuexperiment site. This suggests that
actually enough P is available in water solublerfobut it is rather physical constraints that
hinder plant roots to access this sources. Jur@gfd(lestimated that roots only explore 25 per
cent of top soil in each growing season, which ésaa large part of soil “untouched” for
direct root uptake. Several decades ago, P usweeitly of plants was aimed to be increased
by altering the architecture of the root systemwieer, this approach lost favour after it was
found that roots rather grow towards areas wittn Htgcontent than exploring the whole soil
volume (Syers et al., 2008).

Please note that at the Ultuna experiment sitdayel@ cultivation of crops takes place due to
management reasons. Therefore it can be assunadpther amounts of P than normally
expected are removed by plants, since no focustismp maximal plant yield during cropping

period.

4.4 General factors affecting release of water sddle phosphorus

4.4.1 pH

Soil pH seems to affect P availability even in #tert term. This was observed in the
ammonium sulfate treatment, where a shift in pHdlnost one unit, from 3.9 to 4.7 was
measured during ten extraction steps (see tabég@endix 11). Very low pH values in this

treatment are the result of the nitrification pEsgsewhere ammonium is turned into nitrate,
two protons are released and thus pH is decreasethe low pH values observed, P
potentially precipitates with Al- and Fe-minerakdaflin et al., 1999). The sharp increase in
pH during extraction coincided with higher amouots? released. Using a buffered solution
as extracting agent might have mitigated that gnoblHowever, using water (non-buffered
solution) approximates natural condition.

Note that pH values measured from annual soil amalyable 7, appendix II) differ from pH
values measured from extracts of individual exioacsteps (table 9, appendix Il). Different
ratios of soil to water were used for the pH analys/hich can explain this discrepancy.
Besides of that, also natural fluctuations of pHuwcin soil depending on the stage of the
growing season (Blume et al., 2010).

4.4.2 Soil texture

Soil P released is also affected by soil texturear€er soils are expected to release less P,
since the relative number of binding sites is lgwempared to finer textured soils. In this
study, the amounts of P released was not analysesbard of soil texture. However, a clear
difference was obvious between the soils from tisér paddock, where thefH,0 value of
clay soil is almost double as high as the onedody soil (see Table 3).
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4.4.3 Total phosphorus content

Total P was found to be a relatively good predidmr RB-H,O and adding pH would
improve the prediction potentially even more (Sgark 7). More data are, however, required
for allowing a reliable multiple regression anasyshn increase of a certain amount of total P
is accompanied by an increase of 25 per centabl#. This is in accordance with current
knowledge on P fertilizer application. Large pomscof P applied turn quickly into less plant
available or insoluble form, which led to the teffertilizer efficiency”, describing the extent
of how much P is available for plants (Withers let 2005). At the Rothamsted experiment
site, Olsen P (NaHCfincreased only for 13 per cent of total P. Alsleen studies indicated
only a little increase of extractable P in relattortotal P increase (Syers et al., 2008). For the
Ultuna soils, even though different treatments weeegformed for more than 50 years, the
soils still show very similar properties. The typiefertilizer, applied on this site to all plots is
superphosphate (20 kg har') which guarantees practically no limitation of & plant
growth on the site. Superphosphate is regarded asaellent fertilizer for plants, since most
of it is water soluble and therefore easily avdddbr plant uptake. This is in contrast to other
fertilizers where larger amounts can be initialya not plant available state such as apatite
rock. The high correlation of soluble P with toRlmight therefore be probably a specific
result caused by the type of fertilizer appliedndt superphosphate but pure phosphate rock
would be used, total P might increase to some exban a lower fraction of P would be
soluble in water. However, more analysis would &guired to make general statements on
this finding.

4.4 .4 Other tested correlations

No correlations between P characteristics and totghnic carbon content of the Ultuna
experiment were found.

4.5 Estimation of labile P pool

Based on the fractionation method of Hedley et(H82), an estimation was made upon
which fractions of P are involved in the consecaitiwater soluble P release. For four
treatments it was possible to test, since P fraations were done earlier. As for fallow,
green manure and sewage sludge, the fractions vroich P was released were resin P and
sodium bicarbonate P (see figure 6). Only in thenf@ard manure treatment more than one
third of the sodium bicarbonate fraction was redelhrough consecutive water extraction. In
the fractionation scheme, sodium bicarbonate ietenl to release Al-P, P more strongly
bound than resin P, phospholipids and nucleic a@@sbbong, 1996). In comparison to
fallow or green manure, a higher amount of Al-osideannot be expected in the soll.
Phospholipids and nucleic acids are organic P coamg& The procedure of consecutive
water soluble P extraction detects only inorganiarRable to measure organic P fraction with
the ascorbic acid sulfomolybdo-phosphate blue cadmalysis, as it was applied in this study.
However, organic P was estimated with the diffeeemethod (Stevenson and Cole, 1999) by
determination of total P and subtraction of inoigdn for the treatments fallow and sewage
sludge. The finding was that only in the extradtshe first and second extraction steps very
little organic P was present. The possibility tbeganic P was mineralized into inorganic P
during the actual analysis can be excluded duedathort extraction intervals. Thus, only the
aforementioned high water solubility of farmyardrmaee seems to be a rational explanation
for the relatively high amount of sodium bicarb@n#taction release. The definition as “P
more strongly bound than resin P” remains unsatisfg, but appears to be linked with
farmyard manure properties.
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4.6 Quantity — Intensity relation

For the Ultuna experiment, the farmyard manurépfabnd green manure treatments showed
the lowest P buffer capacity. These are also gwrirents with highest P input by fertilization
(20 kg P hd yr! as superphosphate) in combination with an orgamendment P supply;
table 7, appendix Il). The peat treatment, withéstP addition by organic amendment, had a
slightly higher buffer capacity. Treatments withiyomineral fertilization showed the widest
guantity to intensity ratio since their P input aogver compared to the other treatments.
Hence, treatments with low P inputs resulted in Pwelease, but maintained this P release
more constantly than treatments with higher P isgahd release), where substantial declines
occurred during the initial extraction steps (Sgarke 3, table 2).This finding is in accordance
with previous studies, where long-term applicatioh animal manure or inorganic P
fertilization coincides with relatively low buffgrower (Kovar and Claassen, 2005).

The P supplying potential during continuous desorp{figure 9) showed a very similar
pattern as discussed in van Rotterdam-Los (20118h Kere, P buffering was more effective
when the quantity to intensity ratio was high. Tower this ratio, the steeper was the decline
in P release during consecutive extractions.

4.7 Minimum concentration of phosphorus in soil

The estimation of B.,-H>,O was based on the extrapolation of two curvesnfesibn of
Pe-H2O and thus by knowing the hypothetical amount ofjuneed extraction steps
consequently estimation of,R-H-0). For both the sewage sludge and the ammoniufatsul
the values are well above 1 mg Pkspil. For both treatments, not ten but only eigata
points were available for estimating,?H2O, since calculation started always fromaP
H,0, which was delayed compared to other treatmesets fable 2). Therefore, the results of
modelling for these two treatments have to be dkatith care, when compared to others,
where more data points were available for curveapxiation. For the other treatments,
values ranged from 0.06-0.36 mg Plspil. In literature, a concentration of 0.2 mg P4oil
solution or higher is desired for optimal plant\gtb (Pierzynski et al., 2005). The conversion
from a “mg kg* soil” to “mg L™ soil solution” unit requires, however, soil phyaidata such
as pore size distribution etc., which were not ssse in this study. Besides that, also the ratio
of water to soil (5:1) used in the consecutive axtion method is very different from field
conditions, which is a potential source of stromgjattions in the resulting data. That is why a
conversion of Ri-H,0 values from mg k§soil to mg L} soil solution was not performed.

However, potentially this value may be used for eilg purposes of constant P

replenishment of soil solution with P. Various misden this respect have been already
developed. For the EPIC model (Environmental Pdintggrated Climate) Jones et al. (1984)
designed a simple add in for a soil — plant P modké P pools used for soil were stable,
active and labile inorganic and fresh organic aiathle organic P. More recently, Kreuzeder
(2011) developed a dynamic P model for soil, whichased on an initial ratio of 500 : 250 :

1 between inorganic P, organic P and P in solutiespectively. Inorganic and organic P can
be determined by standard soil tests (Tan, 200%greas P in soil solution could be

approximated by using the introducegFH-0 value.
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4.8 Possible pitfalls of the developed method

The particle sizes of the soil material used atfitst extraction step has to be considered.
Probably, it is not sufficient to grind and siev® tdried soil until mesh size of 2 mm, since
micro pores might not be reached within the fingb textraction steps. This could be an
explanation for the delayed maximum P concentrafrem the ammonium sulfate and

sewage sludge treatment.

Also, water repellent properties of the organicteraiespecially in the treatment with sewage
sludge, but also peat, could decrease P releafieeifirst extraction steps. Only after the
entire soil matrix is wetted, P release reachesmax.

Throughout all extraction steps, the samples wieaen 1 hour each time. It was found that
about 30 hours of continuous P removal with wateul be required to deplete the soll
system. However, it should me mentioned that tloegss could be performed even more
quickly. In appendix I, the choice of a 1h extrantperiod is explained. However, one hour is
the upper limit; most probably even shorter timesila be sufficient for certain soils.

The effect of drying soil has a known impact orefease. Bartlett and James (1980) analysed
water soluble P release using moist, dried and atted soil. In their finding, moist soil
released approximately 30 mg P,lwhereas dried soil only released 5 mg® Rewetted
soil had a release of approximately 20 mg™® The authors conclude that, in any case, soil
should be stored in wet condition, at 4°C if steragnecessary for longer time. This finding
may have an impact on the analysis of soil samplesiried soil was chosen for this
experiment mainly since homogenization of soil sia®s easier when solil is dry, especially
in soil with high clay content. However, other sasglhave shown that the effect of drying
may not be as severe (Parvage et al., 2011).
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5. CONCLUSION

The method developed using consecutive extractiavater soluble P allows insight into the
desorbability of P in dependence of soil propertlemge fractions of soil P are potentially
water soluble within a short time. A comparisonPofractions revealed that all resin P and
partly sodium bicarbonate P is released by the ogethlthough data are limited. Current
understanding on limited P access to plants ischasethe assumption, that only a small
fraction of soil P is dissolved and available inl solution. Although this is the case, this
study showed a high capacity to remove soil P fextthange sites into soil solution. This
result puts plant availability of P into a diffetgrerspective. It seems rational to assume, that
it is rather diffusion and the physical ability r@iots to gain access to P found in soil solution
than the release of P to the soil solution, deteimgiplant uptake of P.
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6. APPENDIX |, METHOD DEVELOPMENT

The procedure for consecutive extraction of watdutde phosphorus is described in chapter
“materials and methods”. Here, the developmenhefrhethod, as well as the calculation of
potentially releasable water soluble P.fH>0) and the minimum water soluble P

concentration (Rin-H20) is outlined.

6.1 Method principle

The consecutive P-method extraction aims to medbkerpotential amount of water soluble P
that can be released by an unlimited number ofisgakwvith water and was defined ag-P
H,O. For that purpose, 10-12 consecutive extractisith water were performed. The
amounts released were added and plotted as cuweulatirve. In addition, repeated
extractions provide a measure for minimum concéotraof P in the soil solution upon finite
replenishment of the soil solution defined ag 1.0, presupposing that the change is non-
linear.

6.2 Soils used

Two soils differing in texture, a clay soil from pgala and loamy sand from Krusenberg,
located in Uppsala County in Sweden were used. Boitk were taken from pastures used for
horse grazing for more than 15 years (grazing teerdi 3.2 and 7.3 animal units haat
Uppsala and Krusenberg, respectively). Chemicaladheristics of the soils are given in
Table 5.

6.3 Questions addressed

i)  Which extraction time is required to ensure thah Roil solution is in equilibrium
with P in the solid phase? It was aimed to deteentiie shortest shaking time, which
means that any prolonged shaking time would notiltes an increase of P in
solution.

i) Through which function can the cumulative releab® drom soil into soil solution
upon water extractions be described?

iii) How many times does the consecutive P extractidh water have to be repeated to
gain valuable information?

6.3.1 Determination of a suitable extraction time

It was assumed that equilibrium between P rele&reed soil solids and P in soil solution can
be reached within hours. This assumption was based calculation showing that soll
solution needs to be replenished up to 20 timesdpgr when plants’' need of P is highest
(Syers et al., 2008). Experiments with isotopicitiiin where soluble P was added in form of
*p.isotopes showed that equilibrium was establistah within minutes, defined as the
mean residence time of inorganic P in solution ¢6and et al., 2011; Sinaj et al., 2002).
However, in this study it was aimed to determinenaximum shaking time required to
achieve a constant P concentration in soil solutimr that purpose, a clay soil and a sandy
soil were shaken with water for 0.5h, 1h, 2h angdrdgpectively.

The results of the sandy soil show that shaking tiamger than one hour does not result in
higher P concentrations in the extract. For claytee finding was that, the longer the clay

soil is shaken, the less P is released into shitisa (figure 10). This was not expected, since
commonly a longer shaking interval is assumed &al ®® more P in solution or no further

change. Presumably re-adsorption of P releasedvwosnrfaces that became available during
shaking is responsible for this observation.
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Table 5 Chemical characteristics of the two soilssed for method development; clay soil (Uppsala clay
and sandy soil (Krusenberg loamy sand): water soldb phosphorus (WSP); phosphorus in
ammonium acetate lactate extract (P-AL); nitric acd digested P (total P); degree of P saturation
(DPS); organic carbon (C); and total nitrogen (N);soil texture in classes clay (<0.002mm), silt
(0.002-0.02mm) and sand (0.02-2mm).

. WSP P-AL Total-P DPS OrganicC TotalN Texture
Soils pH (H20) -
(mg kg) (%) clay silt sand
Clay soil 527 244 866 74 54 2.99 0.27 466 241 303
Sandy soil 549 154 795 6.4 26 2.36 0.22 9.2 69 839

To define an adequate time until P concentrationthé extract are not influenced by the
shaking time, the data were statistically evaluateat the clay soil, an ANOVA analysis
revealed that there is no significant differencePinconcentration at each extraction step
whether samples were shaken 0.5 or 1h (p=0.05).eMexry the concentration of P in the
extract differed significantly, whether the samplese shaken 1h or 2h.

In contrast to the clay soil, the sandy soil shoaesignificant difference of P concentration in
extracts when shaken for 0.5 or 1h and no sigmfickfference when shaken for more than
1h until the third extraction step. Aiming to demela method applicable for a wide range of
soils, it was concluded that a 1h extraction stegreed to be ideal.

MCV 3.97 %

41 —e— clay soil 0.5h

—O— clay soil 1h

3 91 —0— clay soil 2h

—0— clay soil 4

2 1 —&— sandy soil 0.5h

—— sandy soil 1h

1 4 —&— sandy soil 2h

—@— sandy soil 4h

0 T T T T T T
0 1 2 3 4 5 6

Water-extractable P / mg P kg 'soil

Consecutive extraction step

Figure 10 Content of water-extractable P after 0.51, 2 and 4 hours of extraction. The variance is
displayed as mean coefficient of variance (MCV) oéll data, n=4 for each data point. The four
upper curves represent the clay soil whereas the do lower curves represent the sandy soil, with
different shaking times. Values of data can be fouhin table 8 in the appendix II.
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6.3.2.1 Determination of total accumulated water doble phosphorus

Once the extraction time of 1 hour was found tsigable twelve extraction steps were run,
each of them lasting one hour, see figure 11.

Data gained from the extraction procedure weretdte@n the following way: Firstly, the
concentrations of each extraction step were ad@eghd a curve for the incremental increase
of P extracted at each consecutive extraction wi&p plotted (Figure 12, part 1 and 2). An
exponential rise to maximum function [f = a*(£2&)] was fitted to the curve derived where
parameter a represents the total amount of watkaatable P at an infinite number of
consecutive extractions. The value b is the releasfficient and x the number of extraction
steps performed. Weathering processes of minenalsracrobial decay of organically bound
P is ignored by this method. In practice such depiewould be difficult to reach, since an
infinite number of consecutive extractions is regdiexcluding other flows and processes in
soil. That is why R-H,O was defined as 99 per cent of the “a” value. Afeaching this
point, only marginal amounts of P will additionallye released with each following
extractions step, compared to P release in thedktsaction period. Defining &£H,0 as 99
per cent of the a value derived from curve fittialpws to gain an insight about how much
water soluble P can be released within an realestiount of extraction steps. Note that the
amount of extraction steps required to reaghtH2O can be calculated easily with the
formula of exponential rise to maximum.

—@— clay soil

2 @® clay soil
—O— sandy soil R adj 0.98

O sandy soil

Water-extractable P/ mg P kg~1 soil

OIIIIIIIIIIIIIIIIIII T
01 2 3 4 5 6 7 8 910112 1 2 3 4 5 6 7 8 9 10 11 12

Consecutive extraction step Consecutive extraction step

Figure 11 Concentration of water-soluble P in extrats from the clay soil and sandy soil upon twelve
consecutive extraction steps of one hour each (Stdard error, n=4). The left figure shows data of
individual extractions whereas the right figure shevs the same data with the added trend line from
a curve fitting procedure, applying an exponentiabdecay function (f = d*&®™).
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6.3.2.2 Determination of minimum concentration of vater soluble phosphorus

It is also possible to estimate the concentratibnomstant P replenishment from soilyiP
H,O. For that the concentrations measured at eachotivin step are fitted with a curve,
using an exponential decay function:

(f= d*e(-b*x))

where d represents the hypothetical starting pointoncentration of P that is potentially
releasable before the first extraction step. ThHeevd is the release coefficient and x the
number of extraction steps. Applying this formuleeans that an infinite amount of
extractions would result in total depletion of sestem with P. However, this stage was not
assumed to be reached in the experiment. On tlee lbémd, it was aimed to determine a level
of a low concentration of P that can be maintaimegbil for a long period, even if P would be
constantly removed. For that the required amourgxtfaction steps needed to be found. It
was defined that the extraction steps needed thr&a-H,O are equal to the amount of
extraction steps to reach the area of minimal Reisl (P,in-H20), see figure 12, part 3.

Figure 12 (next page) Consecutive water-extractablB in the sandy soil, ten consecutive extractionegts
for one hour each (Standard error, n=4). Part 1 shes concentrations of water-extractable P for ten
consecutive extraction steps. The number of extraicins steps required to reach R, H,0 is not
known at this stage. Part 2 shows the accumulatedreunts of P extracted at each consecutive
extraction step. The value after the break (=R-H-O, or 99 per cent of “a” value; at extraction step
35) was extrapolated by curve fitting from the datausing the function of exponential rise to
maximum (f = a*(1-€™)). Part 3 shows the concentrations of water-extraable P over consecutive
extraction steps as in part 1. After knowing the armunt of extraction steps required to reach R.
H,0, also R,,-H,0 can be determined.
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6.3.3 Number of consecutive extraction steps

The number of consecutive extraction steps requoedake a consistent analysis of the data
was tested. It was assumed that after a certairbeunf extractions, release of water soluble
P from soil through water extraction will becoméhex constant, after a declining release
initially. As shown in figure 11, P release level$ and after nine or ten extraction steps, a
rather stabile release of P can be observed, wisicinost adequately described by an
exponential decay function. The more extractiopstéhe better the curve can be described.
Data were fitted using different numbers of exi@actsteps. As shown in table 6, the
parameters of the curve fitting procedure changedgmally with the number of used
consecutive extraction steps and ten extractiqrssigere acceptable.

Table 6 Method development, change in Edj values for the exponential decay function (f = d*&™)) over
the amount of consecutive extraction steps of clagoil and sandy soil used for curve fitting. The
more consecutive extraction steps are made, the bet is the reached F@ajd value. With ten
consecutive extraction steps an acceptably highzfgj value is achieved. Besides of that, also a and b
values do not differ strongly. Tukey test with 95 pr cent simultaneous confidence interval is given
for clay soil and sandy soil where different lettes indicate significant differences in the means of
released P at the corresponding extraction step, A=

Consecutive Clay soil Sandy soil
extraction step Rz, tukey avalue bvalue RZ g tukey avalue b value
12 0.980 a 9.323  0.092 0.968 e 7288  0.130
11 0.977 ab 9.348  0.093 0.967 f 7352  0.133
10 0.973 bc 9379  0.094 0.969 g 7439 0137
9 0.965 c 9.353  0.093 0.969 fg 7526  0.142
0.954 d 9.300  0.091 0.960 h 7512 04141
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7. APPENDIX I, ADDITIONAL DATA

Here, various data gained during the analysis paes well as data from other sources used
for correlation analysis are presented.

Table 7 Chemical properties of soils used (analysi2011); pH (soil to water ratio 1:2.5), total orgarc
carbon (TOC), total P, P-AL (year 2011) and P inputBasic fertilization according to Kirchmann et
al. (1994) of 20 kg P hayr* at all soils from Ultuna experiment, plus averaged input by organic
soil amendments, bulk density from Katterer et al(2011), with standard error, n=4.

Soil pH TOC Total P P-AL P input Bulk density
(H:0) (%) (mg kg"') (kg ha'lyr) (kg L)
Horse paddock
Clay soil 74 2.99 866 244
Sandy soil 6.4 2.36 795 154
Ultuna experiment
Fallow 6.4 1.03 1,050£11.2 21316.7 20 1.43
Calcium nitrate 6.5 1.41 903+7.6 164+9.1 20 1.28
Ammonium sulfate 4.0 1.34 1,045+9.4 164+5.2 20 1.21
Green manure 5.9 1.67 1,061£8.2 206+6.8 20+27 1.34
Peat 5.4 2.79 1,079+18.2 18118.4 20+4 1.12
Farmyard manure 6.5 2.04 1,270+11.6 347+10.1 20+73 1.24
Sewage sludge 4.8 2.80 4,899+97.4 547+12.9 20+348 1.02

Table 8 Method development, finding of adequate slkéng time. Clay soil and sandy soil were shaken for
various lengths of 0.5, 1, 2 and 4 h. Values represt mg P kg* soil, with standard error, n=4. Data
are shown in figure 10 in appendix I.

Consecutive extraction step

1 2 3 4 5 6
0.5h 1.0h 1.5h 2h 2.5h
Clay 0.5h 8.56+0.14 8.14+0.05 6.92+0.08 6.32+0.11 5.83+0.13
Sand 0.5h 5.71£0.03 5.23£0.13 4.40+0.06 3.52+0.05 2.90+0.07
1h 2h 3h 4h 5h
Clay 1h 8.53+0.11 7.88+0.21 7.10+0.07 6.24+0.23 5.87+0.11
Sand 1h 6.35+0.06 6.26+0.10 5.12+0.13 4.28+0.04 3.72+0.04
2h 4h 6h 8h 10h 12h
Clay 2h 7.78+0.18 7.32+0.08 6.11£0.37 5.78+0.15 5.60+0.14 4.91+0.04
Sand 2h 6.47+0.04 6.27+0.06 5.43+0.36 5.90+0.05 3.55+0.04 3.13+0.05
4h 8h 12h 16h 20h 24h
Clay 4h 7.54+0.15 7.03£0.08 6.03+0.09 5.95+0.27 4.94+0.11 4.26+0.11
Sand 4h 6.75+0.20 6.48+0.11 5.06+0.14 4.18+0.11 3.63+0.07 3.34+0.07
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Appendix Il, Additional data
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